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PREFACE

International Energy Agency

In order to strengthen co-operation in the vital area of energy
policy, an Agreement of an International Energy FProgramme was
formulated among a number of industrjialized countries in November
1974, The International Energy Agency (IEA) was established as an
autonomous body within the Organization for Economic Co-operation and
Development (OECD) to administer that agreement. Twenty-one countries
are currently members of the IEA, with the Commission of the European

Communities participating under special arrangement.

As one element of the International Energy Programme, the
Participants undertake co-operative activities in energy research,
development and demonstration. A number of new and improved energy
technologies which have the potential of wmaking significant
contributions to our energy needs were identified for collaborative
efforts. The IEA Committee on Energy Resarch and Development (CRD)
assisted by a small Secretariat staff, co-ordinates the energy

research, development and demonstration programme.

Energy Conservation in Buildings and Community Systems

As one element of the Energy Programme, the IEA encourages research
and development in a number of areas related to energy. In one of
these areas, energy conservation in buildings, the IEA is encouraging
various exercises to predict more accurately the energy use of
buildings, including comparison of existing computer programmes,'
building monitoring, comparison of calculation methods, as well as

air quality and inhabitant behaviour studies.
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The Executive Committee

Overall control of the R&D programme energy conservation in buildings
and community systems is maintained by an Executive Committee, which
not only monitors existing projects but identifies new areas where
collaborative effort may be beneficial. The Executive Committee
ensures all projects fit into a predetermined strategy without
unnecessary overlap or duplication but with effective liaison and

communication.
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ANNEX XII

In June 1%82 the Executive Committee approved Annex XII, 'Windows and
Fenestration' as a new joint effort project, with the Netherlands
acting as 'Operating Agent' to co-ordinate the work.

The following countries are participating in this project:

BELGIUM, FEDERAL REPUBLIC OF GERMANY, ITALY, THE NETHERLANDS, NORWAY,
SWITZERLAND, UNITED KINGDOM, UNITED STATES.

The project consists of 5 steps:

Step 1: Survey the state-of-the-art in all types of existing windows
and future designs (including glazing and combinations of glazing and

insulating and/or sunshading systems).

Step 2: Survey the state of the art in thermal and solar properties
of windows and compare definitions, test methods, calculation
procedures and measured, calculated or assumed data, wherever
possible converted to one or several sets of standardized
conditions. The aim: to try and cover all existing (and sometimes
conflicting) information in this field in an extensive report for
'expert groups'.

A separate report contains summarized information for general use

among architects, consultants and manufacturers,

Step 3: Review and analyse existing simplified steady-state calcula-
tion methods dealing with gains and losses through window systems.
These methods can provide a preliminary and global figure for the
influence of the window on energy consumption without considering the

interaction with the builing, occupants and climate in a detailed

way.



VIII

Step _4: Adapt and compare existing dynamic calculation methods
dealing with the influence of window type, size and orientation on
energy consumption and thermal comfort in buildings.

Normally, a good window design will often be treated with a global
approximation, with the consequence that specific features of the
design cannot be revealed properly. With a study specifically focused
on windows complex sysatems also can be simulated, like multi-layer
systems with foils, coatings and/or gas fillings and e.g. systems at
which the control of an openable window, insulation panel, or
sunshading is associated with indoor temperature and/or time and/or
intensity of sclar radiation. A thorough consideration of the effect
of windows calls for a calculation model that can handle such

simulation.

Step 5: Apply unsteady state models in a series of selected, general
sensitivity studies and thereby produce extensive information on
optimal window design from an energy point of view for different
buildings (mass, insulation), occupants' behaviour schemes (control
of egquipment, internal heat) and climatic =zones. The results are

aimed at groups like architects, manufacturers and policy makers.

This publication is the main result of the efforts within Step 2.
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1. BACKGROUND

From the point of view of functioning windows are the most complex
constructive elements of a building.

The window is a part of the building envelop. In that function it acts
as a physical barrier against climatic phenomena like wind and rain,
heat or cold, noise and dust, and as a physical and psychological
barrier between the occupants and the world outside.

On the other hand the window has the special function of communicating
controlled amounts of 1light, air, view and sound from and to the
outside. It is this combination of functions, which - together with
esthetic or other cultural considerations - has led to specific designs
for different regions and times, restricted by the technical, political

and economic situation.

A number of the above-mentioned functions have been taken over in the
last two decades by separate facilities, in the expectation of a
permanent flow of cheap fossil energy. The result has been an excessive
use of artificial lighting and HVAC-installations.

Since the problems on the energy market in the last decade the multi-
functional character of the window has been regaining its original

place.

The thermal and solar properties of windows became crucial elements in
an energy efficient design. The lack of international agreement on
terminoleogy, calculation procedures and testing, however, led to
significant discrepancies in this field.

As this report will show, there are a great many conditions that

influence the values for the thermal and solar performance of a window.
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Different conditions assumed in calculations or applied during
experiments lead to different results. Moreover, differences occur due
to various simplifications in calculation or in the evaluation of test

results.

This confusion concerning the window properties affects the prediction
of the performance of an energy-efficient design.

It affects e.g. the result of a comﬁlex hour by hour computer
calculation where precise and detailed hourly wvalues of the window
properties are needed. It also affects the result of a gsimplified design
tocl where realistic mean values are requested.

Furthermore, similar products on the market receive different ratings
purely as a result of differences in the determination procedure for the
properties of the window or window component. In the selection of
products even minor differences may have a decisive influence on the
actual choice.

Better knowledge and more intérnational agreement concerning thermal and
solar properties of windows will strongly benefit the rational selection

and use of windows in an energy-efficient design.

2. AIM

The aim of this publication is to survey the state-of-the-art in thermal
and solar properties of windows; to compare definitions, test methods,
calculation procedures and measured, calculated or assumed data; to
illustrate the influence of assumed or actual conditions and simplifying

approximations.



The target group for such an extensive report is necessarily limited to
experts in the field of window physics,
A separate report summarizes the information £for general use among

architects, consultants and manufacturers.

3. METHOD

The research project Annex XII, Windows and Fenestration started in
October 1982 at a first experts meeting in Delft by defining a general
workplan for each of the five steps mentioned in the Preface.

With the actual work within the project a gradual start was made in the
course of 1983, Early 1984 the final 1list of participants was

established and the group then accelarated its activities.

For Step 2 the initial approach was to present the state-of-the-art on
the basis of comparison of results on a number of selected window
examples.

The results would contain the values for the thermal and sclar
properties derived by the participants in a wide variety of different
ways.

Soon, however, it became clear that a separate document was needed. This
document should serve as a kind of extensive glossary of terms.

First drafts from the Operating Agent were discussed at successive
experts meetings and modified and extended according to the suggestions

from the participants.



Late 1984 it had become clear that, to meet the aim of Step 2, the
proposed document would have to grow in depth and size mere than
originally expected,

This necessitated a reorganisation of the work; the drafting of the
various chapters of the report - now called Thermal and Solar Properties
of Windows - was distributed among the participants.

The work on the comparison of the selected examples received a more
limited scope: a comparison for thermal resistances and U-values only;

sea list of other publications.

The year 1985 was used for writing the first draft chapters of the
report on Thermal and Solar Properties, discussing the contents and
identifying overlaps and gaps. By the end of that year, at the 10th
meeting in Stuttgart, it was decided to divide the report into two

separate parts:

Part 1:

A short report for "users" (e.g. architects, consultants, manufactu-
rers), with a qualitative description of window properties, definitions,
test and calculation methods and the relation between windows and energy
consumption, with only simplified formulae, but with many references to

part 2.

Part 2:
An extensive report for "experts", presenting detailed information on

windows and their thermal and solar properties,

Part 2 consists of independent contributions (sections) in the form of

an article, with an individual responsibility by each main author.



During the final year of the project, the draft chapters were completed;
an extensive set of guidelines was used to ensure uniformity in the
presentations. The individually written sections were reviewed by the
experts group of participants in Annex XII, listed at the end of this
introduction. The first complete draft of the publication was discussed
at the final experts meeting in October 1986 in Brussels. At this

meeting arrangements were made for the final editing.

Notwithstanding the reviewing procedure, the responsibility for the
contents of the sections, however, remains with the Individual
guthars.

The short version of the report was edited by the Operating Agent on the

basis of summaries provided by the authors of the various chapters.

4. ENERGY-EFFICIENT WINDOWS

Just as the window itself may be considered toc be an architectural
compromise between the occupant's desire to be separated and protected
from outdoor environment and yet maintain connection with and derive
benefit from the outdoors, the energy-efficient window is a compromise
on an expanded perspective: a compromise between the user's needs, the
ambient energy flows and the building's energy budget.

Because ambient energy occurs in great varieties - solar gain, air
movement, temperature difference - each of significant magnitude and
associated with amenities (light, ventilation, thermal comfort) which
the building must provide in any case, there are both cpportunities for
and constraints on using the window to improve the building's energy
budget. Solar gain in winter may provide useful heat and light, but may
also cause glare or local overheating. Solar gain in summer may provide
unwanted heat, but may also be a cooler light source than electrical

alternatives.



Different combinations of sources may provide new opportunities:
ventilation may be used in a window system to reduce thermal losses or
re-distribute solar heat gains. Moreover, combinations and tradeoffs may
be inherent in a particular window technology: reflective glazing to
reduce solar heating in summertime may also reduce beneficial wintertime
heating; multiple glazing may reduce thermal losses but also desirable
daylighting.

Given this inherent complexity, understanding and improving fenestration
performance require familiarity with a broad range of phenomena. This

report is intended as a discussion and summary of those phenomena.

Although this publication 1s focussed on the window properties, the
effect on energy consumption 1s touched upon frequently. Extensive
studies within the context of Anmnex XIT on the influence of window
design, size and orlemtation on energy consumption are reported
separately as listed under heading 6 of this Introduction.

5. FROM HEAT TRANSEORT PHENOMENA TO WINDOW PROEERTIES

5.1, Introduction

The overall energy transfer through a window is in general the combined

effect on three different types of energy transport.

Heat transmission: the temperature difference across the window is the

driving force for the transmission of heat. The transmission is in fact
the collective noun for any combination of the ‘following mechanisms:

conduction, convection, thermal radiation and condensation/evaporation.
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Figure 1: The three types of heat transfer through a window.

Solar radiation: radiation directly from the sun and/or indirectly from
the sky and surroundings reaches the window and is partly reflected and
absorbed. The remaining part 1s transmitted to the indoor space. The
radiation absorbed in the window is released as heat to-the indoor and
outdoor environment.

Part of the tranasmitted scolar radiation is visible light.

Daylighting through windows is therefore strongly related to the solar

properties of windows.

Ventilation: through cracks and openings in the window air moves from
indoor to outdoor environment and wvice versa. In case of a temperature

difference heat or cold is transferred with the air.



The division into chapters follows the distinction of different types of
energy transport:

thermal properties of windows (chapter 3);

solar properties of windows (chapter 4);

daylighting (chapter §);

alr infiltration (chapter 6).

The interaction between these different phenomena is a typical aspect of
windows.

This interaction is shown in the following sections where the energy
transfer through windows is introduced somewhat more extensively. Many
references to the various parts of chapters 3 to 6§ serve to introduce

the reader to this publication.

S5.2. Heat Transmission

Heat transmission is the common name -for any combination of the
following heat transfer mechanisms: conduction, c¢onvection, thermal
radiation and condensation/evaporation. Convection not along but across
or through window components 1is introduced here separately as air

circulation.

a. Conduction: the amount of heat transferred by conduction ‘through a
sclid, liguid or gas is determined by the conductivity of and the
temperature difference across the medium,

Still air is a well-known insulator. The conductivity of glass is for
instance thirty times as high; of most metals even more than a

thousand times as high.



In general the conductivity is a temperature dependent material
property. For window components the temperature dependency is usually
not more than a second order effect.

Conductivity plays a major role in air or gasfilled cavities between
- window panes (section 3.2.2.), in window frames (section 3.2.3.) ard
in shutters provided with insulative material (section
3.6.).

. Convection: heat from a fluid or gas to a surface and vice.versa can
also be transferred by convection if the fluid near the surface is
not in rest. "Free. convection" is the movement of fluid or gas
governed by local temperature differences, "forced convection" is
caused by external sources, e.g. the wind or an induction-unit of the
HVAC-installation.

The amount of convective heat transfér is determined by the rate of
convection near the surface and - again - the temperature difference
between surface and fluid.

If convection occurs, then often the conductive heat transfer through
the air (or gas) can be neglected.

Convection is 8 major problem area with respect to the determination
of window properties. Comvectlon between panes and at the indoor and
outdoor window surfaces 1s discussed 1in section 3.2.2. Free
convection behind shutters affects thelr efficiency as night
insulation (section 3.6.).

Free comvection is governed by local temperature differences. Local
temperature differences in windows are often strongly influenced by
the heat from absorbed solar radiation. In sections 4.3. and 4.5. it
1s shown how this influences the window properties.

Thermal radiation: each surface emits radiation; the energy and the

wavelength distribution {spectrum) depends on the temperature and

emissivity of the emitting surface.
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For sources at ambient temperature the spectrum lies within the far
infra-red, hence it is called IR, long-wave or thermal radiation.

The receiving body can in general transmit, absorb or reflect the
incident radiation. The transmissivity, absorptivity and reflectivity
is a material property which is in general dependent on wavelength
(thus temperature of the emitting surface) and angle of incidence.
For example, normal clear glass 1is highly transparent to solar
radiation, but intransparent to IR-radiation from objects at room
temperature; the major part of this thermal radiation is absorbed,
the remaining part ‘is reflected.

Section 3.2.1. deals with the heat transfer in windows due to thermal
radiastion. Section 3.5. shows the influence of thermal rediation on
the thermal transmission properties of windows.

The radiative hest transfer coefficients are not so strongly
temperature dependent as the free convective coefficients. The main
field of interaction between the thermal radiative and the solar
properties of windows 1s in the treatment of surfaces to change the
optical properties, sections 4.3. and 4.5.

Air circulation: apart from infiltration or natural ventilation

through - window cracks and openings, and the already described
convection along surfaces, air can also flow across a single window
component. For instance, the air flow behind a curtain or behind and
between venetian blinds. Here again both ‘'free' and 'forced'
convection can be found: slats of venetian blinds heated by the sun,
a curtain caught by the hot air flow from a radiator underneath, or
wind leaking behind outdoor shutters, etc. This type of heat flow

often acts as a short-cut for the overall transmission of heat.
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The alr circulation in window systems 1s very difficult to model. In
experiments the influece of alr circulation on the thermal and solar
properties is determined. Availlable results are presented in section
3.6. (thermal) and sections 4.3. and 4.5. (solar).

e. Condensation/evaporation: during evaporation of £fluid particles,

either at a sgurface or free in the air, evaporation heat is taken
from the surface or ambient. When the vapour condensates e.g. on a
cold surface, the same amount of heat is released. Thus, heat is
transferred from a warm to a colder environment. Because the heat
content in the vapour is not accompanied by an increased temperature,
this type of heat is called latent heat, in contrast to the sensible

heat transfer mechanisms described above.

However, although condensation on window surfaces is a classic and
sometimes major problem area, the accompanying heat transfer can
usually be neglected in comparison with the transfer of heat by one
or more of the above mentioned sensible heat transfer mechanisms.

Section 3.4. deals with the risk of cordensation on windows.

In section 3.1. the major properties, relations and problem areas with
respect to heat transmission through windows are introduced. Section
3.2. presents a review on the IR-radiative and conductive/convective
heat transfer phenomena. Section 3.3. gilves a survey on test methods on
window components and complete window systems,

The section on comdensation (3.4.) is followed by two sections on
practical window design, where the possibilities, the problem areas and
actual data, with respect to windows with low heat transmission, are
rresented.



5.3. Scolar Radiaticn

Radiation from the sun and/or diffuse radiation from sky and
surroundings falls on the window and is partly reflected and abscrbed.
The rest 1is transmitted through the window and reaches the indoor

surfaces o¢f the room -as short wave radiation (direct or primary

transmission}). As for thermal radiation, the surface properties are

dependent on wavelength and angle of incidence. The spectrum of the
solar radiation ranges from UV and visible to the near infra-red.

Daylighting results from the visible part of the solar radiation which
explains the strong relation between solar and daylighting properties of

windows.

A second aspect of the solar radiation, but often very significant for
the window performance, is the way absorbed solar heat is released from
the window. For instance, a single glass pane absorbs about 12% of the
incident radiation. This absorbed heat is released at both surfaces to
the indoor and outdoor environment by convection and thermal radiation.
So, eventually part of this heat will be brought inte the room

(secondary transmissijon).

In section 4.1. the solar properties of windows are Iimtroduced. A
presentation of the solar radiation itself (4.2.) 1is followed by a
review on the solar properties of windows (4.3.). The section on
measurement techniques (4.4.) gives a survey of the various techniques
to obtain experimental data. The final section (4.5.) reviews the
possibilities to achieve efficient control of solar heat.
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5.4. Daylighting

The reduction of solar radiation in most cases also leads to a reduction
in the amount of wvisible 1light in the building. It often -takes a
well thought-out integrated design of building and window to minimize
solar heat without the need for (extra) artificial lighting. Artificial
lighting not only costs electricity, but also increases the discomfort
in or the cooling load of the building.

This was sufficient Justification to dedicate a separate chapter to

daylighting and more 1n particular to the daylighting properties of
windows (chapter 5).

5.5. Ventilation

The heat or cold which is transferred through cracks and openings of the

window from inside to outside and wvice versa: heat flow by air

infiltration and natural ventilation; this heat flow is determined by

the air flow through and the temperature difference across the window.

Chapter 6 presents an extensive introduction on the alr infiltration
through windows. Wherever applicable the discussion is placed in the
context of building vemtilation where alongside energy conservation,
comfort and air quality are major focal points.

Many referemces are made to publications by the Alr Infiltration Centre
and other initiatives on ventilation within the IEA RSD Programme on
Energy Conservation in Buildings and Community Systems. Nevertheless,
chapter 6 gives an extensive review on the theory on ventilation
(section 6.2.), on existing measurement teghniques (6.3.) and present
standard values (6.4.).
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Section 6.5. describes the importance of the window leakage as part of
the total building leaskage.

The next section 6.6. reviews the possibilities to achieve airtight
joints while section 6.7. describes the influence of the inhabitants on
the use of 8 wimdow to conmtrol natural vemtilation.

The final section 6.8. sumarizes briefly the possibilities on the
market of speclal ventilation provisions, 1like grills, exhaust windows
and such.

6. OTHER PUBLICATIONS FROM ANNEX XTI

The following publications have been prepared as final products of the

project:

Step 1:

The State-of-the-art in Existing Windows and New Window Designs: A
survey from eight countries, ed. H.A.L. van Dijk, September 1986.

Building Regulations, Standards and Codes concerning Thermal and Solar
Performance of Windows; A survey of eight countries, ed. H.A.L. wvan

Dijk, September 1986.

Step 2:

Thermal Transmission through Windows, Selected Examples to TIllustrate

the Need for a More Standardized Approach, ed. H.A.L. van Dijk, 1987.

Thermal and Solar Properties of Windows; summary, ed. H.A.L. van Dijk

and K.Th. Knorr, 1987,
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Step 3:

Calculation of Seasonal Heat Loss and Gain through Windows: A Comparison

of Some Simplified Models, ed. H.A.L. van Dijk, September 1986.

Step &:

Comparison of Six Simulation Codes: DEROB, DYWON, PASSIM, DOE-2.1C,
SERI-RES, HELIOSl, ed. T. Frank and T.W. Plntener, 1987.

Step 5:

National reports on sensitivity studies concerning the influence of
windows on energy consumption, prepared by the participants from

Germany, the Netherlands, Switzerland and USA.
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1. INTRODUCTION

’

The quantities and symbols are listed at the beginning.of each section.

In order to facilitate the reading of the report a general list of

definitions and symbols has been adopted for the main quantities,

This general list is, wherever possible, based on 1S0O draft standard DIS

7345/1 [1].

2. LIST OF GENERAL TERMINOLOGY AND SYMBOLS

symbol unit

Heat: quantity of heat Q J
Heat flow rate: The quantity of heat transferred
to or from a system per unit time: ¢ W

dQ
$ = —

dt
Density of heat flow rate: Heat flow rate divided
by area: q W/m?

d¢
q =
dA




Thermal conductivity: Quantity defined by the

following relation:
q =k grad T

Thermal resistance: Temperature difference divided

by the areal density of heat flow rate in the steady
state condition:
T, - T,

R =
q

NOTE: For a plane layer for which the concept of
thermal conductivity applies and when this property

is constant or linear with temperature:

d
R=~-

where d is the thickness of the layer.

These definitions assume the definition of two
reference temperatures, T, and T,, and the area
through which the density of heat flow rate is

uniform.

symbol unit
N W/ (m.K)
R (m? . K)/W




symbol

Thermal resistance can be related either to the
material, structure of surface. If either T, or T,
is not the temperature of a solid surface, but that
of a £luid, a reference temperature must be defined
in each specific case (with reference to free or
forced convection and radiation from surrounding

surfaces, etc.),

When quoting values of thermal resistance, T, and T,

must be stated.

Surface coefficient of heat transfer: Density of heat

flow rate at a surface in the steady state divided by

the temperature difference between that surface and

the surroundings: h

NOTE: This assumes the definition of the surface
through which the heat is transferred, the temperature
of the surface, Ts’ and the ambient temperature, Ta'
(with reference to free or forced convection and

radiation from surrounding surfaces, etc.).

W/ (m?.X)



2. -4 -

Thermal conductance: The reciprocal of thermal

resistance from surface to surface under conditions

of uniform density of heat flow rate:

= |-

Thermal transmittance: The heat flow rate per unit

area in the steady state divided by the temperature
difference between the surroundings on each side of

a system:

¢
Uvs —m
(T, - T;)A
NOTE: This assumes the definition of the system,
the two reference temperatures, T, and T,;, and other
boundary conditions.
The reciprocal of the thermal transmittance is the
total thermal resistance between the surroundings

on each side of the system.

Thermodynamic temperature

Celsius temperature

Area

symhol

unit
A W/(m?*.K)
U W/ (m?.K)
T K
] aC
A m?




symbol unit
Volume A m?
Emigssivity: E -
The ratio of the emitted radiant intensity to the
radiant intensity emitted by a black body at the same
temperature and in the same direction or with the
same angular distribution.
NOTE: This definition implies that the direction or
angular distribution (e.g. hemispherical) must be
defined in each specific case.
Total sclar energy transmission coefficient:
or: total solar energy transmittance
or: solar factor
for glazing: -4 -
in general : SF -

~The density of transmitted total solar energy through
a window divided by the intensity of incident solar

radiation.

NOTE: For explanation, see chapter 1 of the report.




SUBSCRIPTS (optional):

interior i
exterior e
surface or sky s
interior surface si
exterior surface se
convection c
radiation r
ambient or air (!) a
window w
glass B
frame | f

3. REFERENCES

(1] ISO: DIS 7345/1, Thermal insulation - Vocabulary - Part 1.



3. THERMAL PROPERTIES OF WINDOWS

3.1. Introduction

H.A.L. van Dijk
TNO Institute of Applied Physics
P.0. Box 155
2600 AD DELFT
The Netherlands
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In the general introduction, chapter 1, the various heat transport
mechanisms were presented in brief.
For the thermal transmission through windows the following quantities

play a major role:

- The surface-to-surface thermal resistance of a window (-component),

Ry in m3K/W, or its reciprocal value, the conductance Ay.

- The surface heat transfer coefficients (in W/m?X):

indoor convective hcl
summ: hy = hej + hpj
radiative h
ri
outdoor convective hce
sum: hy = h.o + hyp
radiative h
re

Sometimes the reciprocal values are used, the surface fillm resistances

Rj, etec.

- The total heat transmission qy through the window can be described

with equation:

q, = A, - U . (6, -0) (W) (1)



.1 -2 -

where:

9, is the steady state heat transmission caused by the
temperature difference (ei - Be);

Aw is the window area (m?);

Gi, Be are the indoor and outdoor environmental temperatures (°C).

The coefficlient U, 1is the heat transmission coefficient or thermal

transmittance, or simply: U-value of the window.

The U-value can be derived from the summation of the series of

resistances:

U= (W/m*K) (2)
R +h~' +h ™

On the other hand: if the U-value and the surface coefficients are

known, equation (2) yields the value for the window resistance.

The thermal resistance of the window or a window component can often be
described as a network of parallel and serial resistances. In figure 1|
this is Jillustrated for double glazing: the window resistance is
composed of the (small) resistances by conduction through the pénes and
the parallel resistances for radiative and convective heat transfer

across the cavity.



cavity .
outer inner
pane pane
(1) (2)

Figure 1: Network presentation of thermal resistances, example for
double glazing.

In fact, the environmental temperatures 6; and €, should be divided
into:

for convection: the indoor, resp. outdoor air temperatures;

for thermal radiation: the weighted mean surface temperature of the

indoor surroundings and the weighted mean sky and surroundings

temperature outside respectively.

Moreover, when for instance indoor venetian blinds are added to the
window, an extra term is to be introduced to model the heat transfer by
air circulation from room air to air cavity between blinds and inner
pane, see figure 2. In figure 2. the resistance of each pane has been

neglected. Nevertheless, the scheme is already too complicated for a

simple calculation of the U-value,

.1
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e: outside

i: inside

pane pane (3) r: radiation (thermal)
blinds c: convection

v: ventilation

Figure 2: Network presentation of thermal resistances; example for
double glazing with blinds,

Already for this type of window the surface-to-surface thermal
resistance can no longer be derived with a relation as simple as

equation (2).

In general, the surface heat transfer coefficients and the cavity

conductances, are dependent on the boundary conditions such as:

- exterlior:

climatic conditions: sky radiation, wind speed, temperature, etc.;

~ interior:
room conditions: air temperature, surface temperature of the walls,

air movement, geometry of the room;



- cavity:

cavity conditions: surface temperatures and temperature difference.

Obviously, the properties of the window components themselves play a
major role, such as:

- emissivity of pane or other surfaces;

cavity distances;

shutters: thermal resistance, air tightness;

frames: composition, thermal bridges.

In this chapter 3 the thermal transmission properties of windows are
introduced.

In section 3.2. the heat transfer mechanisms are presented. The sections
3.2.1. and 3.2.2, contain basic theoretical considerations and
comparison of existing empirical formulae for the radiative and

convective heat transfer coefficients.

Section 3.2.3. gives a presentation on thermal bridges; in the first
part calculation methods and evaluation techniques are introduced, in

the second part case studies are discussed.

Section 3.3. presents various measurement techniques, to obtain basic
window (component) properties (3.3.1.) or the wvalues for thermal
resistance and/or U-value (3.3.2. and 3.3.3.). The discussions presented
in this section give a clear illustration that it is important to

accurately define and state the test conditions.



Section 3.4. gives a short but clear presentation on the risk of
condensation on window surfaces and the ways to eliminate the risk.

Practical solutions to diminish heat losses through windows are
presented in sections 3.5. and 3.6. These sections also contain graphs

and tables with actual data from calculations or tests.
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LIST OF SYMBOLS

Indices

dp

: Boltzmann constant (=5.67 x 10 )

¢ Radiative heat flow
: Area
: Long wave irradiance from the sky

¢ Surface emissivity

8

: Absolute temperature

: Celcius temperature

: Horizontal global solar radiation

: Horizontal diffuse solar radiationm

1 Cloud cover fraction (1/10)

: Effective emittance

: Radiative heat transfer coefficient

: View factor of the sky from the window
: Form facior (from surface i to j)

: Global heat transfer coefficient

: Equivalent conductance

¢ sky e
: window i
: glass

: radiometer

: gmbient

: dew point

: exterior

interior
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1. INTRODUCTION

When considering the thermal radiative heat transfer of a window,

four components can be identified (see fig. 1) :

a) The radiation between the external glazing surface and the sky

b) The radiation between the external glazing surface and the
surroundings

c¢) The radiation between two parallel glazing surfaces (for
double or multilayer windows)

d) The radiation between the internal glazing surface and the

room surfaces

Figure 1 : Thermal radiative heat transfer related to a window.
This figure relates to glazed units, it may be dif-
ferent for plastic films which are transparent to
the infrared radiatiom,



2. RADIATION TO THE SKY

Neglecting second order terms the net radiative exchange between
the external glazing surface and the sky may be written as follows :

4
¢ - Ang(egch - ea.) (W) (1)

B
where : Fs = view factor of the sky from the window
Eg = emissivity of the external glazing surface
Tg = absolute temperature of the external glazing surface
9. = long wave irradiance from the sky to the glazing surface
In order to compute 940 the values of two parameters are required:
the sky temperature and the sky emissivity. Since these parameters are
unknown, one of the following approaches is generally adopted :
a) The sky 1s considered as a black body (es= 1) at a given
equivalent sky temperature (TS). The net -radiation between

the glazing surface and the sky can then be expressed as :
4 4
¢ = -
Ag '1-‘ss:gc:(Tg TS) (W] (2)
b) The sky temperature is assumed to be the same as the ambient
temperature (Ts a Ta)’ and a sky emissivity (es) is used.
This emigsivity is defined as the ratio of the sky radiance
4
to oT :
a

€, =7 (-] &)

Ta being the absolute air temperature near the ground.

Then :

= 4 A
4)S AgFSEgo(Tg - EsTa) [W] (A)

One notices that both approaches are equivalent.
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2.1. Sky temperature

An equivalent blackbody sky temperature (Ts) is used to account
for the fact that the atmosphere is not at an uniform temperature, and

that the emission is strongly dependent on the wavelength.

SOLAR MADIATION ATMOSPHERIC COUM TERRADIATION
sohd ongle : 8.8-10-9 g sold ongle: 2w wer

'-.— 600
] Solor rodiahon incheding
a scotiring by molcules
® 300 ond oaroncies, yei withoo Vd
- moleculor obsorphion
~ / Tharmat rodigtion
£ 400 - Y g / \ o e cmospens

- *odugtion Baock body of
- obysorplion tempurciure {-3°C)
Z 300t 3 \\\\\‘/
s \
_gzoo - \ \
3 \
oot N\
g \
§ o

0 i —rrt J — -} v ———r—r—rrr
Q. 10 100

Wovelngth X (um)

Figure 2 : Solar radiation and atmospheric counter-radiation
on a horizontal surface element.Midlatitude winter
600 m above sea level, ambient air temperature - 3 C,
elevation 20 ©,

In order to determine this sky temperature, several methods

may be considered :

a) Direct measurement :

The best solution is to measure the sky IR radiation with
a radiometer (for exemple a PIR pyrgeometer from Eppley
Laboratory).

The calibration constant given by the manufacturer is
defined as : |

o ('r[' - 'r:) = kV (5)

R



1.

b)

c)

-4 -

where : TR = Radiometer absolute temperature (K]
Ts = Sky absolute temperature {K]
k = Calibration constant of the radiometer {H/mzmv]

V = Qutput voltage of the radiometer (mv)
Rearranging equation (5) gives :

4 4 k
Ts = TR T o

<

[K] (6)

However such a measurement is' not generally available.

Empirical relations :

Several empirical relations have been proposed to relate the
sky temperature to the outdoor air temperature (Ta).
Swinbank has proposed‘ 1) :
1.
T = 0.0552 T *° [k] (N
s a
and more recently Whillier [ 2] gave the relation :

T, =T, - 6.0 [K] (8)

Both these relations are very crude however and do not account

for the effect of the sky cloudiness.

Correlation methods :

As the sky temperature is strongly correlated to the sky
cloudiness, Ineichen et al [3 J have made an attempt to cor-
relate the sky temperature with two measured quantities : the
ambient temperature and the normalized diffuse solar radiation
. 4 4
ol = g - = -
By plotting A¢ o T 0, (Ta T.) versus z = (1 HDIF/HG)

a rather good correlation was found with the following para-

‘meters :
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A = 22 + 1752z 1if z < 0.1 (9
ap =346+ g3 z 1if z 2 0.1 (10)

HDIF and HG are averaged daily values for the horizontal

diffuse and global solar radiation.

Practical comparison of the presented algorithms :

In order to compare and evaluate the algorithms, the sky tempe-
rature was computed for two typical periods (each one present-

ing cloudy and clear days) and compared with measurements.

Figures 3 and 4 present the horizontal global and diffuse ra-
diation together with the measured air and sky temperature for
the two typical periods : one in winter (Feb. 8th to Feb. 12th)

and one in summer (July 2nd to July éth).

The measurements were performed by the University of Geneva [3])
It is noticable that there are significant differences between

. . . o
air and sky temperatures, which sometime exceed 25 C.

The graph of temperature vs, time may be used to compare the
different algorithms.One may also use the mean value of the tempe-
ratures for the selected period since the energy loss due to
sky radiation only is roughly proportional to the difference

Tg - is and this heat loss is the quantity which is of greatest

interest,

Therefore, we will give both the graph of temperature versus

time and the mean value for every algorithm discussed next.
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Swinbank and Whillier models

Figures 5 and 6 compare the empirical relations of Swinbank and

Whillier, for the whole 5 days periods. The average results are as

follows :
o
N [°c] e,
. en o i o
Swinbank Whillier Measured [ C ]
Winter - 18.6 - 2.0 -9.3 4.0
Summer 2.8 13.3 7.6 19.3

It can be seen that the Swinbank relation systematically under-

estimates the sky temperature while the Whillier relation overesti-

mates it.
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Comparing the data on an hourlybasis one notices that the Swin-

bank relation is rather good for sunny days while the Whillier relation

gives a correct approach only for cloudy periods,

Correlation with the solar radiation

The correlation model between the sky temperature and the solar

radiation [ 3] was also examined. Since diffuse radiation is general-

ly not available, two tests were made : one using the measured diffuse

.radiation (fig. 7) and one using the computed radiation using Liu and

Jordan correlation (fig. 8).



Wi

- LELAPL Hang biidbipict
-0 ""-' }
-25 "’"shy(mnsuld)
-0

a2 912 02 nil |r¥F
o
ko
o A Al z
I TAT

A ™

MR
n Ab A e

 sioy{ cormelauon
3 1 |t measurea)}
1 .ﬂ\ - sky(measured)

mn i

&7 347 617

Figure 7 : Sky temperature

computed with the
global horizontal and
the measured diffuse
radiation.

(34
0
. [ A
AR YAV
= PTK\ﬁ{% 5\{VL t N
. I Wl N / P I\sty(mruum
-0 . .ﬁ 'Ll drfl.cormpneed }
= v ] M) |
-0 " A.'-" '\'. L
-5 v "(\‘ sky(measured)
-:o 82 w2 wz w2 e
0
k)
= Al o~
A TAT
% l . ] / / A Vi A a'
10 )' ‘_, - rJ r “\ J “L-‘\ ;ll':'(corrtmu-;
s \f '\1-;;- \71'\_.{ | syt measurea)
Y T .'
i F [
-0
m m? 417 517 &
Figure 8 : Sky temperature compu-

ted with the global ho-
rizontal and the Liu

and Jordan diffuse ra—
diation,

The average values for the considered periods are as follows

o
o, [7c] o
: . (o]
using the measured using the computed measured [ c ]
diffuse radiation diffuse radiation value
Winter - 7.8 - 5.6 - 9.3 4.0
| summer 8.5 8.8 7.6 19.3

The results show that the use of the computed diffuse component

of the solar radiation does not greatly affect the results, at least

for the mean values. The correlation model offers a good way for es-

timating the real sky temperature.




2.2, Sky Emissivity

As mentioned above, instead of defining a sky temperature, several
authors have proposed the use of a-sky emissivity. This emissivity may
be correlated to the dew-point temperature (edp, see fig. 9) and to the
cloud cover fraction (CF)'

For clear sky conditions :
¢ (0) = 0.75 + 0.005 © (11)
s dp

For cloudy sky conditions, Unsworth and Monteith [B8] proposed

the following relation :

€s () = (1 - 0.84 Cp) £, (0) + 0.84 C (12)

The cloud cover fraction, expressed in 1/10, and the dew point
temperature are available on an hourly time step base in most of the

airport weather statioms.

— — ¢ =078 +0.0062 - 8y ()

0.70 s
—— ¢y = 0.745 4 0.0056 - 8y, (31)
065 —eere— el = 0,770 + 0.0038 - 8y (23] o
dp
BAAE BaR s e L e B L AR A %Y

K -0 -5 0 5 0 5 0 <25 N0

Figure 9 : Correlation between the clear sky emissivity and the
dewpoint temperature.
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3. RADIATION TO THE SURROUNDING

A window, as does any vertical surface, also exchanges heat by
radiation with the ground and the surrounding. It is generally assumed
that the temperature of the enviromment is the same as the outdoor
temperature near the ground (Ta).

The thermal irradiance to the environment excluding sky may then
be expressed as :

4 4
. = A.g (1 - Fs) €0 ( Té - Ta) [w] (13)

E

Adding the sky and the ground components, the following expression

is obtained for the global thermal irradience (¢t°t) :

Total radiation to the outside

Adding the sky and the ground components, the following
expression is obtained for the global thermal irradiance :

4 4
¢, =0, *0 =Agegc{'1'g-[ 1-F(1-e)) T, } (14)

tot E

Using typical values for winter conditions and a view
factor of 4§, the following average radiative transfer coefficient

is obtained :

h, = 9 [wlmzx]

One notices that 3/4 of this value are due to the radiative

transfer to the sky.
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4. RADIATIVE EXCHANGES BETWEEN TWO GLAZED, PANES

The emissivity of glass and of coated surfaces depends on the
angle of emission, as presented in figure 10 : emission is stronger
in directions close to the normal, and drops to zero as the emission

angle approaches 90 °.

Angle of emission

6 08 06 04 a2 0 02 04 06 08 D
Cirectional 10to! ermiltonce

Figure 10 : Directional total emittance of window glass (3um)

' ‘ and PET films (0.1 and 0.03 wm) at 293° K. The hori-
zontal axis represents the surface of the material :
the angle of emission is measured from the normal to
the surface.

However, when calculating the radiative heat exchanges between

two glass panes, it is generally assumed that the glass acts as a grey
surface with an weighted average emissivity of 0.85,

The net radiative heat balance between the two parallel surfaces

can then be given by

0 (1] - 1 4 4
Pt AT, TACEMITTR (W] (15)
1 %2

Where : E = ( &— + i— -1 ) 1. effective emittance
1 2 ’

€, = average emissivity of surface i [-]
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4 .
Ti = gsurface temperature of surface i [K]

Since the temperatures of the two panes do not differ greatly,

the following approximation can be made,

-3
® er © Ag 4 ¢ ET ('r1 Tz) = Aghr ('r1 Tz) (W] (16)
-3 2 - LT
Where : hr = 4 g ET (W/m“K]l and T = — [ K] (17

This is the surface coefficient of heat transfer by radiation
between two parallel surfaces. It depends strongly on the emissivity
of the surfaces as shown in fig. 11.

These formula are only valid for panes which are opaque to the

IR-radiation (e.g. for glasses).

Selective surfaces

A "heat mirror" is a coating which is predominately transparent
in the visibile and near IR (0.3 - 2.0 um) and reflective in the in-
frared (2 - 100 ym)).

Heat mirrors can be classified under two broad categories :

1) single layer materials (In Sn, Sno2 : F, Cd, : Snoa...)

203 ¢ 2
and
2) multilayer metal-based films (SiOZIAg, Zns/Cu/Zns,

T102/Ag/T102 cevnes)

The coatings can be physically deposited on the glass by a varie-
ty of methods including physical vapor deposition (vacuum evaporation,
sputtering [26] or chemical procedure§ {immersion, chemical vapor
deposition, pyrolysis ....).

In order to classify a heat mirror it is important to consider

both the solar transmittance and the infrared reflectance (R =1 - €).
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Figure 11 demonstrates the advantages of a "heat mirror", it
shows the variation of the radiative heat transfer coefficient (hr)

as a function of the surfaces emissivities.

h,-“ (U/mzkl
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Figure 11 : Variation of the radiative heat transfer coeffi-
cient between two glazings with the surface emissi-
vity.

a) for a coated surface and an uncoated one
(full line)

b) for two coated surfaces : g, = ¢
(dotted line)
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i~ WADIATIVE COUPLING BETWEEN WINDOW AND INSIDE

- In a real situation, the exact computation of radiative coupling
" - ween window (inside pane) and inside surfaces is a rather complica-
/:éd_task.
In order to be able to evaluate the heat transfer, many methods

use the following simplifying assumptions.:

- all surfaces are grey, i.e. the radiation properties are
independant of wavelength;

~ every surface diffuses isotropically the IR radiation;

- the temperature of every surface is uniform;

- the incident energy over every surface is uniform.

Under these conditions, the net heat flux from surface i to sur-

face j is given by the expression :

b b
%50y = 0 (T - T, 1 (W] (18)

Where € Ej are the emissivity of surfaces i and j respectively,
Ai’ A. the areas, and Fi+j is the form factor, which accounts for geo-
metrical position of both surfaces ( (281 , [29] ).

The form factor is given by :

) J’ cos (Qi).cos (Gj)
AF, o= AF. . = .dA. (19)
1 1%; AJFJ"’l T . or.. dAldAJ

8, 8 1)
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Figure 12 : Radiative heat exchanges
between two surface ele-
ments i and j.

Most cbnstruction materials (bricks, mortar, wood, etc. crea)
have an emissivity of 0.8 - 0.9, and may be considered as grey sur-
faces emitting and reflecting isotropically, for infrared radiationm.
The only reﬁaining problem is the calculation of form factors. We dis~

cuss two cases in the following text.

5.1. Inside surfaces at uniform temperature

All the inside surfaces are considered to be at the same tempera-
ture except the internal surface of the window. We have then the situ-
ation of part of the enclosure (the window) 1ookin§ at the rest of the
enclosure (walls + floor + ceiling). In that case, the form factor

Fw+i is unity, and the formula giving the heat exchange may be written:

4 A . €
w
.= .- . 20
6., =0 (T, - T) = (W) (20)
brr o )
1 1

Where the index i stands for "inside surfaces”, and w for "window".
Usually, the ratio of window area to inside walls area is rather small,

and the term 1—Ei near to zero, so the expression reduces to :

b, W Ey {w] (21)

o b b
isw O (Ti Tw) - A
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[
The equivalent conductance (i.e. the ratio T1j¥ ) may be written :
iw
=3 - It Tw
G..= 46T .A .c¢ (with T = =——-¥) (22)
1w w w 2

For Ew =0,85 and T = 290 K, the following radiative transfer coef-
ficient is obtained :

G.
iw

2
h. =-Aw— =4.7 [ W/K] (23)

The contribution of the radiation coupling is therefore important.
The usual calculation, using a, = 8[H/m2K](radiation + convection) in-
troduces a coupling only to the inside air, when in reality the most
important part of this coupling, i.e. the radiative part, takes place

with inside surfaces, which may be at different temperatures.

5.2. Inside surfaces at different temperatures

The general case considers that all inside surfaces may be at
different temperatures. One has then to use the general formula, using

the form factors. An equivalent conductance may be deduced from the
general expression :

o,
-
G. = =2l = G(T. + T.)(T? + T%) . 1 (24)
1 Ti-T' 1 k| 1 h| 1- 1- 1
. — - e, €.
~boT c.A.  c.A. T ATF. .
il 33 i i

Computing of form factors may be done either using graphical me-

thods and combination of elementary cases (see for example {29] ,

PP 223), or using a numerical computer code [30]
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6. CONCLUSIQNS

A large fraction of the heat losses through windows is dominated
by radiative exchanges. This has practical consequences either in the

development of new windows, or for detailed calculations.

- The use of low emissivity coated surfaces or films allows a

strong reduction of the heat losses of a window.

- As soon as detailed calculations are required, radiative and

convective exchanges have to be considered separately.

- Attention has to be paid to the outdoor heat exchanges with the
sky. Depending on the sky equivalent temperature, this heat
exchange may be rather important. For this reason several em-
pirical methods have been developed, which allow practical calcu-
lations starting with experimental parameters which are generally

available.
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1, CONVECTIVE HEAT TRANSFER AT THE EXTERIOR SURFACE -OF BUILDINGS

In product information the U-value- of glazings is given, taking into
account a standardized value for the combined (convective and radiative)
heat transfer coefficient hg. IS0 |5] recommends he = 23 W/meK,
assuming a meteorological wind speed of 3 to 4 m/s, while ASHRAE L6]
recommends to make a distinction for winter and summer design conditions
he = 34 W/ K and hg = 23 W/m?K respectively. '
The U-values given in product information are also often used to
determine the capacity of the heating plant and for global energy
analyses. ‘

For more detailed calculations based upon hourly weather data, either
measured on site (above the roof) or at a meteorological station in the
vicinity, the combined h, can be divided into a convective part
he,c and a radiative part he,r'

How to deal with Pe,r is described in chapter 3.2.1. Theoretically the
convective heat transfer coefficient he o is dependent upon the air
flow velocity near the wall.:

Only a few full scale experiments to quantify the convective component
of the external surface energy balance are known from literature,

Two of these experiments are described here.

The results of the experiments Ito et al | 1] carried out at a six storey
building with an open L shaped plan situated in Tokyo have gained
international recognition. From this work the ASHRAE Task Group [1] has
derived an algorithm to calculate the convective heat transfer
coefficient he,c taking into account the meteorological windspeed
V-



The following measurements have been carried out:

- wind speed and wind direction at a height of 8 m above the roof;

- air flow velocities at 30 cm from the wall at centre part and edge
part positions according to figure 1;

- convective heat transfer in the same positions by means of two heat

flux sensor panels side by side, maintained at slightly different
temperatures.

CENTER EDGE

¢\ '

o6l & T 6
Tosr  BE=($ S5
___:5C 4 = ) 4

=2 3

Jf::_cnl 2
A [FL
WiIND

Figure 1: Positions and symbols of the measurement done at the north
wall surface of the test building.
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The conclusions were:

1I

the air flow velocity near the surface was 1/3 - 1/5 times the wind
speed when the surface is windward and 1/18 - 1/11 when it is
leeward;

the convective heat transfer is more closely related to the air flow
velocity near the surface than to the wind speed;

the test results from an actual building did not agree with the
conventional relations between convective heat transfer coefficient
and air flow velocity, if the wind speed was used instead of air flow
velocity along the surface; .

the relation between wind speed and convective heat transfer can be
broken down into two characteristic parts:

a. relation between wind speed and air flow velocity near the
surface;

b. relation between the convective heat transfer coefficient and the
air flow velocity near the surface;

When the wind speed is low or when the surface is leeward, the
convective heat transfer coefficient often turns out to be as low as
about 6 W/n’K. |

Kimura [2] derived from the experiments an algorithm for computer

calculation:
Input Vv = kind speed in general (m/s}, here the meteorological wind
speed V,, is taken; '
a = wind direction (angle measured clockwise from north)
(degrees});
b = wall azimuth (positive degrees westward from south and
negative eastward).
Qutput Vs = air velocity near the outside surface (m/s};
h = convective heat transfer coefficient (W/mPK).

e,C



Calculation sequence
(1) Calculate wind direction relative to the wall surface y
d=Db+ 180 - a
iflldl > iao, d = 360 - |d|
(2) Calculate air velocity near the outside surface Vg
(i} If the surface is windward:

for V. > 2 Vv =0.25V
m s m
for V < 2 v 0.5.
m s -

(ii) If the surface is leeward:
v =0.3 +0.05V .,
s m

(3) Calculate convective heat transfer coefficient heg ¢

h = 3.5+ 5.6 V_,
e,c s
As an example: windspeed 4 m/s,
h =91 W/ K windward side
?
h z 6.3 W/mMK leeward side.

e,C

This plotted back to the results of the experiments indicates that the
algorithm is valid for the center parts on the third and fourth floor of
the building in figure 1, although for the leeward side and calm
conditions (Vp < 3 m/s) a lower value for he,c can be derived than

was found with the experiments (hg o = 6 W/m2K) .
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The ASHRAE Task Group |1] took the same algorithms as Kimura to

calculate Vg from Vm but derived for h
VSD.GS_

e,c? he’cl. = 18.6

According to Rubin | 3], Lokmanhekim, derived the following formulas from

Ito's experiments:
he,c = 8.07 Vp0-605  yindward side

= 18.64 (0.3 + 0.05 V;;)0:605  )eeward side

7
u]
o

1

These formulas lead to the same results as the ASHRAE approach and give

for Vp = 4 m/s:

18.7 W/mfK  windward side
12.3 W/m?K leeward. side

he,c

he,c

These values are more in .accordance with the results of Ito's

measurements for .the top floor.

Sharples | 8] carried out measurements on the ‘north fagade of the 18
storey Arto Tower at Sheffield University, U.K., based upon the same
principles as the ITO experiments. Sharples derived relationships
between hg o and the meteorclegical wind speed Vg, the wind speed

above the roof V, and the air velocity near the wall Vg for the

center parts of the. 6th, 14th and 18th-floor and for the edge part of -

the 18th floor. The algorithm he derived from the experiments for the -

worst case (18th floor edge site) takes the form:

windward surface Vg = 1.8 V + 0.2 m/s
leeward surface Vg = 0.2 V, + 1.7 m/s

for either surface hg o = 1.7 Vg + 5.1 W/aP K.
For Vp = 4 m/s, this algorithm leads to:
windward surface hg ¢ = 17.7 W/ K

leeward surface hg o = 9.4 W/t K.



These figures are somewhat lower than those found by the ASHRAE
algorithm.

For the 6th floor center part even lower values (hg ¢ = 6 W/m2K) than
can by derived by the Kimura algorithm were found.

This shows that hg o for a given wind speed increases with the height,
decreases with the distance from the edge of a building and is strongly
dependent upon the fagade location.

Figures for lower floors than the sixth are not available.

In literature (e.g. 4, see figure 2) results from wind tunnel
experiments can be found which confirms that the local conditions near
the fagade strongly vary with position on the fagade, with building
geometry, position of adjacent buildings and roughness of the
surroundings (mean height of buildings or other obstructions). The
quantity derived from these types of experiments is the local wind
pressure, related to the meteorolagical wind speed. Hawever, althaugh
the low air velocity is related to the local wind pressure, this

relation may not be unique for all circumstances (flow direction).

The conclusion that can be drawn is that in order to carry out very
detailed calculations of the energy balance of windows ane must be aware
that the values for the convective heat transfer coefficients far
differently situated parts of the fagade of a building with a specific
geometry only can be derived at the moment from a few full scale
experiments each with their own limitations and uncertainties.

Taking the highest value (top floor, edge site) for all parts of the
fagade can lead to an overestimation of the heat transmission through a

single glazing of about 10% and for a double glazing of about 6%.
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Figure 2: Comparison of pressure coefficients on a cube for constant
velocity and boundary layer flow (after Hamilton).
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2, CALCULATION OF THE CONDUCTIVE AND CONVECTIVE HEAT TRANSFER IN GAPS OF
MULTIPLE GLAZINGS

The conductance h in a gap between two parallel panes is given by the

relation h = A /w Nu, where

A = thermal conductivity of the gas or gasmixture of the gap
in W/mK;

w = the width of the gap in m;

Nu- = Nusselt number Nu = h.wA; (1)

h = heat transfer coefficient in W/mfK.

The Nusselt number depends on the occurring flow regime. Three flow

regimes exist.

1. pure conduction Na =1
2. transition

3. boundary layer.

Which flow regime occurs is according to Eckhart and Carlson |9]

dependent on the Grashof number Gry, on the aspect ratio A,.

The Grashoff number Gry is given by:

2
crw=&-2&_-_".3_.ae | (2)
1)

gravitational acceleration, 9.81 m/&

1}

coefficient of thermal expansion, K-1
density in kg/m?

T © W n
)

dynamic viscosity in kg/m.s

A8 = temperature difference across the reqgion in K

gap width in m

x
]

A_is the aspect ratio, the ratio between the height and the
width,



TABLE 1: Some heat transfer

relations for vertical gaps.

relation number / author RELATION Ra Ax Pr " remarks REF.
1. Jacob Rus 0.8 6002 a0 1.4#10%- 1.4%10" 3-42 | 0.71 | data of Mull and Reiher| [10] [11]
Ru = 0.065 6r0-33%x50- 117 1.4 * 105 3-42 0.71 | (caloric)
2. De Graaf and Ru = 0.0436 Rad’37 0.7%10% -5, 610" 3-48 0.71 | caloric [12]
Van der Held Bu = 0.036 Ra " > 2.4 +10° . 3-48 0.71 | for Ra >2.4%10° data
‘ of Mull and Reiber [2]
3. Rubin Ru = 0.0424 Ra®*>’ 5%10% Rac6*10" derived from De Graaf | { 3]
fis = 0.43 Ra?-16 6+10" CRa<1 510" and Ven der Held
Ru = 0.0354 Ra®:?7 Ra>1.5%10°
4, Eckert ?nd Carlsson Nu = 0.132 REIU'3 Ax0°1 >10°% 2.5-47 0.6-0.8 interferometric { 9]
5. Jannct and Mazeas fiu = 0.0835 'RE\O'}‘[5 10°-10!0 3.5-100 0.71 | interferometric 113]
6. Mynett and Duxbury fu = 0,216 Ra%*Z6%p70+2 10%-6.5%108 1.25-20 0.71 | interferometric f14]
7. Yin, Wung, Cheng fu = 0,210 Ra% %001 1.5%103-9%106 5-78 0.71 | ealoric [15])
B. Randall Ny = 0.09 Ra®" 2% 3%103-2#105 9-36 0.71 | intecferometric [16]
9. Glaser fu = 0,11 Ral 2P g0 Raax "0+ 373 550902 data from Linke [18] | [11]
10. Schinkel’ fu = 0.106 Re>?’ 104 Ra<a *10" 27.5 0.71 [19)
11. Elshirbiny, Nu = [Nuy, Nup, N3] *) 5-110 0.71 | caloric [20]
Raithby, Hollands i max
12. Owens Ru = 0.035 Ral*™® Re>6.783%10° 0.71 | caloric, derived from | [21)
Robinson,Powlitch,Dill
*) Nu,; = 0.0605 Ra0+333
0.104 x Ra*2%> 0,333
Nu g = l_ 1 + ( )3]
) . (210,138
Ra
0.272

NLI3

0.242 . (22
Ax

A4



Thus the conductance in the gap is dependent on: properties of the gas
in the gap, the temperature level, the temperature difference and the
dimensions.

According to many authors the convective heat transfer between panes can
be described by a relation as

Nu = a.(Gr.Pr)P A.°C (3)

where Pr = Prandtl number = cg /A (4)

where cp = specific heat at constant pressure in J/kq.K

The product Gr.Pr is also called the Rayleigh number.

In table 1 a review is given of Nu-Ra relations for vertical gaps,which
authors derived from measurements either caloric or inter-ferometric.

As can be seen most of the experiments have been carried out at low
aspect ratios comparing with the aspect ratios for normal multiple
glazings. At a height of the glazing of 1 m and a width of the gap
between 6 mm and 24 mm A, varies between 167 and 42. Some authors find
a dependency .on the A, with ¢ in (2) of -0.10 tot -0.29, and some do
not (De Graaf and Van der Held | 12], Jannot and Mazeas |13]).

For normal glazings in a winter situation a Ra-number greater than 10°

only occurs with heavy gases like SFg.

It is important to select a set of relations that cover all practical
situations. That means also the situations with low emissivity coatings,
where the gasconductance is of main importance and the same in
combination with other gases than air or gasmixtures.

As all the relations in table 1 were derived from experiments it is
interesting to compare calculations with measurements on real glazings
either with the hot plate method or with the hot bax method.

Rubin | 3] showed that his relations are in good carrespondence with the
hot-box measurements he carried out with normal non-coated glazings and
air spaces (see figure 3).

Gléser [17] measured with the hot plate apparatus also glazings with low

emissivity coatings and gasfillings.
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Figure 3: Overall thermal conductance measured in a calibrated hot-box
vs, individual gap widths for double glazing alone, and double
glazing with one or two polyester films suspended vertically
in the air gap. The solid lines represent calculated values.

In Figure 4 the measurements of Gldser on glazings with air space and a
low emissivity € = 0.065 are compared with calculations wusing some

relations of table 1 for exactly the same conditions and sizes.



The calculations with Nu = 1 (so no convection) result in a somewhat
lower U-value than the measurements. The cause is not yet clear but the
shape of the curve is of vitel impartance.

The relations of Glaser, Yin Wung Chen and Randall result in a higher
U-value than the others. _

The relations of Jacob give the same shape of the curve as the
measurements. The relation of Owens gives the lowest U-value and a shape
of the curve that can be compared with the measurements. It is also
clear that all the relations indicate that convection is occurring, see
Nu = 1.

In a recent study Mrs E. Keizer-Boogh, [25] calculated in a theoretical
way local Nu-numbers in gaps with air and with argon. She also found a
good corresponding course with the measurements. From this study Nu-Ra

relations have not been derived yet.

In figure 5 the same has been given for the gas SFg. Now it can be seen
that the results of the measurements are lower than the calculated
results with the Gl&dser relation and higher than with the Owens and
Jacob relations. The Owens and Rubin relations give the same shape as
the measurements. The Jacob relation gives a remarkable difference.

In the calculations figures 2 and 3 are based on, the effect of the
infrared absorption of the gas fillings has been neglected. That can
certainly be done for gases as air and argon. However, it is known that
sulphur hexafluoride SFg has a strong absorption band in the important
wave length region of 10 pm to 11 pm. On the one hand the absorption
causes a less radiant heat exchange, on the other hand the
onset of convection starts earlier and higher Nu-numbers occur.

Which effect prevails depends on the temperature difference between the

panes and the temperature level.
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Figure 4: Comparison of measured and calculated U-values, hot plate

conditions

outer pane 5°C, 4 mm, height 0.77 m
inner pane 15°C, 4 mm, height 0.77 m

€ = 0.84,
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= 0.065

= 8 W/mlK
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In figure 5 it can be seen that the deviation between the measurements
of Gldser and the Owens relation is relatively small., This could
indicate that the effect on the convection is slightly larger than the
effect on the radiant heat exchange.

The computation of the radiant heat exchange in a multiple glazing with
an infrared absorbing gas can be based on the same idealized and
approximated model .as with a non-absorbing gas, but is considerably
complicated. -

To describe the convective heat transfer in gas with an i.r. absorbing

gas further research is needed.

For this moment the conclusion can be drawn that for all practical
situations the relation of Owens corresponds best with known
measurements. The Rubin relations only fit with the high Ra-numbers and
the Jacob relation only fits with Ra < 20,000. The use of the Owens and
Rubin relations has the advantage that for this area of the glazing the
influence of the Ay can be neglected.

The Owens relation is also recommended by ISO | 26].

In figure 6 U-values are given calculated with the Owens relation as a

function of the gap-width for the same glazings as in figure 2 for two

set of conditions:

- hot plate conditions, out pane 5°C, inner pane 15°C;

- hot box conditions; temperatures of the outdoor and indoor environment
-10©C and +20°C.

The hot plate conditions can be considered as an average winter
situation of a moderate climate, the hot box conditions as design
conditions for a moderate climate and average winter situation for

colder climates.
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It can be seen that with a gap width of about 14 mm both sets of
conditions result in an equal U-value. That confirms the statements of
some researchers within the E.C. being that with ordinary normal double
glazing, air filled gap, width 12 mm, they could not find a significant
difference between the U-value measured with the hot box and with the
hot plate method.

Figure 4 indicates that for colder climates, gap widths between about 12
mm and 24 mm give the lowest U-values.
For moderate climates the gap width should be about 20 mm to get the

lowest U-value.

Owens derived | 26] also Nu-Ra relations for horizontal and angled
glazing from the measurements of Robertson, Powlitch and Dill [21],
which are recommended by ISO |5] in the following way. When the
direction of the heat flow is upward the heat transfer by convection is

enhanced and the following relations can be taken:

horizontal gaps Nu = 0.16 Ra? -28
0.10 Re?-3!

gaps at 459 Nu

When the direction of the heat flow is downward the convection can be

considered as suppressed for practical cases and Nu = 1 can be taken.
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Figure 6: Calculated U-values (Na = 0.035 RaD-38) as function of the

gap width,
enl = 0.84, epp = 0.065, hy = 23 W/m?K, h; = 8 W/m2K,
air.

Hot plate conditions: outer pane 5°C, inner pane 15°C.
Hot box conditions: temperature of the outdoor and indoor
environment -10°C and +20°C, respectively.
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3. CALCULATION OF THE PHYSICAL PROPERTIES OF GAS-MIXTURES

To calculate Raleigh numbers of gas-mixtures the effective thermal
conductivity and the viscosity have to be determined.

Glaser [17] gives the following relations for the effective thermal

conductivity.
) zi xixi Mi0.333
A o= (Bl)
L. x H.°‘333
i1 71

where xj, M; and Aj; are the molefraction, the molar mass and the
thermal conductivity of the 1th component respectively.

In the same way the effective viscosity can be described by:

I x M 0.333

H
-~ S A G
o= i (B2)
g x i 0-333
1715

Bird, Stewart and Lightfoot [22] also give semi-empirical approximations
for A and p of mixtures.

Wilke [23] mentioned that these relations are sufficiently accurate for
. mixtures of non-polaric gasses at normal atmospheric pressures and

teﬁperatures above 100 K.

; a zn 1 1 . (33)
i=1 I:n
x ¢
=1 3 ij
- n xi Ki
A =% —_ (B4)
i=l] n
L x ¢
j=l 3 i}
where:
1 Mi - -0.s0 i o.s0 M o0.25 2
¢ = — (1l +—) L (— ) . (=) (B5)
ij V8 Hj M, M,

If there is a. big difference in the molar masses of the components

(e.g. air and SF;) it is recommended to use the relations B3, B4 and BS.
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For three gases commonly used in multiple glazings, the physical

properties are given in table 2. These values are derived from LZA].

Table 2: Physical properties of gases.

Pr

Air M = 28.96 g/mole
teng)erature 3 105 102 Pr
in”C P in kg/m B in kg/ms | A in W/mK
-10°cC 1.326 1.661 2.336 0.715
0°cC 1.277 1.711 2.416 0.712
+10°¢C 1.232 1.761 2.496 0.709
+ 20°C 1.189 1.811 2.576 0.707
Argon M = 39.96 g/mol
- 10°¢C 1.829 2.038 1.584 0.668
0°c 1.762 2.101 1.634 0.667
+ 10°¢C 1.699 2.164 1.684 0.667
+ 20°C 1.640 2.228 S 1.734 0.667
SFg M =z 146.05 g/mol
- 10°cC 6.844 1.383 1.119 0.822
0°c 6.602 1.421 1.197 0.789
+10°¢C 6.360 1.459 1.275 0.761
+ 20°¢C £.118 1.497 1.354 0.735
density

dynamic viscosity

heat conductivity

Prandt]l number cpp/R

cp = specific heat at constant pressure.



5. HEAT TRANSFER BY FREE CONVECTION ON THE INSIDE SURFACES OF GLAZINGS
IN VERTICAL POSITION

Heat transfer by free convection can be described with the relation:

Nu = C (Gr Pr)P (1N
where:

Nu = hg 1/

hC = convective heat transfer coefficient in w/u?K;

= length in m;
A = thermal conductivity of the air in W/sfK;
Gr = Grashofnumber.

2 43
Gr-Lpl_.Ae

2
B

= gravitational accelleration, 9.81 m/s?;

9
B = coefficient of thermal expansion in K~!;
p = density in kg/m®;

p = dynamic viscosity in kg/m.s;

A9 = temperature difference between the surface and the fluid in K;
Pr = Prandtl number;

Pr = CpuA;

C_ = specific heat at constant pressure in J/kgK.

The product GrPr is also called the Raleigh number.

In practical situations with glazings a laminair flow can be assumed,
then n = 1/4 and C = 0,555 | 27].

Nu = 0,555 (Gr Pr)0.23 (2)
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For still air at temperatures of about 20°C and temperature differences
between the surface of the glazing and the .air up to about 10 €,
relation (1) can be transferred to:

h, = 1,42 EH0 2wtk (3)
H
where he = convective heat transfer coefficient in W/nf K
H = height in m.

This relation can be found in many handbooks and many researchers use
it in computer calculations to calculate heat loads, etc.

An example: normal double glazing 2 x 6 mm, air space 12 mm, height 1
m, outside temperature -10 ©C, room temperature 20 °C, k = 2,9 W/m’K
(he = 23 W/mKy h; = 8 W/m?K). Then the temperature of the inner
pane will be 9 ©°C. According to relation (3) he = 1,42 (11)0,25 -
2,58 W/t K,

ASHRAE | 6] gives for hy with vertical glazings a relation independent
of the height Ffor glass temperatures of -10 ®C up to 55 °C and

temperature differences glass-air of 3°C to 30°C.
he = 1,77 (290,25 W/m K (4)

In the above mentioned example this means hp = 3;55‘"w/m?K, which
results in a 3% higher U-value than with h, = 2,58 W/ K.

In case of a glazing with U = 1,4 W/nfK the relation (4) will cause a
6% higher U-value than relation (3).

IS0 | 5] assumes a value for free convection of he = 3,0 W/me K,
independent of the height and independent of the temperature level and

temperature difference glass-air.
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VD1 [29] recommends a relation for the free convection on vertical
places thst Churchill, Humbert and Chu |7] derived for the results of

many authors:

0,387 Ra'/6

{1+ (0,Q37]9/16
Pr

12 Wik (5)

Nu =| 0,825 + 5757
}

In the example this results in hg = 3,32 W/mPK.

Caemmerer | 31] used a relation for calculation of convective heat

transfer at sunlit panes in a solar calorimeter box.
h, = 3,48 + 0,09 AT W/m2K (6)

However, Caemmerer does naot mention what the relation was based upon.

Kollmar and Liese | 28] use the relation

h, = 1,97 an®? wikk, (7)

which leads in the example to hg = 3,59 W/n?K.

The relation should be valid for vertical walls and radiative heating.

The conclusions that can be drawn are:

- the relations recommended by ASHRAE, ISO and VDI lead to a higher
convective heat transfer than the relation found in. handbooks and
used by a number of researchers and Institutes;

- some authors give relations that result in a higher convective heat
transfer than the relations of ASHRAE, ISO and VDI.

Despite the many uncertainties it is recommended that for detailed
calculations to take relation (3) for situations where one can assume
real still air (small rooms, small heights of glazing). For situations
"still air" in rooms with normal sizes (no radiators, induction units,
etc.) one can take relation (4).

Radiators etc. placed below the window increase the convective heat

transfer,
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1. THEORY

1.1. Definition

Thermal bridges are parts of the building envelope where, due to the
two-dimensional or three-dimensional character of the heat conduction,
"either the inside surface temperatures are rather low, which can cause
condensation, or the heat losses are rather high. The references,
indicated by the word "rather", are the inside surface temperature and the
heat loss supposing an one-dimensional heat conduction. (For some
building envelope parts, e.g. complex window profiles, it is impossible to
suppose such a simplified one-dimensional heat flow; in this way it is
impossible to name these parts thermal bridges. Because this chapter
principally deals with such elements, a more general title of it could

be : "two-dimensional and three-dimensional heat flow".)

1.2. Numerical Methods for Two-dimehsional and Three-dimensional

Heat Transfer

To know the temperature field in and the heat flow through a certainl
object exposed to specified boundary conditions, a differential equation
must be solved. For practical applications, such as encountered in
building physics, no analytical sclutions are available. Numerical
methods, such as the finite element method or the finite difference method,
start from a partition of the considered object; with some simplificating
assumptions, the differential equation can be applied for each part,
resulting in a system of linear equations. The sclutions of this system
are the approximative temperatures in the characteristic points of the
partition. The more detailed the partition is, the better the approximation.
8o, to provide a good accuracy in the case of practical problems, a

computer is needed to create and to solve the systems.

The following is a short review of the heat balance technique, a numerical

method which can be seen either as a finite element technique or as a



3.2.3. -2 -

finite difference method [1]. Only the calculation of two-dimensional
steady state heat transfer is treated, but the basic ideas are the same
for three-dimensional problems. Because transient effects do'nt play an
important role in the case of windows, they are beyond the scope of this
chapter. For transient effects concerning thermal bridges, the reader is

referred to [2,3].

Before calculating the temperature field in a certain object, the following

data must be known |

- the geometfy of the objecf.

- the thermal conductivities (X) of the occurring materials. In this
context it is assumed that the materials are isotropic and that ) is
independent of temperature. Further, because only conduction is taken
into account in the described method, equivalent thermal conductivities
are to be derived for occurring air holes.

- the boundary conditions

adiabatic boundary condition; this boundary condition occurs in
practice at axes of symmetry and at cross-sections where the heat
flow is one-dimensional (i.e. sufficiently awa& from a thermal bridge).
- linear heat transfer from the surface to its environment (Neumann
boundary condition)., Though the heat transfer by radiation and
convection is'qt a linear process, a linear relationship normally
suffiqés in practice ( q = h ( T, - T, ) ) k N
- known surface temperature (or known internal temperature) (Dirichlet.::
boundary condition); this boundary condition occurs Farely in building
physics. ' ‘
-~ known density of heat flow rate; e.g. solar radiation
Example 1 : figure 1 shows a horizontal section of a (half) concrete
column in an insulated cavity wall. The mentioned data are given in

this figure.
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Figure l: Horizontal section of a (half) concrete column in an insulated

cavity wall.

The following steps can be distinguished in the heat balance technique

- Partition of the object in triangles. The boundaries and materal limits

must coincidence with sides of triangles. (Note that rectangular
partitions occur in.the further given applications; a rectangle can be
divided in two rectangular'triangles} it can be shown that the position
of the dividing diagonal islarbptrary.)

The only- simplifying assumption in the heat balance technique is the

"linearity of the temperature fileld within a triangle. By this, the

temperature in any point of the trLangle area can be expressed as a
linear function of the temperatures in the three angular points.

Around each node a closed line is constructed in thought. This line
bisécts each of the adjacent sides. Outside the object this line
cointidences with the boundary. Taking into account the assumption
above and the law of Fourler ( q = A grad T ), the line integral of the
heat flow over this line can be calculated as a function of the adjacent
nodé temperatures. The law of conservation bf energy states that this
line Lntégfal must be zero, which provides a linear equation.

Executing this procedure for each of the n nodes with unknown
temperature, a system of n linear équations with n unknown temFeratures

is formed. The solution of this system can be obtained using different
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mathematical methods. Nevertheless, because of the fact that the left
hand matrix of the system is a positive definite symmetric band matrix,
some methods, advantageous for calculation speed and memory saving, can
be applied; e.g. the Cholesky decomposition [4&4].

- Being known the node temperatures, and taking into account the assumed
linearity of the temperature field within a triangle, the streamfunction

value in each node can be derived.

The results can be visualized by a drawing of the isothermals and a

drawing of the streamlines, which are derived from the temperatures and
the streamfunction values in the nodes by linear interpolation. For the
given example, the obtained drawings of isothermals and streanlines are

represented in figure 2.

L B B S )
il il 3 1t

¥
—
Q

1

18.8 °C 12.6 °C

1 _W/mk

PEVY & 17
2.t it i 1t

¥
—.
i

Figure 2: Isothermals {above) and Streamlines (under)




1.3. Evaluation of Thermal Bridges

1.3.1. Introduction

In fact the drawings of isothermals and streamlines suffice to

evaluate thermal bridges in steady state

- The minimal inside surface temperature (thermal bridge temperature)
easily can be read from the isothermals plot. The dimensionless
thermal bridge .temperature, defined as the minimal inside surface
temperature, divided by the difference between interior and exterior
temperature, further can be determined by linear interpolation.
In the example above e.g., the thermal bridge temperature is 12.6°C
and the dimensionless thermal bridge temperature is 0.63. The
dimensionless thermal bridge temperature characterizes the thermal
bridge : from it, the minimal inside surface temperature can be
calculated for any outside and inside temperature, to be compared
with the dewpoint of the inside air when predicting the occurrence
pf surface condensation. Further considerations on condensation
are given in chapter 3.4. of this book.

- From the streamlines plot, the amount of heat loss through the
considered construction element of 1 m length (perpendicular to
the section) can be derived by simply counting the number of
streamlines (multiplied by the used increment). 1In the example
above 20.5 W/m is obtained. -Although with this explanation the
evaluation can be considered as completed, there is a need to
characterize the heat transfer through a thermal bridge in a more
abstract way for two reasons: on the one hand we want to know the
heat loss supplementary on the.onedimensionally calculated one,
on the other we want to include the heat loss through thermal
bridges in glebal heat loss calculations. Two concepts are useful
for this purpose: the mean thermal transmittance (Um [W/mzK]) and

the linear thermal transmittance (U1 fw/imk]).

1.3.2. The mean thermal transmittance

The mean thermal transmittance'Um [W/mZK] of a wall with one or
more thermal bridges, is the total heat less through this wall,

assuming a unit temperature difference over it, divided by the



3.2.3.

characteristic area of the wall

U = beae [W/m2K] (1)
< ie

In example 1, the total heat loss th amounts 20.5 W for a length
of 1 m {perpendicular to the section), the assumed temperature
difference ABjie is 20°C and the characteristic area is 1 rn2 {the
considered width of the wall is 1 m (0.85 m of cavity wall + 0.15 m
of concrete column), and, as mentionned, the considered length is
1 m). Therefore the mean thermal transmittance U amounts .
1.03 W/mZK.
The Um-vélue allows an easy integration of the thermal bridge
effect in global heat loss calculations.
Remark: for complexly shaped building envelope parts a difficulty
can arise to défine the characteristic area of the considered
part (e.g. in the case of corners, window edges, etc.). In theory
the characteristic area may .be chosen arbitrarily if the same area
is used as in the global heat loss calculation. In practice it is
convenient to choose the projected outside area as the

characteristic surface.

1.3.3. The linear thermal transmittance

The linear thermal transmittance U, (W/mK] of a thermal bridge is
defined as the difference between the real heat losses through that
thermal bridge and the onedimensionally calculated ones, assuming
a unit temperature difference between the inside and the outside,
and an unit 'length of that thermal bridge. By this, the U -value

1
represents the thermal bridge effect itselfs,

U, = b 5 ( ) [W/mK] (2
1= 1T . ae - LU -by /mK )
tbh ie i

In example 1 the first part of equation (2) amounts 20.5/(1x20) W/mK
= 1.03 W/mK. Knowing the U-values of the two wall parts .
{(U-cavity wall = 0.49 W/mZK and U-column = 3.26 W/mzK), the second

part of equation (2), i.e. the one-dimensional heat loss, can be
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calculated : 0,49 x 0.85 + 3.26 x 0.15 W/mK = 0.94 W/mK. The
difference between these two parts amounts 0.08 W/mK, being the

U -value of this thermal bridge.

The advantage of the Ul-value against the Um-vaiue is that for
-global heat loss calculations the normal one-dimensional heat loss
calculation method remains valid, provided that a supblement is

added, namely the product of the U -values of occurring thermal

bridges and their respectively 1en;ths. On the other hand,

the way in which one-dimensional calculations are to be executed is
not always determined unambiguously. In such cases the U1~va1ue

is affected by the taken conventions. Therefore, in some cases as

for complex building elements (e.g. window frames), the use of the

Um-value is preferred.

2. CASE STUDIES

2.1, Introduction

The scope of this chaptef is to providé an insight.in the complex matter
of conductive heat transfer through windows. Successively the heat
transfer through the -glazing, through the window profile and through the
-window edge (i.e. the connection detail between the window frame and the
wall) are treated; théugh these different elements can interfere as
indicated further. No completeness concerning the heat transfer through
all types of glazings, frames or edges is pursued. The given results have
only an illustrative value. (If for example the U-value of a plastic
window frame is given, it must be emphasized that other plastic frames

will have other U-values.)

2.2, The Edge Effect in Double Glazing

A type of double glazing is shown iﬁ figure 3. Two panes of 4 mm each are
separated by an air cavity of 12 mm. At the edge there is a hollow

aluminium square profile protected by a rubber band. The data for a
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two-dimensional calculation are.the following :

- geometry and assumed grid according figure 3.1.

- thermal conductivities ; glass : 0.8 W/mK rubber : 0.2 W/mK

- aluminium : 230 W/mK air cavity : 0.07 W/mK,

‘As mentioned., for the air cavity an equivalent thermal conductivity is
obtained by dividing the thickness of the cavity by fts thérmal
resistance (0.17 mzK/Wl; this is a simplification.

- boundary conditions : Ge = 0°C he = 23 W/mzK Gi = 20°C hi = 8 W/mzK

adiabatic conditions at the left and right boundary.
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Figure 3: The edge effect in double glazing.
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The results of the calculation are presented by an isothermals plot
(figure 3.2.) and by.a streamlines plot (figure 3.3.). From this last
drawing it can be seen that the total heat loss amounts 6.06 W/m or

0.30 W/mK. So, the considered width being 0.08 m, the mean thermal trans-
mittance amounts 3.79 W/mzK. - one-dimensional calculation neglects the
edge effect : the U-value of the undisturbed glazing amounts 2.8§ w/mzK;
so, for the shown part this would mean 0;23 W/mK. A simple substraction
(0.30 - 0.23) gives the negleéted supplement or the Ul-value: 0.07 W/mK.

For panes with different dimensions the error of an one-dimensional

calcula;ion can be easily derived using the Ul-value :
- lmx lm: l-dim. , ;. 2.86 W/K

incl. edge eff. : (2.86 + 4x.07) W/K = 3.16 W/K (+10%)
- 1lmx .5m: 1-dim, : l.43 W/K

incl. edge eff. : (1.43 + 3x.07) W/K = 1.65 W/K (+16%)
- Smx .5m: l-dim. . : 0.71 W/K

incl. edge eff. : (0.71 + 2x.07) W/K = 0.86 W/K (+21%)
- .25 mx .25 m : 1l-dim, : 0.18 W/K

incl. edge eff. : (0.18 + 1x.07) W/K = 0.25 W/K (+42%)

It may be concluded that for such a type of glazing, an important

partition of the glazing area into small parts has a negative influence

on the U-value and therefore must 'be avoided.

Concerning the calculation two remarks must be made. Firstly there is a
three~dimensional heat flow in the corners of the glazing area; it can bé
shown by calculations that this three-dimensional effect is small compared
with the two-dimensional one. Secondly, in practice the double glazing
edge is normally covered .by thelwinAOW frame; thig will have normally

a positive influence on the described edge effect and therefore, the

results above are too negative.

The question arises how the edge can be improved. From furiher

"calculations but also by some reasoning it can be shown that
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- the filling of the aluminium profile, with insulation or with aluminium
itselfs (massive profile) has no influence on the edge effect.

- the replacement of the aluminium.(A = 230 W/mK) by another metal
(with a lower thermal conductivity) has a negligible influence on the
edge effect; (in' the exampie above, a replacément by stainless steel
(A = 29 W/mK) will causea drop of the heat loss from 6.06 W/m to only
5.99 W/m). Only a.material with a A-value comparable to the cavity-

A-value will eliminate the edge effect.

2.3. Heat Transfer through Window Frames

2.3.1. Wooden window frame

A wooden window frame with double glazing is shown in figure 4.1..
The data for a two-dimensional calculation are gngn in the same
figure. 'isothermais,and.streamlinés'are shown in figures 4.2.&4.3..
To calculateénulrvalue with a practical meaning, equation (2) is
applied considering the U-values and widths of window frame and

glazing in the second part of it. WNote that U_ is simply defined

£
on the basis of width, without shape effect. We find:
U1 = 8.9; [ (1 x20) - (1.35x 0.046 + 3.19 x 0.1 ) = 0.06 W/mK,

This Ul-value describes the thermal bridge effect arising from the
glazing edge effect (main part) and from the shape of the profile

(small part). The obtained Ul-value {s lower than the U, -value of

1
the uncovered glazingedge, obtained above; this indeed shows the
positive influence of the covering of the edge by the frame. -

The knowledge of the obtained U -value is usefull when calculating

1
the Um-values of windows (glazing + frame). For that purpose the
follbwing equation must be applied :

U =
) xAg+foAf+U (3)

1
1 ¥ edge
Results of calculations for the same frame under the same boundary
conditions are given in [0, page 105]; the highest difference for
the obtained temperatures and fluxes is lower than 4%, showing the

retiability of numerical methods.
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Figure 4.l.: Wooden window frame with double glazing : data
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2.3.2. Aluminium window frame without thermal barrier

A half aluminium window frame without thermal barrier is shown in
figure 5.1.. The double glaziﬁg is replaced by an homogeneous
material with the same thickness and the same thermal resistance.

The data for a two-dimensional calculation are given In the same
figure. The obtained isothermals and streamlines are shown fm.figures
5.2. and 5.3.. The streamlines plot is unclear because allﬂthe
streamlines go'thrbugh the small, but extremely well conducting strip
of aluminium. The total heat loss amounts 10.8 W/m of which 7.15 W/m
goes .through the aluminium frame.

The application of equation (2), as in the previous case study, has
little sense : a good choice of the U-value of the frame is not obvious
because of the expected important short-circuit effect. 1In this case
it is better to calculate the mean thermal transmittancé of the profile.
Applying equation (1) (th = 7.15 W, A; =1lmx .04 m, 20, = 20°Cy,
we find : Umf.=ll.9 W/m“K. Because there is no important two-
dimensional heat flow in theglazing, we do'nt need to calculate an
Um-value (or a U,-value) for it. When calculgting Um-values of windows

1
(glazing + frame), the following equation can now be applied

U =U x4 +U . x A . (&)
m g g mf f

:

A comparison with formula (3) shows clearly that the U ¢-value
contains both the one-dimensional and two-dimensional heat flow
component. In some cases equation (3) and (4) may be combined (e.g.
in this case study'if there were a glazing edge effect).

The high value of Umf proceeds from a cooling fin effect affected by the
real area of the frame and not by the projected area. Suppose that
the frame is 4 cm thicker at the inside (AB = 8 cm), then th = 9,02W

and Um = 15.0 WlmZK. It is obvious that:alsothe assumed values of

f
the surface coefficients have an important effect on the calculated
Umf-values. It may be concluded from this case study, that the mean
thermal transmittance of aluminium window frames without thermal
barrier is mainly affected by the real area of the frame and by the

value of the -actual surface heat transfer coefficients.
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Figure 5.3.7 Aluminium frame without thermal barrier : streamlines
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2.3.3. Aluminium window frame with thermal barrier

An aluminium frame with thermal barrier is shown in figure 6.1.. In
[11] this profile is presented as component in one out of four window
-examélea from which the U-values from hot box tests are compared with
calculated and tabulated values. The assumed geometry, again with a
homogeneous glazing, and the assumed grid are shown in figure 6.2..
Following thermal conductivities and boundary conditionslwere assumed:
A : aluminium : 230 W/mK pvc : 0.20 W/mK rubber : 0.17 W/mK

glazing : .15 W/mK caﬁiéies in aluminium : 0.10 W/mK

51 : 0.0Ql;WImK 82 ; 0.11 Ww/mK 83, §4 : 0.081 W/mK.

The A-values of the cavities 51-54 have been derived from a

thermal resistance R = O.37Am2K/W (value for a cavity with

on both sides an emissivity of 0.1).%)

- B = O°C. h = 23 W/mzl( 9_ = 20°C h = 8 WImZK-
e Y - i i

135

—1

1.5

Sh

Ak bbbk ke b b b b e

6.1. 6.2.

Figure 6.1, & 6.2.: Aluminium frame with thermal barrier : data

*) Emissivity e = 0.l is a rough assumption only; for profiles with
treated surfaces the emissivity will be higher.
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' Figure 6.3. & 6.4.: Aluminium frame with thermal barrier :

isothermals and streamlines

Figures 6.3. and 6.4. show the calculation results. The heat loss
through the frame amounts 14.23 W/m; applying equation (1) we find
Umf = 5.2 WimzK. An analysis of the thermal breaks in detail will
explain this rather high value.

In figure 7, different shapes of thermal breaks are shown. The left
and right axes are supposed to be adiabatic. A temperature
difference of 10°C is maintained from surface to surface. The
calculated streamlines are ‘presented. From this the mean thermal
resistances can be deduced easily. The results show that the

thermal resistance of thermal breaks is determined by :
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- the shortest distance between the two aluminium parts;

- Fhe'contact area between the break and the aluminium (compare the
number of streamlines through different thermal breaks in figure 6.4.);

- the A-value of the break-material {not illustrated, but logicalj.

By this the Umf-value of aluminium frames with thermal barrier mainly

will be affected by the thermal quality of the thermal breaks. (Which

however does not means that the the heat flow through.the cavities is negligible;

=230 ‘ 2cm

1A=35

g

-

R=0.057 R=0.039 R=0.033 R=0.029 m2K/W

Figure 7.: Thermal resistance of thermal breaks

2.3.4. Plastic window frame with metal part

If plastic window framesféOntain no metal profiles, the expected
mean thermal transmittance will be comparéble with that of e.g.-
wooden frames, because of the comparable thermal conductivities.

If metal profiles are built in (to provide a higher strength) they
can cause a short-circuit effect, by which the Um-value will rise.
This 1s illustrated in figure 8 : a steel section is setted in
polyurethane foam. The calculated streamlines and the deduced
ﬁhermal resistance show that the thermal resistance is substantially
determined by the covering thickness of the plastic (and of course
by the A-value of the plastic); the effective thermal resistance is
0.37 mzK/w, while the thermal resistance witﬁout the metal part
should be 0.80 mzK/H.

As an illustration, the analysis of a plastic frame with metal heart
is given in figure 9. A Umf-value of 2.14 W/mzK can be derived. It

must be emphasized that this rather low value results from the fact
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_that, firstly the covering thickness is rather high, and secondly
the thermal conductivity of the plastic is rather low (0.05 W/mK).

So, in no case the obtained Um -value may be generalized.

f
" T 7T TTT T TITITITTT
i .
f Y/ ] B ]
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) DATA ISOTHERMALS STREAMLINES
$, = 0°C h_ = 23 W/miK R=.37 m2K/W
$, = 20°C h, = 8 W/nm'K

Figure 8.: Steel section in polyurethane frame

Figure 9.1.: Plastic window frame with metal heart
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Figure 9.3.: Plastic window frame with metal heart : streamlines
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2.4, Heat Transfer through Window Edges

At the connectlion between a window frame and a wall, important
thermal bridges can occur. Figure 10 shows an axonometry of a wooden
window frame (outside.area .59 m x .54 m) with single glazing, placed in
an insulated cavity wall (area 2.4 m x 2.0 m). The contacts between the
inner and the cuter leaf in the horilzontal and the vertical sections near
the window, mean. a discontinuity in the thermal insulation. For the
lintel, the results of a two-dimensional analysis are shown in figure 11.
Without further calculation of Ui_or Um’ it can be seen from the stream-
lines plot that the thermal bridge effect is very important. The results
of a three-dimensional analysis are presented by means of an inside
axonometric vue of the isothermals on the surfaces of upper and under
quadrant (figure 12). The calculated heat loss through the whole wall

amounts 106.6 W, which is 35% higher than the one-dimensional result

(78.9 W). A complete analysis of this case can be found in [7].

It is out of the scope of this text to discuss the enormeous amount of
possible - connections between windows and walls, but the case study above
shows -the opportunity of construction details without thermal bridges.

For that purpése a basic rule is to provide the continuity of the thermal
insulation. It is clear from the example above that the realization of
this continuity, in the first instance has consequences on the wall
construction, though it cenresult in some changes in profile technology.

In general, the isolation of a window profile (assuming adiabatic sides),
when studying the thermal characteristics of it (cfr. previous chapter),
is an allowed supposition. In figure 1l for example, there is only a
small heat exchange between the window frame and the wall. On this subject,
a study of optimal connections is given in [8]. The position of the
window (outside, middie, inside) is studied in [9]. Further considerations
on surface heat transfer coefficients and on thermal bridges in general

can be found in [10].
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Window in a cavity wall axonometry

Figure 10.:




3.2.3. - 22 -

(W/mKE
-

T
L
]
L
L]

F o os : 7 ; A
L | 2.6 w/mK ] [ 3 X
SR ] - y -
| 3 | 3
E 123 : E F
.8 :
{W/mK)
20°c  Joec
8u/m*K |23u/m?K | I ] i
TN I il b 2 B EriNmA NIl 2 A2 3

HTU T P Vi rTrry ) 3T F T T ARHISTTIT R VO wyr Ty rvIrnyerTT vy
b - o - b -
AL
IR 1/ P
- 75 v " e - L .

1T W/m

o]

ML L L AtiRc il 2 L b8

1

LEiliitrtegrig b 4 L & 2R R

Figure 1l.: lintel above a window in an insulated

data, isothermals and streamlines

cavity wall







3i.2.3.

- 24 -

REFERENCES

(1]

[2]

3]

fa]

(5]

[6]

£7]

(8]

Cden, J.T., 'Finite-element analogue of Navier-Stokes equation',
Journal of the Engineering Mechanics Division, Proceedings of ASCE,

Vol. 96, No. EM4, August 1970

Wolfseher, U., 'Rechnerische Ermittlung mehrdimensionaler Temperatur-
felder unter stationdren und instationdren Bedingungen - Rechnsystem
und bauphysikalische Anwendung', Doktorarbeit Universitat - Gesamt-
hochschule Essen, 1978

Standaert, P., 'Thermal bridges : a two-dimensional and three-
dimensional analysis', Proceedings of 'Thermal performance of the
building envelope III, Clearwater Beach, dec. 1985', to be published
by ASHRAE

Martin, R.S5. and Wilkinson, J.H., 'Symmetric decomposition of
positive definite band matrices' in 'Linear Algebra', Ed. Wilkinson,

J.H. and Reinsch, C., Springer Verlag, 1971

Kasper, F.J., Miller, R., Rudolphi, R., Wagner, A., 'The thermal
transmittance of windows', Batiment International / Building

Research and Practice, Vol. 11, no. 5, 1983

Jonsson, B., 'Heat transfer through windows', Swedish Council for

Building Research, D13 : 1985

Knapen, M. and Standaert,P., 'Experimental research on thermal
bridges in different outer-wall systems', CIB-W40, Holzkirchen

meeting, september 1985

Kasper, F.J,, Miller, R., Rudolphi, R., Wagner, A., 'Zum wirme-
schutztechnischen Verhalten des Anschlussbereichs Fenster - Wand',

Haustechnik, Bauphysik, Umwelttechnik 105, Heft &, 1985




- 25 - 3.2.3.

[9] Cziesielski, E., 'Thermal bridges at the joints between walls and
window frames', Proceedings Windows in Building Design and

Maintenance, Gdteborg, Sweden, 13-15 june 1984

[10] Standaert, P., 'Twee- en driedimensionale warmteoverdracht
numerieke methoden, experimentele studie en bouwfysische

toepassingen', doctoral dissertation, Katholieke Universiteit Leuven,
1984

{11] Dijk van, H.A.L.(ed.) 'Thermal transmission through windows.
Selected examples to illustrate the need for a more standardized

approach.' IEA Annex XII report, 1987.



3.3. Measurement technigues

3.3.1. Laboratory measurements of

thermal radiation properties

K.Th. Knorr
TNO Institute of Applied Physies
P.0. Box 155
2600 AD DELFT
THE NETHERLANDS

LIST OF CONTENTS

Page
LIST OF SYMBOLS _ . : 11
.1. INTRODUCTION . : . 1
2. SPECTRAL MEASUREMENTS 1
3. MEASURING TECHNIQUES FOR OVERALL PROPERTIES IN THE

INFRA-RED WAVE LENGTH REGION 5

4, REFERENCES , 11

.3.

1.



3.3.1.

- JIT -

LIST OF SYMBOLS

p.-]- ()

e (W)

£ (¢e, 9)

e (T)

el

sd

Au

Wavelength in pm

The near-normal specular spectral reflectance,
being the specular reflected fraction of the
radiation of wavelength A, incidenting near to the

normal axis.

The near normal spectral hemispherical reflectance
being the in the hemisphere reflected fraction of
radiation of wavelength A, incidenting near to the

normal axis.

The directional total emittance being the ratio of
the total (all wavelengths) emitted radiant
intensity in the direction ¢ of a surface at
temperature 8 (K) to the radiant intensity emitted
by a black body at the same temperature and in the

same direction ¢¢-

The hemispherical total emittance being the ratio of the
total (all wavelengths) emittance in the hemisphere by a
aurface at temperature 9 (K)_and the total emittance in

the hemisphere of a black body at the same temperature.
Stephan Bolzmann constant 5,67 x 10-8 w/m2K*.

Area in m? .

TheAnet electric power for heating in W.

The detector response for the reflected radiation
by the sample and incidenting on the detector in
my.

The detector response for reflected radiation from

the reference sample (gold freshly evaporated on
an optically smooth glass substrate) incidenting

on the detector mV.
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1. INTRODUCTION

In chapter 3.2.1 the infra-red properties of windows are described. One

can use the various properties for different purposes:

~ to identify the materials e.g.'by means of the spectral absorption

bands;

- to control the manufacturing process for instance by measuring the
reflection and/or transmission at certain wave lengths;

- to qualify products such as coated glass;

- to calculate the heat balance of windows.

In this chapter the principles of a number of relevant measurement
techniques are described for use in the laboratory. That means that a
relatively high accuracy is required. The descriptions have mainly been
taken from | 1] in which more details about calibration accuracies can be

found.

2. SPECTRAL MEASUREMENTS

Most of the spectral IR-measurement techniques have been derived from

the spectrophotometric methods in the u.v, and visible region.

a, Transmission through infra-red absorbing materials

In figure 1 a typical i.r.—spectrophotometer.is shown, used for the
analysis of the transmission through i.r.-absorbing materials. It is
a double beam meter with two gratings for the wave length region of

2,5 um up to 40 um,
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Figure 1: Optical diagram of a double beam infra-red spectrophoto-
meter.

b. Spectral specular infra-red reflectance

To identify the types of coating and to measure the layer thickness,
the spectral specular reflectance can be measured with an
1.R.-spectrophotometer as mentioned under a. and a special attachment

as shown in figure 2.

supporting plate

sample bj::rf(ﬂﬁﬂ' 2d# monochromator
mirror I

Figure 2: Specular reflecting unit for use with an infra-red spectro-
photometer,
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The angle of incidence is fixed at 20°. Only the specular component
of the reflected beam comes into the monochromator and will be
detected.

The principle of measurement is as follows: first a sample with gold
freshly evaporated on an optically smooth glass substrate is laid on
the supporting plate (figure 2). The scanning over the whole wave
length range occurs automatically. Then the gold sample is replaced
by the semple to be investigated, followed by a second scanning. By
dividing the two detector responses from the recorder and multiplying
by the average near-normal specular reflectance of gbld (= 0.975), we
obtain the near-normal specular reflectance of the sample for each

wave length,

_ Jas 0.975
Pl g =— - O

UAu

The temperature dependency of the infra-red reflectance of a
selective surface is sometimes desired; therefore, the sample can be

attached to a heating unit.

. Near-normal hemispherical spectral reflectance

Especially for non-smooth surfaces it is of importance to measure the
hemispherical spectral reflectance in the infra-red region. In figure
3 a schematic view of an apparatus for this purpose is given. The
apparatus is based on the principle of an inteqrating sphere as also

used in combination with spectrophotometer.
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10.

11.
12.

Mirror

. Entrance slit

. Exit slit

Globar source
Grating

Wavelength drum
{wheel)

Wavelength dial

Sample holder with
sample

Pyro-electric de-
tector + preampl.

Voltage supply

lock-in
amplifier

chopper,
20 Hz

Regulated power
supply
Screen

Recorder or digital
voltoeter

Figure 3: Schematic view of an integrating sphere reflectometer +

spectrometer for the infrared region.

In this case a highly diffuse and highly reflecting inner surface of
the sphere is obtained by a vacuum evaporated gold layer of about 0.1

um thickness.

The inner diameter of the aluminium sphere is 0.10 m. There are three

openings in the sphere, the entrance port, the detector port and the

sample port.

The sample is positioned in such a way that the normal makes a fixed
angle of 20° with the incident beam.

The sample holder contains a heating element, surrounded by a water

cooled jacket. It is possible to heat the sample surfaces up to 400

©C. A freshly evaporated gold coating on a smooth glass substrate is

measured first.
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The average near-normal hemispherical reflectance of gold is assumed
to be 0.075 + 0.005. Then the gold sample is replaced by the sample
under investigation and again the detector response is recorded.

OQut of the equation:

Uds
p((A) = — . 0.975,

UAu
the near-normal hemispherical reflectance plfk) is calculated.

According to the Kirchhoff's law for opaque samples, the normal

spectral emittance (¢ 1(A) can be derived from pl(A) with:

elh) =1 - plA)

Attenuated total reflectance method

This method has been developed as a means to identify multi-layer
paints and plastic films with a weak absorptance in the IR-range [3],
14]. |

The most important component of the ATR-attachment is a hemi-
cylindrical crystal or prism with a high refractive index. On the
flat side the test sample is applied. Total reflection is occuring
with an angle of incidence on the interface greater than the critical
angle in the wave length region where the sample has no absorption,

while in the absorption band regions the reflection is attenuated.

MEASURING TECHNIQUES FOR OVERALL PROPERTIES IN THE INFRA-RED WAVE
LENGTH REGION

Measurement of the directional total emittance

a.1 For quick measurements of the total emittance at different emitting

angles and at different temperatures e£{¢g, T), Irving et al [2]
designed a very suitable and relatively accurate apparatus. This
method has the advantage that the hemiapherical total emittance e{(T)
can be obtained by the integration of the €{¢g, T) over all
emitting angles.

A diagram of the equipment is shown in figure 4.
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3.
4.
3.

10.

. Emitting angle

Sample

Heating unit {(centhal wire 14 (1)
and Cromel-Alumel thermocouples

Water cooled jacket, 5%¢c.
Vater cooled diaphragm, § 0.010 m

Bolometer + electronics
Detector head with Ge-lens {'
{

Voltage aupply v
Galvanometer ’

Rotating disc with knob and gradu-
ating disc, outside the jacket

Outer housing filled with dry air

11. Temperature controller and recorder

Figure 4: Schematic view of the equipment for measuring the directional

total emittance.
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The sample is attached with a heat transfer compound or screwed to a
heating box, which ia turnable round an axis ~along the sample
surface and through the centre. The angle is @e adjustable from
outside with a rotating disc‘from 150 - 75‘5. The temperature of
the upper surface of the heating box can be contrélléd from about 60
°C to 400°C. |

The heating box is surrounded by a black-painted cooled jacket,
firstly, in order to reduce reflections from the wall to the sample
and, secondly, to keep the ambient temperature constant. The jacket
is cooled with water to 5 °C. Aléo; the upper part of the outer
housing of the detector of the diaphragm are cooled to the same
temperature. .

To avoid condensation on the cooled wall, and to reduce CO, or water
vapour absorption, dry air (dried with ailicagel} is blown into the
outer_big box.,

The detector box contains é bolometer, Ielectronic chopper and
amplifier. The output signal is a DC-current (0 - 2.1072 A) and is
led to a galvanometer. The detector head is exchangable; it contains
in our situation a Ge-lens with a.r.-coating. With this lens only a
spot of 4,107 m of the sample surface; in perpendicular position
(figure 5), is "seen" by the detector surface.

The spectral sensitivity of the detector is from 2 um to 20 pm.

sgmple

. = 1.5.10"2 i
o 1 . #=4.10 ]
n m 4 — . e S —m— —
5| [ iyl
2 - tl\'e _‘-. — v — v S - —— i

L Type L e — —— —

. 0.080 m {

Figure 5: Envelope of the radiation beam from .the sample surface
reaching the detector head.



Equation:

If it is assumed that the inner wall of the cooling jacket with
temperature T (K) is black, the total emergy flux density G coming
from the direction of the sample surface of temperature Tg(K)

received by the detector surface is given by:

4 4
G=Fo| e (6,.T) T +p (ee.TS) T, ]

in which F is the view factor between the sample area and the
detector area, ¢ is the Stephan-Boltzmann constant, e(@g, Tg) 1is
the directional total emittance of the éample with @, as the angle
between the normal on the centre of the sample and the connecting
line from the centre of thé detector area to the centre of the
sample, p(@e,» Tg) 1is the  hemispherical directional total
reflectance of the sample with temperature Tg, and T, is the
temperature of the cooled jacket, If the detector is calibrated with
a black body radiator, then the energy flux density from the sample
falling on thé detector, as seen by the detector as coming from a
black surface with temperature Ty, the emitted energy flux

density is:

on the basis of this idea, G = G', so that

4 4 4
T = e(ee, TS)TS + p(@e, TS)TV'
By taking

e(ee.Ts) =1 —p(ee, Ts), we can write e (Ge, Ts) as:
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This will be the basic equation for the measurements if we assume
that the detector response is (linearly) proportional to the
intensity of the radiation received.

The detector has to be calibrated for instance with an oven in
which the inner wall is controlled and is uniform all over the
wall.

Lohrengel [5] describes an accurate method to measure the direction-
al total emittance. Herewith the radiation from a heated sample
is compared with the radiation from a well-defined black body at the
same temperature. The detector, the sample and the black body are
placed in vacuum, each of them surrounded by a black rsdiation
shield. The surface temperature of the sample is measured indirectly
using the heat conductivity of the sample.

Measurement of the hemispherical total emittance

Besides the possibility of calculating the hemispherical total
emittance by integrating the measured directional total values over
all emitting angles it can be desirable to have an apparatus to
measure the hemispherical total emittance directly.

In figure 6 the principle of such an apparatus is given. The
apparatus is based on a caloric method.

. Inner heating box

Outer heating jacket

Sample

. High*vacuum room
Liquid nitrogen cooled‘jlcket
Soap stone (insulation)

Flange

o ~d [- Y. ] B P S
- . . . - -

High-vacuum detector {(ionisation
manometer)

L -]

. To vatuum system

Figure 6: Diagram of the vacuum chamber with sample heater, heatin
rigure 6 g
Jjacket and cocling jacket.
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The sample is attached by a heat transfer compound to the small
inner heating box, which is electrically heated. The input power is
measured. A second heating jacket partly surrounds the inner box and
works as a shield in order to prevent radiation losses downwards and
sideways. The two heating elements are fed separately.

Free convection is suppressed by evacuating the whole vacuum
cylinder to about 1.33.10° Pa. The sample surface is, at the
tqpside, directly surrﬁunded by a jacket cooled with liquid nitrogen
(T = 77.3 K), so that effective radiating can take place. The
inner wall of the cooling jacket is coated with black copper oxide
supplied by chemical immersion. The hemispherical total emittance of
this coating, as measured with the directional apparatus is 0.67 at
80°C. ) :

The approximated equation to be used to determine the hemispheriecal

total emittance of the sample with temperature Tg(K) is:

p
o el
E(TS) =

A'S(/ )
— (/e -1
w

AN

4 4
o AS(TS - Jw) - Pel

in which Pe) is the net electric power (W), Ag is the sample
area (nf), A, is the area (m) of the inner wall of the cooling
jacket as '"seen"™ by the sample area, T, is the temperature (K} of
the cooled wall, ey is the hemispherical total emittance of the
cooled wall and o is the Stephan-Boltzman constant.

This equation is based on the radiant exchange between two gray
bodies, if one body (here the sample) is enclosed by the other
(here the cooled jacket) and if Ag << A, aéfis fulfilled in our

case.
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LIST OF SYMBOLS

R {areal) thermal resistance [m2K /W |
¢  heat flow rate [W]
T thermodynamic temperature (k]
A area [m2 ]
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q (areal) density of heat flow rate [W/m2 ]
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For the determination of thermal transmittance, U-value, several test me-
thods may be applied which are based on different types of boundary condi-
tions. The objective of this chapter is to compile how the countries
participating in Annex XII handle the subject. Problem areas are listed to
give a survey of the present state of the art. Additional information in
relation to this area is available from chapter 3.3.3. and the Annex XII
report: Thermal Transmission Through Windows; Selected Examples to 1l1lustra-
te the Need for a More Standardized Approach [3]. '

2. DETERMINATION OF THERMAL TRANSMITTANCE (U-VALUE)

The thermal transmittance [U]_ can be determined directly by measuring the
environmental temperatures on the hot |Ten n] and cold [Teq ] side of a
test specimen in combination with the recorded heat flux passing through
the specimen [q|. The measurements can only be effected in a hot box

test apparatus.

Compiled to an equation:
U = a/ (Ten,h - Ten,c) -

Applying the other method, the thermal resistance [R] is obtained at first
by measuring the surface temperatures of the test specimen on the hot
[TT,s,n) and cold [T s,c] side in combination with the recorded heat flux
passing the specimen [q]. Therefore, both hot plate and hot box apparatus
can be applied.

Compiled to an equation:

Ro= (Tr,s,n - T1,5,¢) / g
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Based on measuring the thermal resistance [R], the determination of the
thermal transmittance, U-value (U], will be accomplished by means of fixed
surface coefficients [hp, hc] on the hot and cold surfaces of the test
specimen.

Compiled to an equation:

U = 1/ (R+hy b +ne

)
Standardized values of surface film coefficients are the same in Belgium

{ NBN 862-002) and the Netherlands (NEN 1068), inside/outside = 8/23
[W/(m?k) ], whereas in Norway (NS 3031, 3 utg. Oct 86) and Germany

(DIN 4108), inside/outside = 7.69/25 |[W/(m?+K)}]| is specified.

In the USA, surface film coefficients are not standardized (see p. 12).
Measured values can be obtained by simultaneously recording surface and
environmental temperatures on both sides of a test specimen. In the latter
case, however, the results are considerably influenced by the configuration
of the actual test apparatus. In this case, comparability of test results
will only be possible if measurements have been carried out on the same test
apparatus (see section 6.1 b: Problem Areas).

3. COMPILATION OF APPLIED TEST METHQDS

Essentially, there are four measurement procedures in cammon practice con-
cerning the testing of window systems, using two types of test apparatus,
namely :

- guarded hot plate
- guarded/calibrated hot box.

In Table 1, the various test procedures are compiled giving the possible
canbinations of measurement specification and test apparatus.




Table 1: Different Test Procedures
apparatus quantity measured heat flux measured temperatures
measured
1 a. { hot plate - thermal resistance heat input on hot side | hot and cold
(parallel flat ("calorimetric™) surfaces
surfaces only)
1 b.| idem idem heat flux sensors idem
2 a, | hot box thermal resistance heat input on hot side | hot and cold
or U-value ("calorimetric™) surfaces or
(either guarded or hot and cold
calibrated) ambient
temperature
2b. | idem idem heat flux sensors Idem
on surface

3.3.2,

The hot box method is used for testing both the complete window system and

its individual components. Thermal resistance of glazing units normally will

be determined by the guarded hot plate method.
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4. PRINCIPLES OF MEASUREMENT AND DETERMINATION PROCEDURES

4.1 Guarded Hot Plate

a. Heat flux measured by way of heat input on hot side ("calorimetric")

The thermal resistance [R] of a plate-shaped test specimen will be
determined by means of three parameters measured under constant con-

ditions:

- A unidirectional constant heat flow [¢] passing a sample which is plac-
ed between a hot and a cold plate. A unidirectional constant heat flow
is ensured by a guard section surrounding test specimen and hot plate
separated by a narrow gap. The guard section consists of a ring heater
and guard material to avoid, resp. to minimize, sideward heat losses.

- Temperature difference of the specimen average surface temperatures on
hot and cold side {T7,$,n - T7,3,c].

- Metering area, i.e. surface area of the test specimen contacting the
hot and cold plate [A].

Compiled to an equation:

R = neA (TT,5,h - TT,S,¢c} / ¢

Using: two specimen apparatus n = 2

one specimen apparatus n

In Figure 1, a schematic drawing of a guarded two specimen hot plate
apparatus is shown. The heat flow is measured by average power supplied
to the central section of the heating unit (not plate) [¢].
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figure 1: Schematic drawing of a guarded two specimen hot plate
apparatus

bh. Heat flux measured by way of heat flux sensors on surface

Two parameters have to be measured under constant conditions to be
able to determine the thermal resistance |R] of a test specimen:

- The density of the unidirectional constant heat flow {q] passing a
sample can be recorded directly by heat flux sensors which are placed
on the test specimen in such a way that a representative heat transfer
area is sized.

- Temperature difference of the specimen average surface temperatures on
hot and cold side [TT s h - TT,5,c].

Compiled to an equation:

R = (Tr,s,h - T1,5,¢) / @
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4.2 Guarded/Calibrated Hot BRox

The determination of the areal thermal resistance [R} is hased on the
following conditions: '

A constant quantity of heat passes a sample that is mounted in a partition
wall between two rooms with different. air, resp. environmental temperatures,
the areal density of the heat flow rate |q] not heing recorded directly, but
by means of the heat supply into a hot hox which is mounted to the hot side
of the test specimen (see Figuré 2). A heat source within the hot box en-
sures temperature control.

[ e

P T RN

W T

RN

Figure 2: Schematic drawing of a measuring equipment
on the basis of a guarded hot box

where: Ty air temperature within hot box and outside hot box walls
Tc air temperature on the cold side of test specimen

1 test specimen

2 cold box

3 thermal insulation
4 hot box

5 electric heating

6 screening device

7

mask (=insulating material, thermal resistance known)
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Guarded Hot Box

Provided that the surface temperatures of both sides of the walls forming
the hot box will be regulated in such a way that the heat transfer through
the hot box walls is negligible, the heat quantity produced within the box
[#] is guaranteed to pass only areas of the test specimen [A] and the
surrounding mask. After correction for the flow through the mask, the
density of the heat flow rate through the test specimen [q] may then be
obtained by way of

q = ¢/A
and the thermal resistance [R] by way of

R = (Tr,s,h - T1,5,¢) / q

or, if the environmental temperatures are recorded on both sides of the test
specimen [Ten,h , Ten,c], the thermal transmittance [U] can be determined
directly by

U = q/ (Ten,h - Ten,c)

Calibrated Hot Box

If the surface temperature differences of the hot box walls [TSK,i - TSK,e]
are not negligible, it is necessary to subtract the skin losses f¢SK] from
the heat quantity produced in the hot box [¢] in order to get the net heat
quantity passing a window system under test. A hot box skin loss coefficient
[ask+Ask] can be derived when inserting a homogeneous test specimen with
known thermal conductivity in place of a test window.

Compiled to equations:

¢Sk = 4ask- Ask (Tsk,i - Tsk,e)
qa = (¢ - ésk) /A
and again:
Ro= (T1,5,h - T1,5.¢) / q
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Hot Box Supplied with Heat Flux Sensors

Instead of measuring the heat supply into the hot box, the density of the

heat .flow |q] passing a test specimen may also be recorded directly by means

of heat flux sensors which are placed on the specimen surface in representa-

tive heat transfer areas.

Again, considering the difference in the specimen average surface tempe-

ratures on the hot and cold side LTT,S,h - TT,S,cJ’ leads to the equation
Ro= (Tr5n " Tr,s,c) /9

In Figure 3, a schematic drawing of a measuring arrangement on the basis of

heat flux sensors 1s presented.

Section of test specimen Section A-B

Central line

.
,¢
%
é
%
%
é
.
g
é

fe=— |

Figure 3: Schematic dréwing of a measuring arrangement
on the basis of heat flux sensors

where: Ty air temperature warm side
Te air temperature cold side

test specimen

cold side

warm side

thermal insulation
heat flux sensors

U B )=
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5. TYPE AND STATUS OF TEST METHODS APPLIED WITHIN THE ANNEX XII

PARTICIPATING COUNTRIES

A synopsis of the international application of the various test methods is

compiled in Table 2.

Table 2: Test methods for window systems concerning

steady-state heat transfer and status of test

conditions

Test methods for window systems
complete window system glazing unit frame
nations hot box hot plate, hot box hot box
guarded | calibrated | heat flux calori- heat flux | guarded
sensor metric sensor-
Label of Standard
B NBN B 62-204 - NBN B 62-201 - -
D DIN 52618 - DIN 52619 DIN 52619 | DIN 52619 | DIN 52618
part 1 part t part 2 part 2 part 3
1 - . - - - -
NL 1 . . - {0 -
N NS 3161 - - NS 3161 s -
(hot box)
CH - 1 - [ - .
{hot box)
UK BSI 874 QSI 874 - BSI 874 . -
part 3 part 3, part 3
sect.d.1 {hot box}
USA ! 1 - 1 1 I
f: individually; not standardized
M: two methods; one similar to ASTM-C 518-76 (hot plate with heat flux sensor),
the other referring to ASTM-STP 855.
2: determined as difference from measured U-value window and calculated
glazing U-value according to [1].
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The status of test conditions, i.e. whether standardized or individually
chosen, is indicated as well as a survey is given specifying the various
combinations of methods and test apparatus and what methods are used for
testing window components (glazing unit, frame) or/and the complete window
system. Such a survey cannot, however, account for special aspects of the
specific situation within the individual Annex XII countries. Therefore, the
state of the art will be pointed out country by country.

- Belgium
In Belgium, glazing units and complete window systems are tested accord-
ing to national standards, but not the frame as a single component,

Label of National Standard and Type of Test Méthod
Glazing Unit

NBN B.62.201: Guarded Hot Plate

Complete Window System:

NBN B.62.204: Guarded Hot Box

- Federal Republic of Germany

In Germany, a set of national standards is available for testing compo-
nents and complete window systems, as well, There are two options for
determining the areal thermal resistance of the complete window system:

1) by means of a guarded hot box
2) by means of heat flux sensors in a hot box arrangement.

Label of National Standard and Type of Test Method

Glazing Unit

DIN 52 619, Part 2: Calorimetric Hot Plate or Heat Flux Sensor
Frame

DIN 52 619, Part 3: Guarded Hot Box

Complete Window System:

DIN 52 619, Part 1 (-A): Guarded Hot Box
DIN 52 619, Part 1 (-B): Heat Flux Sensor

Italy
No standard
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Netherlands

Measurements are generally not standardized, complete window systems and
frames are tested individually by the guarded hot box method. Test methods
for glazing units are similar to US standards: ASTM-C 518-76; heat flux
sensors in a hot plate apparatus referring to ASTM-STP 855: "Building app-
lications of heat flux transducers, for guidelines-on the application of
heat flux sensors”.

Norwax

In Norway, the hot plate method is usually not accepted. Hot box .measure-
ments of glazing unit and complete window system are standardized accord-
ing to Scandinavian codes. U-va]ueé of frames are determined as the
diffehence between U-values measured for the cohplete window system

(by means of guarded hot box) and a U-value of the glazing unit calculat-
ed according to [1]. The thermal resistance of glazing units is measured
in a guarded hot box; with the glazing unit being fixed in a wooden frame
which has been calibrated as part of the boundary conditions by means of
heat flux sensors.

Label of National Standard and Type of Test Method

Glazing Unit and Complete Window System:

NS 3161: Guarded Hot Box ,
This standard is in agreement with the Swedish code SS 024212 and the
Danish code DS 1121. The Swedish code SS 024213 is also used, but only
-as a proposal. -

switzerland
In Switzerland, there is no national standard for the determination of
thermal transmittance. Hot plate measurements are not very common.

Complete window systems are tested by means of a calibrated hot box
according to [2]. |
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United Kingdam

In the U.K., standardized test methods are available for measuring the
complete window system and ‘the glazing unit as well.

Label of National Standard and Type of Test Method
Glazing Unit -

BSI 874, Part 3: Guarded and Calibrated Hot Box
Lomplete Window System:

BST1 874, Part 3: Guarded and Calibrated Hot Box

United States of America

There is no well-defined standard method for measuring window U-values
currently in use in the U.S., Committee E-G of the ASTM has a draft stan-
dard under discussion. Although there are elements of controversy, one
point generally agreed upon is that the measurement apparatus should be

a hot box as described in ASTM C-236 (guarded) or ASTM C-976 (calibrated).
Hot plate or heat flow meter measurements are not accehted for window or‘
glazing units., '

The commonly used reporting standard for U-value measurements includes
use of the ASHRAE winter values of hgy = 34 W/m2K, h; = 8.3 W/mK for
the heat transfer coefficients. (Summer U-values, which are used less
frequently, assume hg = 23 W/m?K.} The areas of controversy in measu-
rement include the issues of

- whether laboratory tests should attempt to simulate some set of
"realistic" exterior conditions

- how to determine the equivalent mean surface temperatures of a complex
window system under test in order to correct the results to the ASHRAE
conditions.

A standard procedure lacking, two épproache§ are in common practice:

- an apparatus using the baffle/fan arrangement of ASTM-C-236 and utiliz-
ing “natural convection", which may include small air flows tangential
to the window in the direction of natural convection (used by National
Wood Window & Door Mfgt. Assn. [(NWWDA!)

- use of the voluntary standard AAMA-1503 which specifies natural con-
vection on the warm side and a 25 mph, normally incident wind on the
cold side of the window together with a calibration procedure and pre-
scribed surface temperature measurements (used by the American Archi-
tectural Mfgt. Assn. [AAMAIL),
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6. LIST OF PROBLEM AREAS ACCOROING TO VARIOUS STANDARDS

6.1 Concerning the Determination Procedure

a. Hot platé methods

- Only applicable to constructions with homogeneous plan-parallel flat
surfaces.

- Only the resistance of the central part of the sample will be deter-
mined. The edges are either in the guard section.or remain outside the
scope of the heat flux sensor,

b. Hot box methods, general

- When directly determining only the U-value {(for glazing, frame or cam-
plete window) without determining thermal resistance and actual surface
film coefficients, it s not possible to transfer the results to othgr
conditions or to compare them to results obtained by different deter-
mination procedures (neither tests nor calculations). This is e.g. the
case with Belgian standard NBN B62-204. |

- The definition of "average"” surface temperatures for derivation of the
thermal resistance is a problem area. In fact: for e.g. a frame with

different surface temperatures at the same side the term "thermal resi-
stance" is only properly defined in cambination with a definition of the
positions where "the" surface temperatures are measured.

Any definition in this respect would do, but in order to be able to
connect the surface film coefficients in a proper way, the surface tem-
perature should be averaged in a specified way, namely over the total
(front plus side a.s.) area of the frame.

It is this total area on which the heat transport via the heat transfer
coefficients takes place; see also problem area 6.1.c.

The same applies for the thermal resistance of a complete window. The
surface temperature should be averaged on the total areas rather than
on the projected areas of the glass and frame parts

In German standard DIN 52 619, Part 1{A), for instance, the mean tempe-
ratures are weighted according to the projected areas.
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versa, values for the surface coefficients of heat transfer are used:
Measured values when the measured U-value is involved (see above) or
standard values to derive a "standard U-value" from measured thermal

resistance,

For obvious reasons, thermal resistance and U-value are defined on the
projected area of the window or window component. However, as mentioned
above, the surface film coefficients transport the heat over the total
surface area (see also chapter 3.2.3, Thermal Bridges). If - either
standard or actual - surface film coefficients are assumed to be app-
lied only to the projected area (e.g. DIN 52 619, Part 1(A), (B) and
Part 3), then "cooling fin" kind of effects are overlooked, particular-
ly in case of metal frames.

Tﬁis means that the film coefficients have to be multiplied by a factor:
as= AtOt/APV’ the ratio of total over projected area,

Actually, neither radiation nor convection will be exactly proportional
to the total area, due to dead corners, concavities etc., but do still
provide the best approximation of the real situation.

Hence, instead of defining

where:

ai = Aot i/Apr
Atot i: total area on hot side;

Ppr : projected area {arbitrarily defined from inside or
outside);

de : idem, on cold side.
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It is self-evident that in special cases specific solutions may be
required, For a harmonica-shaped surface e.g. it is clear that the IR-
radiative heat transfer coefficient should not be increased according
to the total surface, because in that case radiation exchange usually
does not differ from that of a flat plate; the convective heat trans-
fer, however, is indeed increased by approximately Atot/Apr.

- If the resistances of glazing and frame are measured separately, a pos-
sible thermal bridge through the pane edge and the frame will not be

considered, On the other hand, if the thermal resistances of frame and
glazing are derived from a test on a complete window, these values can-
not always be used in combination with different camponents, e.g. a
different glazing in the same frame.

Mostly, the resistance of the glazing is presented as the value for
the center part of the glazing and the edge effect is then considered
as an inseparable part of the frame resistance. It is also possible
to present "the edge effect” as a linear thermal bridge (e.g. negative
linear Ry-value per m profile length, in W/mK). Both approaches are
completely exchangeable, and in both approaches it is the combination
oflframe and glazing which determines the effect. See also chapter
3.2.3 "Thermal Bridges". |

- If the thermal transmittance of a window system including a temporary
insulation device (e.g. roller blinds) is determined by means of
averaging the U-values of frame and glazing unit (incl, temporary
insulation), then the heat flows simultaneously passing the
blind housing will be neglected. Moreover, the determination should
consider both day and night conditions.

c., Guarded br calibrated hot box methods

~ With the determination of only one cambined thermal resistance for the

complete window (e.g. DIN 52 619, Part 1{A)) it is not possible to
transfer test results to windows with different glazing/frame area
ratios or to windows with different combinations of coamponents,
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- Like the determination of separate resistances for frame and glazing

in a single test, also the derivation of a U-value from a measured

combined resistance for a complete window can oniy be carried out on

the basis of the assumption that the heat transfer coefficients of
~glazing and frame are the same (with - if applicable - a correction

for a = Atot/Apr, the ratio of total over projected area; see

problem area 6.1.b).

If this assumption is valid, the measured heat flow through the window

|4y ] can be separated into the heat flow through the glazing [¢g] and
the frame [4f] by:

AF * ar,i (Ta,i - TFs,i)
q: = — — ¢ ¢w
Af - aF,j (Ta,-] - TFs,i) + Ag (Ta,i - TGS,'i)

where Tpg i is the mean temperature over the total frame area on the
hot side.

%G = oW - 9F

Based on the surface to surface temperature differences for frame and
glazing, the thermal resistances for both caﬁponents can be derived
separately.

NB: It should be noted that these resistances should not be considered
as parallel resistances from which the resistance for the complete
window can be directly derived by weighting the areas. In general,
the surface temperature will be different, so that only the
U-values of frame and glazing can be directly combined.

In case the assumption of equal surface coefficients of heat transfer

seems not valid, the thermal resistance of frame or glazed part should

be measured separately. The partial heat flow (¢r or ¢g) may then be
derived fron the temperature difference across the surface of the com-
ponent with known resistance.

The resistance of the glazing, for instance, can either be derived by
calculation (see chapter 3.2.2), by a separate hot plate or hot box
test or by applying heat flux sensor{s) to the glass during the guarded
or calibrated hot box test proper (see problem area 6.3.d).
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d. Hot box tests using heat flux sensors

- The use of heat flux meters atlows the thermal resistance of glazing

and frame to be measured directly in a single test without assuming
equal transfer coefficients. The heat flux sensors measure the local
heat fluxes (heat flow densities) into or from the surface; for the
derivation of the heat flow it is necessary to estimate the area over
which the measured heat flux is valid, For a flat and homogeneous sur-

face the definition of "representative” areas may be a problem; for

complex surfaces (e.g. frames with front and side surfaces) this is
even more the case.
The thermal resistance can be derived by multiplication of the pro-

jected area and the temperature difference between hot and cold sur-

faces and division by the total heat flow:

Apr * (T1,s,h - T1,5,¢)
Lj - dAj 9

R =

where dAj : parts of the surface with heat flux qj
Lj * dAj = Aot

In e.g. German standard DIN 52 619, Part 1(B), however, the thermal re-
sistance is defined as:

] ) (TT,s,h - T7,s,¢)
DIN ~ q

where q is "the" heat flux through representative areas.

Even if the heat flux q 1is taken as the weighted mean value over the
total surface, the German definition over-estimates the thermal resist-
ance of a frame with a factor Agot/Ayr.

In fact, every heat transport through surfaces that are not in the same
plane as the window is neglected.
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6.2 Concerning Ambient Conditions

a. General, both for hot plate and hot box methods

- The harmonization of "standard" values for the surface coefficient heat

transfer. for the derivation of thermal transmittance from measured
thermal resistance is a problem area. This subject is discussed in
chapter 3.2 {Thermal Transmission). Particularly concerning the con-
vective heat transfer coefficient on the room side, there are two pos-
sibilities: either a fixed value or a function of temperature difference.
A fixed value can be defended by arquing that in practice the free con-
vection near the window is governed by the convective patterns in the
whole roam rather than by the difference between air and window surface
temperature,

On the other hand it is a well-known fact that free convection near the
window may indeed be strongly reduced as the window surface temperature
is increased; if that is so, then - Tike for the convection inside a
cavity (chapter 3.2.2) - the temperature effect should be taken into
account, e.g. with the equation presented in section 5 of chapter 3.2.2.

If an extra layer is added to a window, then the actual extra resist-
ance induced by the addition of this layer might be increased even more
when a reduction in convective heat transfer could or should be taken
into account.

b. Hot plate methods

- Both the temperature difference and, to a lesser extent, the tempera-
ture level may have an influence on the value of thermal resistance.

Example: -
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Table 3: Listing of results of themmal resistances determined by using select-
ed equations from chapters 3.2.1 and 3.,2.2. The results show the
effect of temperature level in combination with different types of
doubie glazing units,

double glazing
Selected temperature levels of clear glass, idem, with
surface temperatures on hot and uncoated, low-emissivity
cold side of the test specimen air-filled coating and
' 100 % argon-filled
T,, Tye T AT cavity width cavity width
(mm) (mm})
(°C) (°C) (°C) (K) 12 24 12| 24
thermal resistance (m2K/W)
*15 5 10 10 - 0.180 0.201 0.531 | o0.657
25 15 20 10 0.167 0.188 0.506 0.648
eftect of temperature level
(% per 10 K) 7 6 5 1
S
[ 15 5 10 10 0.180 0.201 0.531 0.657
20 0 10 20 0.180 0.186 0.531 0.548
effect of temperature difference
(% per 10 K) 0 8 0 20

NB: In case there is a significant temperature effect it should he realized
that equal surface temperatures for two samples with different resist-
ances 1n fact correspond with different environmental temperatures, if
standard surface film coefficients are assumed.
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- The effect of a possible low-emissivity coating on one of the outer
surfaces on the IR-radiative film coefficient will not be detected.

- Obviously, the orientation of the sample (from horizontal to vertical)
will influence the free convection in the cavity of a multi-glazing
system.

- The relatively small scale of the sample in a hot plate apparatus might

have some effect on both the radiative and convective heat transfer
within a multiple glazing unit,

- The resistance of the sample is measured under isothermal surface con-

ditions. In practice, the heat flux will cause a temperature gradient
over the height, This will have some effect on the onset of convection
in the cavity in a multiple glazing system, thus on the thermal resist-
ance.

Hot box methods, general

- When the thermal Eesistances of frame and/or glazing are the prime
quantities measured in a hot box, neither the deviation of the actual
surface coefficients of heat transfer from the ("standard") situation

in practice nor difficylties in the correct determination of the actual
coefficients (see problem area 6.2.b) seem to be relevant problem
areas.

However, even then it is important that the ambient cond{tions are as
realistic as possible because the thermal resistances may well be in-
fluenced by the conditions at the surface.

The surface film coefficients are subject to all variations also to be
met in practice:

convection: forced: wind speed, direction;
free: dimensions of room (e.g. hot box}, height of sample,
temperature difference air/window surface.
radiation: emissivity and temperature of room (hot and cold box)
surfaces.,
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For instance, some laboratories use hot boxes with increased convection
to compensate for the low emissivity of the walls. Probably, the effect
of this deviation from "standard" ambient conditions will differ from

one window type to another.

The direction of forced convection (simulation of wind) on the cold
side of the window is also likely to affect the test result due to its
influence on the local heat transfer coefficients: a perpendicular air
flow may cause high velocities in the center and low velocities in the
edge zone of the sample; an air flow parallel to the window may cause
dead corners which, moreover, depend on the orientation (horizontal,
vertical) of flow.

A special problem area is caused by low emissivity of outer surfaces.
The standard surface film coefficients are not valid and there is no
measure to define how the actual surface coefficients of heat transfer
differ from standard conditions. In e.g. German standard DIN 52 619
the low-emissivity situation is avoided by prescribing a black surface
paint in this case, thus preventing the low-emissivity effect.

A somewhat similar problem is posed by products with internal circula-

tion of ambient air, e.g. through or around curtains, screens, etc.

Standard surface film coefficients are not applicable, and again there
1S no measure to define how the actual heat transfer coefficients

differ from standard conditions.

The best solution is to ensure that the ambient conditions with the
product being replaced by a conventional window (or calibration panel)
are as close to standard conditions as possible. Based on the difference
in thermal transmission with and Qithout such camponents, the extra
thermal resistance induced by the component can be directly derived.
Then, in the extra resistance, surface effects (change in heat transfer
coefficients) are included.

The actual surface coefficients of heat transfer may remain unknown if

the thermal transmittances of frame and/or g]ézing are measured direct-
ly. Nevertheless, even thén it i1s obvious that information concerning
the actual surface film coefficients is very valuable in the process of
analysing the test results (and again, see problem area 6.1 b),
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In this respect, the problem of the definition of the environmental

temperature emerges.

The convective heat transfer coefficient should be derived fram the
"difference between (mean) window surface and {(mean) room air tempera-
ture; the radiative coefficient should be derived using the tempera-
ture difference between window and room wall surfaces. Usually, how-
ever, the difference between ambient surface and ambient air tempera-

ture will be small,

In some cases, instead of air and/or surface temperatures, an environ-
mental temperature is measured, being a somehow weighted mean value for
air and all surrounding surfaces, including the {colder) test sample
itself. In MBN B62-204, e.g. the ambient temperature in the hot box is
measured with a black globe at a distance of 0.75 m from the window.

6.3 Concerning Test Conditions

a. Hot plate methods

- If the heat flux is determined with a heat flux sensor precautions
should be taken to avoid that the heat flux sensor influences the heat
flow through the sample, e.g. by applying a guard ring with correcE$§‘
dimensions and thermal conductivity.

- If the heat flux is determined by the input of electric power, a guard
zone should be applied around the metered zone, with equal surface
conditions to prevent lateral heat fluxes,

oy

b. Hot box methods, general

- Temperature sensors applied on the window surfaces should have the same
emissivity as the surface to which they are applied and should not in
any other way disturb the heat flow through the surface,
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¢. Guarded or calibrated hot box methods

- The test sample is placed either directly in the opening between the
‘hot and cold roam or in the opening of an insulated mask, if the
sample dimensions are smaller than the dimensions of the hot box allow.
Thirdly, it is also possible to place the hot box of a quaraed hot box
against the glazing. In the first two cases there will be a heat flow
around the sample edge through the wall or mask. The calibrated but
also guarded box should be calibrated for this heat 10ss by replacing
the'fest sémp]e by an insulation sheet with known thermal resistance.

The connection of this insulation sheet to the walls or the mask should
be of the same dimensions (thickness and position) as the test sample
in order to avoid differences in lateral heat flows there.

Only in case of a guarded hot box placed against a homogeneous flat
surface of the sample, 1ike against the glazing, it may be assumed that
there are no lateral heat flows at the edge of the measured part of the
sample; in this case, calibration will not be necessary.

d. Hot box tests using heat flux sensors

- The heat flux sensors should have the same emissivity as the surface to
which they’3are applied and should not in any other way disturb the heat
flow through the surface,
s}fen, these conditions are difficult to fulfil, even on hamogeneous
flat surfaces, and certainly on the more camplex frame surfaces.
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6.4 Conclusions

- The U-value fram a hot box test should never‘be presented without in-
dicating also the actual heat transfer coefficients.

- The resistances of frame and glazig should be determined as separate
values. The edge effect of the glazig may be contained in the resist-
ance of the frame or be considered separately as a linear thermal bridge.
Only with separate values for frame and glazing, the results can be

- transferred properly to other - e.g. standard - conditions and other
window dimensions. For components like curtains, screens, etc. for which
standard heat transfer values are not applicable, the results should be
presented as extra resistance, added to a window without such compo-
nents, measured under "“standard" conditions,

- Deviations in the U-value of a window component or caomplete window
system caused by the determination procedure are of equal or maybe
greater importance than deviations caused by ambient conditions.

- Deviations caused by the determination procedure can be easily avoided
by an international agreement on a procedure which takes the relevant
problem areas into account,

- Deviations caused by amb{ent conditions can be avoided to a large extent
by ensuring that the conditions are as closely as possible equal to
standard conditions in practice. International agreement on standard
conditions is strongly recommended. If a detailed record is made of the
actual test conditions, a transformation to other (standard) conditions
will in most cases be possible, with the understanding that the resist-
ance of the window proper may also change with the ambient conditions,
in a way known only for specific cases (see chapter 3.2.2).

- Deviations caused by test conditions can be avoided by selecting the
most appropriate test method (e.g. avoiding disturbance of the heat
flux by heat flux sensors on a complex surface) and accurate measure-
ment techniques (e.g. calibration).




- 25 - 3.3.2.

7. AN INTERNATIONAL AGREEMENT: ISO ACTIVITIES CONCERNING STANDARDIZATION

This section will not discuss the activities of the International Organization
for Standardization (1S0) but explain the agreements concerning principles
of test methods and measurement.

The actually existing ISO drafts are not specified for window systems. The
IS0 working group TC 160/WGZ is preparing a first draft proposal concerning
the guarded hot plate apparatus.

In 1986, a joint working group was formed by members of the Technical Com-
mittees TC 59/160/162/163 in order to prepare draft proposals concerning
hot box and heat flux sensor test methods specially designed for window
systems.

Although not directly applicable to window systems, the draft proposal IS0
DP 8990 (13th draft) "Calibrated and Guarded Hot Box" has been selected as
an example to demonstrate the collaborative efforts of the participating
countries to establish mutually accepted standards granting national inde-
pehdence in testing procedures and ensuring sufficient compatibility of test
results.

Test method according to DP 8990

For testing purposes, the application of both calibrated and guarded hot box
methods 1S considered suitable. It is recommended that calibrations be
carried out for the guarded hot box, too., The performance of the apparatus
shall be checked by means of specimens of known thermal resistance. These
checks shall be repeated at intervals to detect a possible drift in calibra-
tion,
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Measurements according to DP 8990

Two alternatives are proposed:

1. The thermal resistance is determined by measuring surface temperatures,
heat flow rate and metering area. The thermal transmittance, U-value,
will be calculated by means of surface coefficients fixed within relevant
building codes. .

2. The thermal transmittance, U-value, is determined directly by means of
environmental temperature difference between cold and hot side and
measured average density of heat flow. The environmental temperatures
are calculated from air and wali surface temperatures of the hot box.

Alternative 2. is to be used for test specimens with thermal bridges or
special geometry. Within this alterﬁative, the surface temperatures of the
test specimens will be measured, too, to be able to determine thé actual
surface film coefficients under test. In this way, comparability with alter-

native 1, is ensured.

Besides the agreements concerning the determination of thermal transmittance

by test methods (although not yet for windows), a first step has been taken

concerning determination of thermal transmittance of glazings by calculation
methods, providing unified boundary conditions. For calculating thermal
transmittance of double or multiple glazing, a proposed ISO standard has
been elaborated, its 4th revision now being circulated ("Calculation Rules
for Determining the Steady-State 'U-value', Thermal Transmittance, of Double
or Multiple Glazing", TC 160, W 62, 1986).
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LIST OF SYMBOLS

Subscripts

- II -

Solar absorptance
Surface emittance
Areal thermal conductance W/ m2K

-8
Stephan-Bolzman constant 5.67-10 W/m2K*

Radiation intensity W/m2
Thermodynamic temperature K
Areal thermal transmittance W/m2K

Surface coefficient of heat transfer W/m’K
Areal density of heat flow rate W/m?

Celsius temperature , C

Longwave { 3 - 50 um)
Radiation

Solar-Radiation (0.3 - 2.5 um)

Convection
interior
exterior
Radiation

surface
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1. SURFACE FILM COEFFICIENTS

The net sensible heat flux balance at the exterior surface of a building
can be expressed as follows :

J‘///,/ 9 = ag I
g =e. 1
p—— e ~ i
\ i _ T4 } or'AqR = hr(T Tair‘)
\\\\\\\qR T %7
qc N hc(T_Tair)

Fig.1 : Heat fluxes at the exterior building surface

q : Net heat flux from or into the surface (H/m2)
q_ : Absorbed shortwave radiation (solar) (H/mz) .
o solar absorptance
IS global solar irradiance incident upon the suface (N/mz)
q Absorbed longwave radiation (atmosphere and ground) (w/mz)
£, Tongwave emittance of the surface

IL Tongwave irradiance incident upon the surface (W/mz)
Emitted Tongwave radiation (w/mz)

R -8,,,, 2,4
o Stefan-Bolzmann constant 5.67-1c (W/m°K')
T surface temperature (K)

9, Convective heat transfer (N/mz)

hC convective heat transfer coefficient (N/mzK)
TairAmbient air temperature (K)
A 9 Radiative heat loss of the surface (w/mz)

hr radiative heat transfer coefficient (H/mzK)

Heat flux balance : g +al +¢e¢l, =¢g T4 +h (T -T_,
'S 0 c ai

L ) (1

r



3-3-31 - 2 -

According to the heat flux balance equation (1) different measurement me-
thods have been used to determine the radiative and convective heat trans-
fer coefficients at the exterior building surface.

Ito and Oka CLit.3,4] ,Sharples [ Lit.7,9] ,Chapman{ Lit.87] and Sturrock
[Lit.5] used two heated panel elements with slightly different surface
temperatures in order to determine the convection heat transfer coeffi-
cients.By measuring the net heat flux q into the surface and the surface
temperature T for both panels {index A and B),the convective heat transfer
coefficient hc becomes :

4

4
A 9% "0 (Ta - Tg')

h = (2)

(TA - TB)

where qA’qB’TA and TB are measured data.

Figure 2 shows the results of the experimental study performed by Sharples
[(Lit.7] .The building used in his work was the 18 storey Arts Tower at
Sheffield University,U.K. The measurements were made in the north facade
on different floors (6th,14th and 18th}.Surface wind speeds v, were mea-
sured 1 m from the building surface.

m —

¢

?5 ao - \BE

© CIBS equation

€ 30}

o

2

®

Q

S o

=

o

Eed

8

g

3 101
- I ] 1
‘B 10 15 20

Surtace wind speed V, {ms’'}
Fig.2 : Linear regression between convection coefficient hc and
surface wind speed Ve for windward conditions at different
Tevels of the building[Lit.7] .
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The method of the measurement according to equation (2) shows two critical

points,which have to be treated very carefully :

a) Exact measurement of the heat flows dp and Ag-

b} The temperature difference of the two panels (TA - TB)
in a reasonable range in order to get small errors and the same tem-
perature dependency of hc'

has to be chosen

The measurements of Sharples have been restricted to nocturnal observat-

fons in order to eliminated any influence of solar effects.

Field measurements including shortwave and longwave radiation measure-
ments have been performed in SwitzerTand CLit.10,11] on two test cells
(5 x 3 x 3 m) with different ir-properties of the surfaces,one with a
high (0.92) and the other with a Tow (0.07) surface emissivity.
According to equation (1) the following relationship for hc is given:

4
q + “sIs + € (IL - oT")

h = 0 {3)
c .
(T - Tair)
4
(I - aT)
hr - o ‘'L (4)
(T - Ty

where q,IS,IL,T and Tair are measured data.

The most critical points of this method are the proper measurement of the
longwave and shortwave radiation as well as the heat flux q. The compari-
son of two sufaces with identical solar absorptivity ag and different
emissivities € allowed the study of the influence of ir-radiation heat
loss to the sky and the environment.For well insulated building surfaces
an undercooling below the ambient air temperature has often been observed.
Therefore a definition of a radiative heat transfer coefficient hr is not
always possible.Since the longwave radiation exchange takes place between
the surface and the environment {sky and ground) ,it would be better to
consider a ir-radiation loss AIR instead of a radiation film coefficient.
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Fig.3 illustrates the measured convective film coefficient at the north
facade of the EMPA test cell facility [Lit.10] ,which may be representative
for small one storey buildings.
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a 20 L[] Be ae ieg 129 149
TIME (H)
Fig.3 : Measured convective film coefficients from the EMPA

test cell facility (mean value over the whole north
facade area of 15 m2) CLit.101.

Conclusions

Different field studies on the subject of convective heat transfer at
the exterior building envelope [Lit.1 - 91 showed the difficulty to

find good correlation models.One main reason may be the lack of good
air flow models,which allow the determination of surface wind velocities
around the whole building envelope.

Some investigations also demonstrated,that for wind she]tered bu11d1ng
elements,very low convective film coefficients (h < 5 W/m K) may be ob-
served.This fact should be taken into account in more detail when cool-

ing loads problems and thermal comfort situations in summer time are
considered.




2. AREAL THERMAL CONDUCTANCE

Measurement and interpretation

The areal thermal conductance of -a building element,surface to surface is

defined :
efined as q

( Tgq = Tee!

se

where the following notations are used :

q . areal density of heat flow rate (W/m2)
Tsi internal. surface temperature of the building element (K)
TSe external surface temperature (K)

The areal thermal transmittance of the element,environment to environment,
is the U-value.It can be deduced from the thermal conductance and the
surface film coefficients by :

1 1 1 1
- = -+ -+ -
u h_i A h

The thermal conductance can be obtained by measuring the heat flow rate
with a heat flow meter (HFM) as well as the surface temperatures on both
sides of the element under steady state conditions.

However, since the steady state is never really encountered on site, such

a simple measurement is not possible.Several measurements have to be taken

periodically during a suitable period of time.These measurements can then

be interpreted by different methods:

a) The classical method, which is already widely used [Lit.12] and even
standardized [Lit.13].It assumes that the thermal conductance can be
obtained by dividing the mean density of heat flow rate by the mean
temperature difference.If the index j enumerates the individual mea-
surements, then :

L q.
J
RE—
EATsi5 7 Tsey!

3.3.3
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b) The dynamic interpretation method, which takes into account the thermal
variations by the use of the heat equation [Lit.14] .The building ele-
ment is represented in the model by its thermal conductance and seve-
ral time constants.These unknown parameters are obtained by fitting
values of the heat flow rate computed from the temperature measure-
ments to the measured ones.With this approach, a set of linear equa-
tions must be solved.

The results of both interpretation methods are equal to the real value

if the following conditions are met [Lit.15] :

- The heat content of the element is the same at the end and at the
beginning of the measurement.This is easily achieved on window panes.

- The solar radiation has an influence on the heat flow rate of the
building element.Therefore only night measurements should be inter-
preted.

- The HFM is well calibrated and does not modify significantly the heat
flow rate through the panes or this effect has to be taken into
account.

Corrections on the measured values

The HFM, which is a thin thermally resistive plate with sensors arranged
in such a way that the electrical signal given is directly related to the
heat flow rate through the plate, adds a thermally resistant Tayer to the
measured element.If this layer were infinitely large and thin, the corre-
ction would be negligible or easy determined if the thermal resistance of
the HFM was known.If the indoor surface temperature was taken under the
HFM,this correction is zero.

But the HFM has a given thickness and a finite surface area.The heat flow
lines are modified in the region where the HFM is installed,according to
figure 4.This lowers the heat flow through the HFM and a correction must

be made . Q
| | |
HFM
T 18°C

17 °C
16°C

Figure 4 : Deviation of the heat flow lines by the additional local
thermal resistance of the KFM,




If q' is the measured heat flow rate and gq the one through the element

without an HFM, the error e can be defined as :

This error depends on the following factors,by decreasing order of
importance : - Surface resistance over the HFM

- Diameter of the active part of the HFM
Total diameter of the HFM (including guard ring)
Thermal resistance of the HFM

Thermal conductivity of the Tayer below the HFM
Thickness of the first layer below the HFM
Thickness of the HFM and the guard ring

The error e grows with the thermal conductivity of the first layer
of material situated just under the HFM {for window panes,it's glass)
and the thermal resistance of the HFM; and is lowered if the HFM is
large and thin.This error tan be computed by solving the heat equation
by the finite element method and a correction factor can be obtained.

Figure 5 to 8 give the results for a single and a double gldzed win-
dow {Lit.19] :

|

Figure 5 : Configuration A "HFM on a single glazed window " [Lit.19]

Figure 6 : Configuration B "HFM on a double glazed window " [Lit.19]

.
(%]
.
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Figure 7

Figure 8

-8
2
] 3 1a '3 28 23 kL] k] he L1 ] (N/ITI I{)
T L] L ARl T T . L]
!
= 4 -3
1
" 4 -9
[ I
- < -1%
:. - -8
' i
: 1
. [l st al | PP RIS TP PSP R P
[} L) 1@ 3 10 23 Jja 13 a8

: Correction-factor e

-13

in function of the sur

for HFM-configuration A (single pane)
face film coefficients he and hi

Ag]as = 0.8 WmK , AHFM = 0.25 W/mK [Lit.19]
| ] 3 1@ h
13 20 28 1 3 e LH/mZK)

[ T A T T~ Ty~ T T M T M
2 ‘ ) ) ) h_i . .

u e - . . 1

[ e . 2 3 - : ]

ey 24 .

- 36 . d-1e

- o4 -8

'— H -2
s

P Y e | I W W 1 i re | Y 1 A -13

] L] 18 18 20 3 L] 33 ]

: Correction-factor e

in function of the sur

kg]as = 0.8 W/mK ,

for HFM-configuration B {double pane)
face film coefficients h, and h. .

— 0.25 W/mK [Lit.19]




Flanders [Lit.17] claims, that the largest factor affecting the accuracy
is the convection mode changing over the HFM.The HFM may sense turbulent
convection while the measured element experiences laminar flow.Very flat
and smooth edged HFMs may pértia]iy prevent this phenomenon.Burch et al.
[Lit.18] advise not to use the HFM without special precautions on glass
surfaces.

For all these reasons and advices,HFM have to be used with care.A guard
ring,made of a materiél of same thickness and same thermal resistance

as the HFM- , may prevent most of these perturbations.

Conclusions

It has been found,[Lit.15 ,19 and 20],that :

--HFM measurements on insulating window panes can be made within a
-accuracy of 10 %.

- For very light elements 1ike windows,both classical and dynamical
interpretation methods give good results if the element is not
submitted to direct or diffuse solar radiation.One night is generally
long enough to get reliable results,

- Unéontro]lab1e statistical errors caused by slight changes in thermal
contact or convection around the HFM account for about 5 % of the
measured value.

- A quard ring has to be used and /or correction factors taking into
account the perturbation of the heat flow lines caused by the HFM
itself have to be computed.

3.3.3
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LIST OF SYMBOLS

is indoor temperature

is outdoor temperature

Tj

Te

U is U-value of the construction

h;j is surface coefficient of heat transfer W/m2C
q is condensation heat flow (W/m2)

r is condensation heat (J/kg)

B

is mass flow surface resistance (kq/mZ s)

CA  is moisture content in the air (kg/m?3)

Co is saturation moisture content at the surface (kg/m3)

introduction.

This chapter is concentrated on the condensation problems on glass and windows. [t
does not describe the moisture balance for the building or condenstion in structures.
The humidity indoor depend on the moisture load, room size and ventilatbion rate.
The user behaviour has large influence on the moisture load and the ventilation rate. .
The problems of moisture is explained more in detail in (1) or (2).

Several international committees is working on problems in connection with
moisture.

CIB W-40 Heat and Moisture Transfer in Buildings.

This group held its last meeting in Holzkirchen, Germany in September 1985, One of
the topics was surface condensation.

RILEM TC 35-PMB Methods of predicting moisture conditions in Building ‘Materials

and Components. This group held a work-shop in Lund, Sweden in June 1986.

[EA held a meeting in September 1985 in Leuven, Belgia on Condensation and Energy
problems.(3)

it has later been decided to start a new IEA annex on Condensation and Energy

Problems. This task will work on all aspects of moisture and condensation.
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3.4 Condensation.
i. Theory

Surface condensation will occur if the surface temperature Tg is lower than the
saturation temperature (dew point) Tg of the surrounding air. The condensation will
normally create a water film on the surface. If the surface temperature is below 0

oC then the condensation will be in the form of rime or ice.

For a one-dimensional heat flow is the surface temperature Tg under stationary
conditions:

Te=Ti-2 (T;-Te)
hi

where T; is indoor temperature
Te is outdoor temperature
U is U-value of the construction

h; is surface coefficient of heat transfer W/m2K

If surface condensation shall be avoided then T4 shall be higher than T;. From the
formula it is seen that the surface heat transfer coefficien.t determine the surface
temperature and therefore the condensation risk. The internal surface heat transfer
coefficient contains both radiation and convection parts as described earlier
(chapter 3.2.1 and 3.2.2). Chapter 3.2.3 gives examples of calculated s_ufface

temperatures on profiles and glazing.

In most heat transfer calculations a fixed internal surface resistance is used. But in
some cases condensation can change the heat balance, because the condensation

releases heat.
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In addition to radiation and convection heat flow, there will be condensation heat

fiow.
q=r'Bp(CA-co)

q is condensation heat flow (W/mZ2)
is condensation heat (J/kg)

B is mass flow surface resistance (kg/mZ s)

CA  is moisture content in the air (ka/m>)

cy is saturation moisture content at the surface (kg/m>)

Normally it is better to use double panes than single panes, But the energy saving
can be less than expected or zero, This happens when the room has extra high
moisture content, and the outdoor temperature is low. Then condensation will
occour and the heat released from condensation will increase the glass temperature.
If we can not accept condensation and use double panes, then we have to ventilate
the excess moisture out. This will cost energy. The energy balance will show that
the energy savings from double panes will be less than expected from a calculation
without taking moisture into account. Problems of this type can happen in stables
and seme high humidity industrial buildings.

2. Condensation on the glass surface

Figure 1 gives curves of condensation for different types of glazing. The values has
been calculated with a fixed internal surface resistance of 0,13 m2K/W. The curves
are applicable to the central part of the window where there is no effect from the
thermalbridge of the spacers.

Internalshutter or add-on panes gives an extra heat resistance. When in place the
temperature on the surface of the glass will decrease, Then the risk of condensation
will be increased especially if the air can flow around the shutter. Figure 2 to 4
gives curves for the surface temperature on the glazing for different shutter heat
resistance. [f the shutter is air- and water vapour tight there will be no probiem

with condensation.




The theoretical calgulations should be used with caution. In practice condensation
will first occur near the spacer. Condensation at night can in most cases 'dry-out
during the day if the sun comes up. In most buildings with occupants some kinds of
curtains are used especially in the nighttime. This is the samie as using a non-

airtight shutter and will increase condensation.

In many cases will the radiator below the window send hot air up between the glass
and curtain. This will prevent the condensation, but the energy consumption will
correspondingly increase. '

The use of separate woodframes for the inner and outer glass will eliminate the
problems with lower temperature near the frame. But then there will be more

problems with airtightness and possible condensation between the glasses,

3. Condensation on the frame

If the frame material has a high thermal conducfiﬁty (as with metals), then
condensation can occur first on the frame. It will be especially severe if the
thermalbridge is not broken with some better insulating material. If more than one
layer of glazing is used, then massive metal frames should never be ﬁsed.
Calculations of the U-value and the surface temperature for all metal frames should
be made before deciding which window frame is best for the application. See
examples in chapter 3.2.3.

The metal spacer along the edge between each pane of the sealed unit acts as a
severe thermal bridge, causing a temperature short-cut between the inner and outer
pane. The edge zone of about 60 mm has a steep temperature gradient. The problem
of condensation on the glass near the frame for sealed units can ‘be partially avoided
if the sash profile covers the temperature gradient from the cut edge of the inner
pane. The metal spacers is then placed below the edge of the frame and the surface
temperature will be higher. Further information is found in (4).
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4. Condensation on the wall

In some cases condensation can occur on the wall near the window frame. This will
happen when the thermal insulation of the wall is too low, probably because of a
thermal bridges (examples is found in chapter 3.2.3 figure 11). Use of better

insulating windows will have no effect on this problem.
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1. INTRODUCTION

Heat transfer at surfaces of building components consists of a convective
and a radiative share. In chapters 3.2.1 and 3.2.2 detailed theoretical
descriptions of both heat transfer mechanisms have been extensively dealt
with, In this chapter, effects caused by a reduction of the radiative heat
transfer due to IR-coated surfaces on the thermal insulation of building
components (windows in particular) will be quantified. Furthermore, it
will be shown that a decrease in the U-value due to IR-reflecting layers
does not necessarily improve the energy balance of a window during the
heating period.

2. FIELDS OF USE OF THERMAL RADIATION BARRIERS

IR-coated surfaces are espeéia]]y efficient in building components with
poor heat insulation [1]. Therefore, such coatings will mainly be found in
connection with window systems, where in most cases the glass surface is
coated. Usually, the surfaces in gaps of multiple glazings are preferred

- as here the coatings are protected from mechanical damages and poliution
[2]. Another possibility to improve the heat insulation of glazing units
is to install IR-treated transparent foils in the gap of the glazings [3].

With increasing frequency, IR-reflecting surfaces are also used on temporary
insulation devices, both exterior [1], [4] (shutters, sunblinds etc.) and
interior ones [1}, [5] (curtains, darkblinds etc.).

?Occasiona11y, Tow-g-coatings are also applied to opaque building components.
For interior surfaces, specially treated wallpapers [6] or reflective foils
to be installed behind heating surfaces [7] are offered. For exposed sur-

faces, special paints [8] or coated facade elements [9], [10] are available.

3. COMPARISON OF OPAQUE AND TRANSPARENT BUILDING ELEMENTS

In the following, heat transmission phenomena in transparent and opaque
areas are compared in order to improve knowledge of IR-coating induced
effects on all characteristic values of building physics pertinent to
window systems. In Figure 1, the heat flows in a wall are compared to
those in a double glazing unit, for winter conditions at night.
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In walls, indoor air heat is usually transferred from the room by way of
convection and by radiation of the warm surfaces enclosing the room to the
interior surface of the outer wall. From here it is transferred via ther-
mal conduction to the exterior surface and from there by convection to the
outdoor air and by way of radiation to the terrestrial surroundings or in-
to the atmosphere.

In a window, heat transmission through sealed insulating glazing leads to
the same phenomena as far as the interior is concerned. As window glazing
is almost not transparent in the wavelength range of infrared radiation
(compare Figure 2) here, as well, energy radiated from the surfaces en-
closing the room is absorbed and transmitted by thermal conduction through

Vars
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o
o

o
»

©
~

o
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rate of emission resp. transmission [-]
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wave length [pm )
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fe— room enclosures (20°C) —e

Fig. 2: Spectral emittance and transmittance of a commercial window
pane within the short-wave and long-wave radiation ranges:
also shown are the wavebands of the spectra for solar
radiation and for a heat-reflective building surface of 20°C,
acc, to [2]. In the hatched fields certain scatterings are
shown that are caused by the composition of the glass melt.
The transmissivity is strongly influenced by the content of
ferric oxide and by the degree of oxidation which can vary
during the process of glass production.

the interior pane to the air gap between the glazings. From here, heat is
transferred to the exterior pane by radiation and free convection and, for
a very little part, by thermal conducticn in the air. From the pane, heat
is again transmitted by thermal conduction, and on the exterior surface
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heat is emitted by convection and radiation as was the case with the opaque
wall, If a temporary insulation is applied to the window, transmission
phenomena are the same as in the air gaps of the sealed insulating glazing.
Depending on tightness, the convective heat emission is additionally in-
fiuenced by infiltration of air across the temporary insulation., Evidently,
glazing units provide a much larger field of application for infrared-
effective coatings since, here, a much greater quantity of heat flows is
transmitted by thermal radiation than is the case in opaque walls.

In comparing solar radiation transmission mechanisms in opaque and
transparent building elements, it becomes quite clear that a component's
energy balance may also deteriorate due to infrared-reflective coatings.

Fig. 3:
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Schematic presentation of heat transfer mechanisms in an

exterior wall and a window system caused by solar radiation
with determination of the total solar energy transmission

coefficient acc. to [11].




In Figure 3, the processes of heat transmission of solar radiation in a
wall and in a sealed insulating pane of glass are illustrated. By means

of the actual total energy transmission coefficient the range of solar
gains is explained. Since in opaque areas solar radiation is absorbed

at the exterior surface and can only be transferred into the room via
thermal conduction, the useable solar radiation is exclusively dependent
on the insulation level and on the shortwave absorption abilities of the
building components. In transparent areas, on the other hand, solar energy
is transmitted directly into the room according to their respective trans-
mittance., Additionally, a low heat flow will pass into the room by absorp-
tion at the glass surfaces as is the case with the exterior wall. In con-
sequence, the decisive factor for solar gains in glazing systems is the
direct solar -transmittance. Having selected the wrong material for low-¢
coatings, i.e., one with a low solar transmittance, it is quite possible
that the total solar energy transmission coefficient and thus the solar
gains will be strongly reduced.

4. INFLUENCE OF INFRARED RADIATION BARRIERS ON THE WINDOW U-VALUE

a. Glazings

in [2] calcu]at1ons regard1ng the resistance of stable air layers with
various widths of gaps and treatment of the surfaces were carried out.
Table 1 shows the boundary conditions used here. In Figure 4 the thermal

Table 1: Material values and boundary conditions underlying the
calculations.,

Parameter Units and range
of values
Air temperatures: indoor 20°C
outdoor -10°C
Thermal resistances:
internal 0.13 mIK/W
external 0.04 mK/W
Radiation factor between glazing aea
surfaces in the air space 0.0...5.67 Wim?K

Width of space between glazing

surfaces 0.0.012m
Height of glazing im
Material value for air in the space according to [12]
Thermal resistence of pane 0.01 mIK/W

of glass
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resistance of an air gap is described in dependence on the width of gaps
for various compositions of surfaces (infrared emissivity). The curves are
limited by the broken étraight line to pure thermal conduction (no radia-
tion, no free convection). It can be seen that the maximum of the specific
thermal resistance with conventional glass surfaces is achieved (C1,2 =
5...5.67 N/mZKH) with widths of gaps of approximately 2 ¢m to 3 ¢m and is
about 0.17 m2 K/W. The influence of free convectinn becomes especially

evident with 1nfrared reflective surfaces, i.e. with such surfaces that

R 1
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Fig. 4: Thermal resistance of stable vertical air layer according to
width of air space and different radiation factors C, acc. to [2].
Black body indicates that the emittance ¢ of both surfaces is 1.0.
Ideal reflection indicates that the emittance of at least ocne sur-

face equals zero.

have a small radiation factor. A specific'width of gaps being exceeded,
free convection can set in (see chapter 3.2.2). The maximum with an ideal
mirror (C1,2 = 0) can be achieved with 1/A = 0,6 m K/W. [13] and [14],
too, come to similar conclusions. The free convection being relatively
important in heat transfer is the reason for the fact that the thermal
resistance decreases with increasing widths of gaps. This has a parti-
cularly drastic effect for small radiation shares.

By inserting one or more foils at egqual distances into the air space of
multiple glazings the heat insulation is increased. In Table 2, the
(areal) thermal transmittance for some types of double glazing units
is indicated in dependence on the number of foils fitted into the gap




of double glazings and on the composition of the foils (emittance).
As is to be seen from Table 2, the heat losses of the glazing surfaces
can be reduced by the foils,

With several foils in the air gap the thermal conductivity of the glass
plays a secondary part. In the investigations by [15] measurements on
double glazings with coatings and foils have been made. The results are
presented in Figure 5., A good correspondence with [ZJ can be observed.

Table 2: (Areal) thermal transmittance for various double glazings

T with no, one, or more foils in the air gaps of double
glazings, installed behind each other at regular intervals,
for two different emittances of the foil surfaces [2].

Heat transter cosfficients (W/m?K)"

. Sketch | ]
Type of glazing Without n toils each in the air space
toil of the doubie glazing
n=0 n=1 n=2 n=3
£=085|£=0,2 |[£=085( £=0,2 |£=0,85|E=0,2
i
ble glazi ith '
Double glazing wi ! 28 | 19| 10| 14t 07| 12| 05
70 mm distance between panes I
L
Double glazing consisting T"
of single glazing and in- :
sulation glazing (air : 2.0 1,5 0,9 1.2 0,6 1,0 0.5
space between panes 10 to | :
16 mm)with 70 mm distance |
between the panes J'_
-
Double glazing consisting !
of two insulation glazing !
units (air space between ! 14 13 0.8 10l os 09 04
panes 10 to 16 mm) with : ' ' ' ’ ’ ' '
70 mm distance between the JI_
panes Jorol

* Heat transfer coefficients represent lower limit values.
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where the plastic film is mounted on the surface of one
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Window Shutters
A B C

ambient inside

- ean N e s e as A
AN S P ALK
e A e O S e

shutter outside shutter inside
IR~ coating IR-coating
outside in the gap in thegap inside

Fig. 6: Schematic presentation of the arrangement of low-e-coatings
for window systems with temporary insulation
A: IR-coating on the exterior surface of the outdoor shutter
B IR-coating on the inner surface of the outdoor shutter
C: [IR-coating on the exterior surface of the indoor shutter
D IR-coating on the inner surface of the indoor shutter

Due to whether the gap between the temporary insulation and the window is
airtight or not, the efficiency of the shutter is quite varied, because of
the different ratio of convective and radiative heat transfer,

Moreover, the distance hetween the window and the shutter has an influence
on the heat transfer.
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b. Temporary insulation

To improve the insulation effect of the additional thermal insulation
devices described in chapter 3.6, occasionally low-e coatings are used
as well. In {1] calculations regarding the decrease in the U-value of
window systems were carried out. In Figure 6 the several investigated
arrangements of IR-coatings are illustrated. The infrared effective
layer is once installed at the exterior surface and then on the gap
facing surface. The degree of air tightness of the cover is gradually
varied between "tight" and “not tight"; in the case of "tight" a tight
{stable) air layer according to DIN 4108 corresponds to it and in the
case of "not tight" a gap with a surface to air coefficient of ht = 8
or rather 12 W/m K. The infrared effectiveness of window covers must al-
ways be seen in connection with the insulation value and the degree of
tightness of the cover.

Thin Thick
Shutter Shutter
1/A=0 1/A=1,0

100 100
'S 80 80 pel_—F tight
0 ::::::H.-—-ﬂ
& ©
5 & 60 ' 60
= 8 b
QL
£ § tight
s} :g 40 40
s 2 S
3 b
g 20 _ 20
;) Q .
. tight
@ untight un
0 9 0 '
0 05 10 0 05 10

emissivity of the IR-coating[-]

Fig., 7: Reduction in percent in the transmission heat losses of a
double glazing window system with an outdoor, tightly resp.
untightly placed shutter according to the emissivity of the
shutter and the arrangement of the IR-coating, acc. to [1]

a: IR-coating on the exterior surface of the shutter
b: IR-coating on the gap-facing surface of the shutter
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The attainable reduction in transmission heat losses for a sealed double
glazing window system is presented in Figure 7. The figure shows what can
be achieved in that case by infrared treatment with two insulating values
and degrees of tightness.

Exterior Indoor
Shutter Shutter

100 100

80 80

60 60

—— T

20 20

reduction of the transmission
heat losses [°/s]

! 0

-

0
0 05 10 0 05 10

*
T
!
1

emissivity of the IR-coating [ -]

Fig. 8: Reduction in percent in the transmission heat losses related
" to the IR-coating of the shutter, comparing exterior resp.
indoor shutters, acc, to [1]. The graphs are related to a very
thin, tight shutter (1/a = 0)

a: IR-coating on the exterior resp. indoor surface of the
shutter

b: IR-coating on the gap-facing surface of the shutter

Conclusions:
- The cover has to be installed in an airtight way to become effective.

- In the case of an airtight installation the increase in the insulation
value of the cover is considerably more effective than an infrared
treatment (comparison of the left and right diagram in Figure 7).

This is also confirmed by other investigations, [16] to [18].
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- An infrared treatment on the exterior surface is almost always
ineffective (horizontal course of all a-curves).

Similar results can be obtained for covers installed inside (Figure 8}
as well.

In [4] the calculations by [1] were verified by measurements. The results

are compiled in Table 3. A good correspondence can be observed. In {5]
measurements on curtains and blinds with low-e coatings were carried out.

The measurements were performed in connection with a sealed double glazing
window system {Uy = 3.0 H/m K}. The results are presented in Figure 9.

Here, as well, a good correspondence with the calculations by [1] could

be observed.

Table 3: Calculated [1] and {measured) B4 relative U-values for a
U-value of the window of 2.5 W/m“K.

Remarks Relative U value i|:| % . '
Shutter without heat resistance. f 3
Ty
Qutside
not raflect reflective reflective
not sealed 90 (82) 90 (85) 82
sealed edges 70 70 42
Inside
not reflect roflective reflective
sealed edges 70 (78) 55 42 (49)
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Fig. 9: Measuréd U-values (window and .shutter) as function of the
. N
emissivity of the shutter, acc. to (5).

5. INFLUENCE. OF INFRARED RADIATION BARRIERS ON OTHER RELEVANT WINDOW
CHARACTERISTICS

In selecting the coatings, care has to be taken that the other window
relevant values such as light transmittance and solar energy transmittance
do not significantly decrease due to improvement of the U-value.

In Figure 10 the total solar energy transmission coefficients are
indicated in dependence on the U-value for clear glass and [R-coated
glasses and windows with integrated foils acc. to [19] through [22].

It can be observed that solar transmittance decreases as thermal insula-
tion is improved, In the following, two different examples will serve to
illustrate, by means of the equivalent U-value, according to [23] how
the energy losses adjust during a heating period under average German
conditions, with south orijentation.
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Example 1: Double glazing, according to [19J2with IR-coating,
wooden frame (25 %) Uy = 1.8 W/m K
(Uframe = 1-5, Ug]az'ing = 1-9), g = 0-66; TL = 0.63

Example 2: window, according to [22], with IR-coated foils
Uy = 0.7 W/m K; g = 0.34; 1| = 0.56

©

o
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o
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o
I~

o
%)

total solarenergy transmissioncoefficient[-]

o

o

2 3 A 5 gon
glazing U-value[ W/m*K3 "

Fig. 10: Total solar energy transmission coefficient as function of the
U-value of untreated resp. IR-ccated glazings and glazing
units with integrated foils. The drawn range only comprises
glazings with a high total energy transmission coefficient
related to the respective U-value [19 through 22]. Other
glazings, e.g. with gold coating, have a far lower total solar -
energy transmission coefficient.

According to [23] the following is valid for the equivalent U-value
describing the average energy losses of a building component during

the heating period in view of the solar radiation, of transparent areas
with south orientation under average German conditions:

Ueq = Uy - 9 = 2.4 [W/m'K]

Consequently, the examples lead to the following results:
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Although the exemplary constructions differ from each other by about

1.1 w/mzK regarding their U-values, they only differ by about 0.3 w/mzK
regarding their energetic behaviour, When comparing the low-£ coated
double glazing unit_[18] with a commonly used untreated unit (U, = 2.6
W/m K, Ug = 3.0 W/m'K; g = 0.75; 7 = 0.8), then 4 Ueq differs much
less from & Uw (A& Uy = 0.8, & Ugq = 0.6). The conclusion is that the
total solar energy transmission coefficient will be significantly reduced
only for glazing units with multiple IR-coatings and that the energy
balance will thus be influenced more unfavourably.

Regarding the daylighting in rooms, construction 2 which is insulated more
efficiently has significant disadvantages. This would lead to an increased
internal heat load due to artificial lighting. Here, the best values are
rendered by the uncoated panes. For more detailed information in this res-
pect please refer to chapter 5.

6. CONCLUSIONS

In part, iR-coatings may considerably contribute to improving the thermal
insulating values gf window constructions. In evaluating the performance
of a complete windgw system, however, along with the U-values other rele-
vant values have to be considered, too. It is only by comparison of all
significant parameters that the intended optimization will be ensured in
each individual case.
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1. Theory

Windows have a higher U-value than the rest of the building envelope. One way of
minimizing the heat loss through the window is to use movable insulation. This
insulation could be used in periods, when there is no solar gain. In practice the

insulation will be used in night periods.

A window with movable insulation will have 2 different U-values, one in the day and

another lower one in the night.

In the day:

U= 1
Rj+Ryw +Rg
where Rj and Rg is the heat surface resistances

R is the surface to surface heat resistance of the window.

In the night:

= 1
Rj+Rw+Rg+Re

where Rg is the heat resistance of the night protection includihg the air layer

of the window pane and shutter,
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The calculations of the heat resistance should be done as described in earlier
chapters taking into account the heat transfer coefficients, the thermal resistance
of materials and air cavities. If the construction is complicated it is necessary to
make measurements on the construction. This is done in a hot box, where the
temperatures and surface air flows can be simulated. Measured and calculated
values are given in section 3.3.2, For a more realistic measurement the effect of
the shutters can be measured in the field as the difference in total heat loss from
the building with shutters open and closed. This has been found to be in good

" agreement with calculations for the Danish low-energy houses {1).

2, Types of night protections.

The movable insulation can be placed inside, outside or between the window panes.
These possibilities have different advantages and disadvantages as described in the

next section.

2.1 External insulation.

The most common form is external shutters. In most cases they are of a non-
transparent material and must be removed during the day. That is done by using
sidehung or horizontal sliding shutters, see examples in {(1). Figure 1 shows different
external shutter types. External shutters are best used with Inside openable
windows. Then it is possible to close the shutter from the inside and to escape in
case of fire. Other window types could also be used, but in most cases it is
necessary to open and close the shutters from the outside. External rollerblinds can

also be used, but will never be as good as rigid shutters.




inside

] window | ‘

outside o WAZZITITE———F

on wvall

in window
opening

folding shutter

? sliding shutter

Figufé 1. External shutters {(2)

2.2 Insulation between the panes.

This type-on construct.ion. can only be used on fixed windows. The insulation can be
placed permanently between the panes as blinds or moved in and out as sliding
shutters (figure 2). The shutters could be stored under the window. With three or
more panes it is practical to divide the panes in groups placed in separate frames.

The insulation is then placed between the frames as foils, on rollers.
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Instead of rigid insulation or roller blinds a compressible insulation material can be
used. In the day it is compressed below the frame and in the night is pulled up to fill
the window. In United States {3} and Denmark (Q)— test on insulation consisting of
polystyrene beads of > - 10 mm diameter has been made. The balls are blown in

between the panes in the evening and blown out to a storage in the morning.

) insulation

—

divided sliding
glazing shutter

Figure 2. Insulation between the panes (2)

2.3 Internal insulation.

Figure 3 shows internal insulation in the form of shutters or blinds. Internal blinds
has been used for many years as a protection against looking into the rooms. They

will in many cases alsc give a lower U-value.




3. Considerations - critical points.

3,1 External insulatjon.

This method has a few critical points.These are:

The shutter material shall be resistant to the climate, i.e. rain, wind and solar
radiation,

The shutter shall be airtight as airflow between the shutter and window pane

will give a higher U-value than expected.

If the shutter is placed on the outside of the wall, and not in the window

recess, thermal bridge problems can be expected.

In the day shall the shutters be placed so that the solar transmission area of
the window is affected as little as possible.

These points show that in windy periode outside roller blinds will give small
reductions in heat loss as they are not airtight. The airtightness of the shutter
should be measured in the same way as the window in the laboratory with airtesting
equipment.

3.2 Insulation between the panes.

The critical points are:

The edge of the insulation shall be fairly airtight against the window frame or. there

will be extra heat loss from airflow around the insulation.

The insulation material shall always be taken away in the day-time as the
construction can operate as a solar collector without any air flow. High
temperatures in the glazing can be expected when exposed to direct sun and sealed

window panes can crack,

In some cases condensation on the outer glass can occur, if the inner pane and

insulation are not airtight.



3.6. -6 =

3.3 Internal shutters.

The critical points are:

Condensation on the inner pane will occour if the shutter is not airtight because the
pane temperature decreases and warm humid room air can reach the pane. It is
difficult to get an effective seal around the insulated layer. Condensation will also

occur when the shutters are taken away in the morning.

Cracks in sealed panes will easyily occur on sunny days caused by the solar coliector

effect if the insulation is not taken away during the day,

inside blind
outside
shutters
) S— |

Figure 3. Internal insulation (2)

3.4 General considerations.

Thermal bridge effect has to be taken into. account in the construction.

In many buildings the windows are also fire-escape openings and use of shutters may
affect the escape time from a room.

/
Shutters can assist in protecting against burglary,

Night shutters can be used against overheating in the summer, but that will have
effect on the energy consumption for light.




In very cold periods with little solar radiation, the shutters can be used both night

and day.

It is important that the shutters are easy to handle otherwise they will not be used.

4, Condensation

Condensation occurs on the surfaée with the lowest temperature in the room if the
dew point temperature is higher. Normally the window panes have the lowest
temperature, and the condensation occurs there. On winterdays in cold and
moderate climate condensation on single glazing will occur, Condensation can be
prevented by using windows with more panes. The inside surface temperature will
be higher, but the thermal bridge effect from the spacer'will still allow the
possibility of condensation near the frame. Use of inside insulation will worsen the
problem as the temperature difference between the pane and inside air increases.
Figure 4 gives the outdoor temperature where condensation will occur for different
glass types with indoor temperature of 20°C and variable relative humidity.

Examples of cases with internal shutters are found in section 3.4,
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Ralative humldity

wle glazing

Figure 4.

Condensation on glazing in windows
Indoortemperature 20 C

100
80 —
80 -
70 -
80 -
80
® -74
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20 -~
10 _/
\''4 \'4
0 T T T T T T T
-25 -20 -18 -10 -3 .0 5 10 15
Outdoortamperature
4+ Double glazing < Triple glazing

Condensation on the central part of glazings with different relative

humidity. If the relative humidity is 40 % then single glazing will show
condensation for outdoor temperatures below 0 ©C. Double glazing for
temperatures below -18 OC. Triple glazing for temperatures below -30
OC. For double and triple sealed unit condensation near the edgé will
occur at higher temperature because of the thermal bridge. In the
central part the dishing effect (contraction of the glazing from pressure
difference between air in and outside the sealed unit) can also give

condensation at higher outdoor temperature than given in the diagram.




For internal insulation it is important to know the change in inside surface
temperature when the shutters are closed and open (5). Figure 5 shows, that the
temperature decreases slowly when shutters are closed and the temperature
increases rapidly when the shutters are remaoved, ACondensation due to inflow of

room air when the shutters are taken away is only a short-term problem,

SURTALE TEMPERATURE OF FANE ; WARM SIPE
*©

B
e -
d FASSIVE —= ACTIVE

4 —

12 -

6 —
4 —
ALTIVE = PASHLIVE
2 -
Q L B SEE G SN SHEN SRSS ENNL RN e NN SIS RS SHNN SN SN S S SN N SN
o 2 4 6 s w0 ‘e 4 1 ® 20 22 24

Figure 5. Shutter system with 30 I\"mm PIR foam on doubie panes. Hot box
measurements cold side 0°C, warm side 20 OC. Measured inside pane
temperature when the internal shutter was closed at 0 hours and open at 17
hours. The surface temperature increases 11° in 1 hour.
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_ 5. Air tightness.

External shutters are exposed to the wind forces, and the insulating efficiency
depends on the air tightness of the joints. Tests have been made on the Danish low-
energy houses (1) with the tracer gas decay method with pressurization and

depressurization. The results are shown in table 1. The cases a, b and c are:

a) all windows closed and all shutters open
b) all windows closed and all shutters closed

c) all windows behind the shutters open and all shutters closed

House type D E F-
Infiltration measurement a) 0,08 0.10 0.08
(air change pr. hour) b) 0.08 0.08 0.05

c) 0.10 0.08 0.06
Depressurization 50 Pa a) 1.61 1.24 0.64
(air change pr hour) b) 1.57 1.19 0.53

c) 2.22 1.23 0.72
Table 1

These tests were done on the whole building, but laboratory measurements can also
be made with test equipment used on windows as described in éhapter 6.
Measurements of airtightness of the shutters are best done during development in

the laboratory, but the ageing effects shall be taken into account.

6. LJ-values

In table 2 and 3 calculated U-values for 2 types of shuttersystems has been
presented. In practise the U-values will be higher than calculated because of
thermal bridges and non-airtight constructions. Table 4 gives measured values that
can be expected to be more reliable.
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Further measurements is found in (8) - (11). In this literature is given more
information on the construction. Information on a hot-box type, where it is possible
to test non-airtight shutters is found in (11). In (9) and (10) is found measurements
with different types of windowsills. The difference.in energydemand can be approx.
20%.

Panes in window 1 2
no shutters 5,9 W/m2k 3,0 W/m2K
10 mm mineralwool ‘ 1,7 n 1,3 o
20mm " 1.2 " 1,0 "
S0 mm " 0,63 " 0,57 "
100 mm " (not practical) 0,35 » 0,33 -

Table 2.  Calculated U-values for external shutters. Heat conductivity of
mineralwool 0,04 W/m¥ and heat resistance of airpace between shutter’
and glass 0,16 mZK/W.

no - 3,0 W/m2K
30 mm - 1,3 "
S0mm ' 0,86 "
100 mm 0,46 "

Table 3.  Calculated U-values for shuttersystems with polystyrenebeads
(assumed heat conductivity 0,05 W/mK) between the glasses in fixed

windows.
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U-values Window Window Shutter Ref.:
+shutter
W/mZK W/ m2K m2K /W
U U R
Al. Rollershutter ext. 2,6 1,8 0,17 6
PVC Rollershutter ext. 2,6 1,5 0,28 6
Double PVYC Rollersh, ext. 2,6 1,3 0,38 6
Jalousie Al. ext. 2,6 1,8 a,17 6
Wood 20 mm shutter ext, 2,6 1,3 0,38 6
Wood + min.wool 50 mm ext, 2,6 1,0 - 0,61 6
Beadwall 60 mm 2,8 0,7 1,07 6
Shutter 50 mm min.wool ext. 2,5 0,62 1,21 1
Shutter 35 mm EPS ext. 1,71 0,67 0,91 1
Shutter 75> mm min.wool ext. 2,43 0,43 1,91 1
30 mm PIR internal 2,5 0,68 1,07 5
1 foil internal 2,5 1,84 0,14 7
2 foils internal 2,5 1,3 0,37 7
1 woven textile internal 2,5 2,05 0,09 7
1 foil between glasses 2,3 1,1 0,47 4
2 foils between glasses 2,3 0,75 0,90 4
4 foils between glasses 2,3 0',6 1,23 4

Table 4. Measured U-values and heat resistance for the shutters from hot-box

measurements.
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7. Utilization

The energy savings from shutters depends on the construction, the climate, and how
the shutters are used. In most cases they are used between sunset and sunrise. As
the night temperature is lower than the mean outdoor temperature the savings will
be larger than that calculated with the normal U-values, dayly mean temperature
difference and the time used. Use of night time set back of indoor temperature will

give less savings,

A good estimate that with good quality external shutters with 40 mm inculation is
the same savings as an extra layer of glass in the windows. In Norway the savings

will be 10 -15% if the shutters is used 12 hours pr. day from Octaober to March,

Use of season shutters - shutters closed all the winter - will change both the heat
loss and solar gain. The savings depends highly on window orientation and U-value.
Calculations from Norway indicate that for south facing double windows will energy
savings first accur when the U-value of window and shutter is below 1,4 W/mZK. For
north facing window below 2,3 W/m2K. The energy savings from season shutters
will be lower than night shutters with the same U-value. But season shutters can be
better insulated.

There are many theoretical calculations of saving e.g. (2), (5), (6), (7). In practice
the user behaviour is very important and the eése of handling, Results from Danish
low-energy houses (1) indicate that the shutters are used most nights in the winter
and sometimes also during the day in cold periods.
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4, SOLAR PROPERTIES OF WINDOWS
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Solar radiation falling on the window consists in general of direct
radiation from the sun, diffuse radiation from the sky plus radiation
reflected from the ground and surrounding objects (including framel!l).

It is obvious that the amount of solar radiation on a window depends on
climatic conditions, solar height (thus: latitude and time), orientaﬁion
and slope of the window.

The solar radiation which reaches the window, 1s partly reflected,

partly absorbed and partly tranamitted directly. See figure 1,

solar
i radiation
direct
reflection transmission

absorption

convection +
thermal radiation

convection +
thermal radiation

Figure 1: Illustration of the transmission of solar energy through a
window.

The direct or primary solar transmigsion has already been defined as the

solar radiation which is transmitted directly through the window and

enters the room as short wave radiation.

.1



The secondary solar transmission is the part of the absorbed solar heat

which enters the 'room by convection and thermal radiation.
An important quantity to describe the solar transmission through the

window is the total solar energy transmission ccefficient (also called

'solar factor'); the ratio between total (direct plus secondary) solar
heat penetrating through the window and the given incident solar

radiation.

The absorptivity and reflectivity of the window panes or other
components depend on wavelength and angle of incidence. The spectrum of
the solar radiation ranges from UV and visible to the near infra-red.
The dependence on wavelength and angle may also have an effect on the
appearance or colour; the dependence on the angle of incidence needs
special attention because of the solar height and azimuth and the
distribution between direct and diffuse solar radiation.

Moreover, because clear glass is for about B80% transparant for solar
radiation one can expect the app;ication of glass types which have a

higher absorptance or reflectance for solar radiation.

Concerning the secondary transmission, the network in figure 2
illustrates that - like for the (dark) heat transmission -~ the heat
- transfer coefficients play an important role. It is clear that since the
temperature differences have a large influence on the heat transfer
coefficients, one should be careful in selecting the values. In case of
heat absorbed by the inner venetian blinds from figure 2, for instance,
the increased temperature of the blind slats will cause an enhanced

convective heat flow.




_ _ s direct solar
— T 7 transmission

T.

e: outside
1: inside
r: radiation (thermal)
¢: convection
v: ventilation
a: absorption of
solar energy

Figure 2: Network representation including solar radiation; example for
double glazing with internal blinds.

Obviously, the properties of the window components themselves play a
major role, such as:
- the optical properties of the panes and other components;

-~ the geometry and position of shading devices (e.g. slats).

With known coefficients and properties the solar transmittance, thermal
transmittance and the window temperatures can be calculated by solving a
network 1like shown in figure 2. However, only for simple window
constructions, like for combinations of parallel airtight panes and

sheets coefficients and properties can be predicted with sufficient

accuracy.



For more complex windows measurements under realistic indoor and outdoor
conditiongs will often be needed, Only for some special cases computer
models are available, e.g. to determine the direct solar transmittance

through venetian blinds.

In this c¢hapter 4 the solar transmission properties of windows are
introduced.

In section 4.2. a presentation is given on the incident solar radiation
and the influence of atmospheric conditions, incidence angle and
external shadings.

In section 4.3. the sgolar properties of windows are presented with an
extensive discussion and 1illustration of the complications mentioned
above.

Section 4.4. deals with measurement techniques: laboratory measurements
of the solar optical properties (4.4.1.) and field measurements of solar
transmission and overall performance (&4.4.2.).

Particularly when evaluating the results from the various field test
methods the problem areas discussed in section 4.3. are to be taken into
account.

Section 4.5. presents a survey of current definitions on solar
properties in the countries participating in the project and graphs and

tables with actual data from calculations and tests.
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1. Solar geometry

The sun and its planets with their-satellites make up together the "solar system”. The sun is of
paramount importance because of the energy coming from it which reaches the earth and makes life
possible. The solar energy is transferred in the form of thermal radiation, i.e. of electromagnetic
waves, and its relationship with the atmosphere, ground and objects is governed by the nature and
properties of these waves. Table 1 summarizes some magnitudes concerning the relationship between
Sun and Earth.

TABLE 1 — MAGNITUDES CONCERNING SUN AND EARTH

SUN
— mean diameter; 1390 x 103 km
— surface temperature: ~5760 K

EARTH
— mean diameter: 12.7 x 103 km
— surface temperature : ~300 K

EARTH-SUN
— mean distance: 1.5 x 108 km
— tilt of earth's axis on orbit plane: 23.5 deg.

The basic angles for determining the position of the sun with respect to a given point P on the earth

surface are (see Fig. 1):

- latitude (I): angular distance of the point P north or south of the equator.

- hour angle (h}): angle in the equatorial plane between the projection of OP and the projection of a line
from the centre of the sun 1o the centre of the earth.

- sun's declination (d): angular distance of the sun's rays north {or south} of the equator.
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The sun's declination changes through the year as shown in Table 2. The values given in Table 2 are
approximated, as the calendar year does not coincide with a complete revolution about the sun: exact
values can be obtained from the "Ephemeris Tables" but for the purposes of building energy calcu-
lations the values reported here can be considered satisfactory. Alternatively the following-empirical
equation can be used to calculate the angle d as a function of n, day from start of the year:

d = 23.45 sin (0.986 (284+n)) (1)

-

S —
Sun's rays

Equator / g

Fig. 1 - Latitude, hour angle, and sun's declination

Solar radiation, together with the other climatic parameters (temperature, wind velocity, etc.) are
subject to variations as the time passes. In order to avoid misunderstandings in calculations,
measurements and comparisons, it is essential to know what the correct meaning attributed to the
word "time" is. The following different definitions can be in fact set up.

Universal Time (UT): the time, expressed in hours, (from 0 to 24), reckoned at the Greenwich

meridian (zero longitude);




Local Civil time {LCT): the time reckoned at a given longitude: LCT is more (less) advanced than UT
by four minutes for each degree difference in longitude east (west) of Greenwich.
Local Solar time (LST): the time measured by the apparent diurnal motion of the sun.

Standard Time (ST): the time used for clocks setting throughout a zone cdvering about 15 of
longitude: it is the LCT of a selected meridian near the centre of the zone.

TABLE 2 - PARAMETERS RELATED TO SOLAR RADIATION

. EOT d A B C

W/m? min. ' deg " Wim2 ~ -
Jan 13956 12 2000 = 12294 0.142 0.058
Feb 1384.2 ~13.9 ~10.80 12137 0.144 0080
Mar 1363.4 - 75 -0.00 11853 0.156 0.071
Apr 1340.7 + 1.1 +11.60 1134.9 0.180 0.097
May 13205 + 33 +20.00 11033 0.19 0.121
Jun 13098 - 14 +23.45 10876 0.205 0.134
Jui 13111 =62 42060 10844 0207 0.136
Aug 1324.1 - 24 +12.30 1106.5 0.201 0.122
Sep 13445 +75 0.00 11506 0177 0.092
Oct 13669 +154 ~10.50 11916 0.160 0.073
Nov 13877 +138 ~19.80 12200 0.149 0.063

Dec 1308.4 © 160 -23.45 12326 0.142 0057

Data refers to the twenty-first day of each month

|  extraterrestrial solar radiation

EOT: equation of time

sun's declination

apparent solar radiation at unit air mass
atmospheric extinction coefficient

O W >» a

diffuse radiation factor
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Daylight Saving Time (DST): time one hour in advance of LST, adopted in many countries during the
summer.

Equation of time (EQT): the difference between LST and LCT at a given locality, due to variation of
garth's orbital velocity, obliquity of earth's orbit etc.

LST = LCT + EOT (2)

Values of EOT during the year, are given in Table 2. EOT can also be evaluated, expressed in
minutes for a give day n from start of the year, by means of the following equation [8]:

EOT = -.0002 + .4197 cos(x) — 3.2265 cos{2x) — .0903 cos(3x) ~ 7.351 sin (x)
-9.3912 sin(2x) - .3361 sin(3x) (3)

where:
X = 2n n/366 ‘ (3)

The knowledge of the Local Standard Time and of the time, in minutes, elapsed from local solar noon
allow for calculating the hour angle (h), expressed in deg:

h = 0.25 x (No. of min. from local solar noon) (4)

For any applications the knowledge of the angle of incidence (9) of the solar beam with respect to a
given surface, is necessary; such angle is defined as the angle between the solar beam and a line
normal to the given surface.

To determine the angle of incidence the sun position can be most conveniently expressed by means of
the following angles (see Fig. 2):

- solar altitude ([3): the angle between the sun rays and the horizontal plane;

- solar azimuth (¢): the angle, measured from South, between a vertical plane containing the sun and
the Nort-South direction.




ules
N H
EARTH-SUN LINE —— 7
W VERTICAL SURFACE
soar Ao i v TWIED SURFACE
e y TLTANGLE
o S L
M "'—-_,_‘_._-_ o
TS HORIZONTAL SURFACE
SOLAR AZIMUTH f
NORMAL T0 ;
»” VERTICAL SURFACE

Fig. 2: Solar angles for tilted and horizontal surfaces
The following equations relate the previously mentioned angles (I, h and d) to the angles {3 and ¢:
sin (B} = cos (I} cos (d) cos (h) + sin () sin {d) (5)
sin (@) = cos (d) sin (h) / cos () (57
As for the surface, its position can be expressed by the following angles (see Fig. 2):

- surface azimuth {y): the angle, measured from South, between the vertical plane normal to the
surface and the North-South direction;

—tilt angle {x): the angle between the surface and the horizontal plane.
For any surface the incidence angle & is related to B, ¢, y and y as follows:
cos (®) = cos {B) sin {x) cos (o —y) + sin {B) cos (x) (6)

It should be remembered that the surface is in shade if the surface-solar azimuth (@—y) is greater
than 90 deg.
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2. Solar radiation

The solar constant (L) is the solar radiation incident per unit time and unit area upon a surface

normal to the sun's rays at the outer limit of the atmosphere when the earth is at its mean distance
from the sun; its value is 1353 W/m2 (4871 kJ/im2 h, 1164 kcal/m2 h, 444.7 Biw/#2 h) with a probable
error of +/— 2%.

Because of the variation of the distance between earth and sun, the solar radiation reaching the outer

limit of the atmosphere changes during the year and can be evaluated, at the n-th day, by means of
the following equation {values of I, are given also in Tab. 2):

In=I {1+ 0.033 cos (360 r/365)) (7

The spectral distribution of the solar radiation at the outer limit of the atmosphere (also called

"extraterrestrial solar radiation") is shown in Fig. 3, and is quite close to the one of the blackbody at
the temperature of 6000 K.
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015 — —

B SEA LEVEL |
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02 D05 1 15 ? 25 3
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Fig. 3: Spectral distribution of solar radiation




Ultraviolet radiation includes the wavelength range from O.é to 0.4-'um; visible radiation covers the
range between 0.4 and 0.7 um; the infrared radiation occurs at higher wavelengths.

Part of the solar radiation crossing the atmosphere is scattered by gas molecules (air and H20) and
dust particles; moreover part of the radiation is absorbed mainly by O3 and H20). Some of the solar

radiation intercepted by the atmosphere reaches anyway the earth's surface in the form of "diffuse
_ solar radiation”, while the part of the solar beam directly reachmg the the earth's surface forms the
direct solar radiation”. In F|g 3 the spectral distribution of solar radiation at sea Ievel is given;, the
most relevant absorption effects are shown as well.

The longer the path of solar radiation through the atmOSphére. the more relevant are the above
described phenomena. In solar radiation calculations, the unit depth of the atmosphere is taken as ists
thickness along the vertical (zenith direction); the ratio of the'length of a given path of the sun’s rays
to this unit thickness is called "air mass” (M) and can be approximated by the following équation. |

CMetos@0-p e

It follows that the direct solar radiation on a plané normal to the solar beam on a clear day (Ipp). at
ground level is well represented by [1]:

on=Afexp Bsin(B)) .

where A is the apparent solar irradiation at M = 1, and B is the atmospheric extinction coefficient. A
and B are given in Table 2. ' ‘

The knowledge of Ipn and of the mmdence ang!e (ﬁ) allows for the evaluatlon of the d|rect solar

radiation falling on any surface:

Ip = Ipp Cos () ' ©(10)

As far as the diffuse component is concerned a simplified general relation for the diffuse solar radiation
(Ig), for a clear sky, falling on any surface is given approximately by [1]:



Ig=ClIppF (1)

where C is the diffuse radiation factor given in Table 2 and F' is the angle factor between the surface
and the sky: :

= (1 + cos ()2 (119

An extra amount of radiant energy (called "albedo”) can reach a tilted surface due to. the solar '

radiation reflected from the ground (Ig):

]g =Ipn (c +8in (B)) Pg (1 - F') : : (12) -l

where pg is the reflectivity of the ground surface (average values are 0.1 for bitumen, 0. 2 for grass |

0.3 for concrete, 0.8 for snow).

The sum of direct, diffuse and albedo components is called usually total solar radiation (Ip):
It=Ip+Ig+I4 (13)

As a result of the actual weather conditions involving a strongly variable cloud cover, the distribution of

direct and diffuse components of solar radiation, is quite different from the above described clear sky

distribution.

Whenever the actual pattern of solar radiation availability is relevant, data based on long term
weather recording should be used. These data are usually available as hourly or monthly values and
are mostly collected in form of total solar radiation. When necessary the related direct and diffuse
component can be derived by using empirical correlation, as e.g. those due to Liu and Jordan [2].

A more detailed treatment on solar radiation and related topics can be found e.g. in references [1], [3]..‘

[4].




3. Shadows verhangs and vertical fin

It is of great importance, for the. energy balance of a building and for thermal load calculations, to
determine with accuracy whether and how much the glass surface of a window is shaded by the
projections close to it and by buildings around it. This shading reduces the solar heat gain through the
window because the shaded portion is not reached by the direct component of the solar radiation, énd
also the diffuse and ground refiected components are partially intercepted. For a certain time span of
the day, however, adjacent shading surfaces can also behave as sofar reflectors, thus increasing the
amount of solar radiation reaching the window.

The problem is therefore quite complex and a-correct account for these effects is usually worthwhile.
Shadows can be projected by mountains, buildings, trees, parts of the building considered, or even by
the reveals around the'windows. From a general point of view one can resort to a mathematical
approach based on the solar geometry relationships previously dealt with or in special cases, when the
archite_ctﬁral aspect is relevant, even the use of light projection on a model of the building. Here below,
the case of the reveal around a window (Fig. 4), which is the most common case, will be considered in
some details. N

WALL SOLAR
AZIMUTH ANGLE

P-4

Fig. 4: Solar angles for shade calculations

The location of the sun is defined by the solar azimuth angie (¢} and the solar altitude angle (B). The
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location of the sun with respect to the particular wall, with a given azimuth angle v, is defined by the
wall solar azimuth angle (¢ ~ y) and the solar altitude angle (Fig. 4).

The shading of a window by a vertical projection alongside the window is the tangent of the wall solar
azimuth angle (¢ - ), multiplied by the depth of the projection.

The shading of a window by a horizontal projection above it is the tangent of angie x (a resultant of the
combined effects of the altitude angle and the wall solar azimuth angle (B), multiplied by the depth of
the projection; it can be easily shown that:

tan {x) = tan (B} / cos {p — ) ‘(14)

Many charts haye been developed for quick calculation of shadows; the one proposed by Carrier Co. is
reported here [5}: the upper part of the chart shown in Fig. 5 determines the tangent of the wall solar
azimuth angIé and the bottom part determines tan (x). ‘

For more complex cases and whenévér repetitive calculations are involved, the use 6f computers is
becoming more and more borhmoh; in this respéct the procedure presented in [6] by Tseng-Yao Sun is
suggested; the related FORTRAN Subroutine is very efficient for computer simulation of the thermal
behaviour of buildings involving an hour-by-hour solution to the energy balance.

Recently, however, some correlation methods based on monthly average climatic data have been
developed for energy consumption calculations and are gaining the favour of the users because of their
accuracy and simplicity. Consequently, the need arises for determining on a monthly basis suitable
mean effective values of the sunlit fraction of a givén surface. |

In [7] these mean values have been calculated as a function of.orientatio.n and relative position of the
receiving and shading surfaces, for |atitudes around 45 deg and two basic configurations, overhéngs
and side fins, attached to the window; this approach is discussed here below.

To altow for more detailed calculations, separate coefficients have been derived for the different
components of solar radiation (direct, diffuse, reflected by the ground and by the shading surfaces
themselves). In fact, an overall coefficient (which obviously can be easily derived by summing up the
above mentioned partial coefficients) could not take into account the variation of each component
according to different climates, ground characteristics and shading surfaces' reflectivities.
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a)T fiicients for dir lar radiation
For a given geometry, if (fD)k is the sunlit fraction at the k-th hour, the mean effective value FD can

be defined as:
24 : . '
Fo= 24 T/ 24 Ol (19
' _ .
where (ID)k is the direct solar radiation on the window at each hour. Therefore, if OD is the monthly

direct solar component per unit area for the considered orientation, the related quantity of energy ED

collected by the window with surface S will be:

E. =F Q.S (16)

b) Th fficients for diff
Even though sky radiation is not isotropic, for the purpose of evaluating the monthly irradiated

fraction of a window this hypothesis is acceptable. Thus, by choosing a certain number N of source
points uniformly distributed in the ‘sky ‘facing the .window and being (f d); the irradiated ratio

corresponding to each of them, the mean reduction factor, F g will be:
N
Fy= 2 (1N (17)
1 e

Obviously, F g does not change with' the month nor with the orientation of the window. If Q 4 is the

monthly sky component per unit area on the given orientation, the related quantity of diffuse energy
collected will be:

E,=F,Q,S (18)

") The coefficients for albedo
The solar radiation reflected by the ground onto a vertical surface is sometimes significant and can be
reduced by side fins intercepting the view of part of the ground. The average effect can be calculated

by considering a certain number N of directions uniformly distributed on the hemispace in front of the
windows at zero height and suitably averaging the resulting irradiated fractions (fg) of the window:
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N
Fy % (f,cos(@)N | | (19)

“where 6 is the incidence angie of each direction. Fg does not vary with month or orientation.
The monthly albedo Og per unit area on a vertical surface is usually approximated as:

Q, =, Q2 (20)

where ch is the monthly total radiation per unit area on a horizontal surface and p g is the ground
. reflectivity. Therefore, the related quantity of energy Eg coilected by the window will be expressed

as.

£,=F,p, (Qy2) | (21)

d) Th fficients for radiation reflected by side fin
The fraction (fr),, of the global solar radiation incident on the side fin surface which is refiected onto

the window at the k-th hour can be suitably calculated for the different months, orientations and
geometries. The average effective value F, is expressed as:

24 24
F = 1Zk AW, Zik(lt)k | (22)

where |, is the hourly global solar radiation on the side fin.

For calculating the fractions f, a reflectivity of the fin p.=0.35 has been assumed. For different
values p'f the effective coefficient simply becomes:

_ F=F p} /035 {23)
If Qt is the monthly globa! radiation per unit area on the inner surface of the considered fin, whose
- surace is Sf the energy E_ collected by the window will be:
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Er = Fr Qt Sf (24)

The above mentioned reduction factors FD, F " Fg, and Fr have been derived for two basic geometries

{with side fins and overhang, respectively), shown in Fig. 6.
Each of them is given in correlation form as follows:

F=cpre, X+ 6 X2 4, Yac Yo e, XY (25)
where X and Y are dimensionless geometrical parameters defined as:

X =ab Y=c/b (26)
whith a, b, ¢, shown in fig. 5. The ¢'s coefficients for some months well representing the different
periods of the year, are given in Tabs. 3, 4, 5 and 6 at different orientations. Equation (25) has been

validated for 1<X<5 and 0.6<Y<5. If Y>5 for side fins, or X>5 for overhangs, it can be assumed that
the shade fraction (1-F) of the window varies inversely with Y and X respectively.

Fig. 6: Geometrical parameters for a window with side fins or overhangs

It is important to observe that the location (right and left) of the side fins with respect to the window,
as shown in Fig. 6, must be taken into account and appears on the tables just after the orientation
symbol. '




TABLE 3 — COEFFICIENTS FOR DIRECT RADIATION - SIDE FINS
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DECEMBER

— - —— o T ] = . 1} . o e o O e . ot B T P o

,6583575E+0

-, 224664228 -1

\2441488E-2
.1B40D0A2E+0D
-.2412011E-1
.1653661E-2

.D000000E+D
.0000CCAE+C
-, 0000000E+0
,0000000E+D
,0000000E+0
,000Q000E+D

o (e o e ks U o o e R e e e A T T B S e . S . o

SW/r - SE/1]
.9817492E+0
.0DDDOODE+D
.0000000E+0
.1204265E-1
-.1475707e-2
.0000000E+0

NE/r - NW/1
.2563688E-1
-.2303274E-1
.3662576E-2
(2914308E-1
-, 4046922E-3
-, 4427896E-2

MARCH , SEPTEMBER

" 1 AP P, e B S e kB e e e B e e k=

\7217833E+1
-.76438363E~1
\7970220E-2
»1460666E+0
~.1766334E-1"
.3639377E-2

,0000000E+D
»0000000E+D
.0006G00GE+D
.0000000E+0D
.0000000E+0
,000G00CE+0

.8562810E+0
-.1021012E+0
.8945905E-2
T 1247566E+0
-.1735129E-1
«6163565E-2

.1%84781E+0
-,1079525E+0
.1679404E-1
.9186073E-1
.09%54682E-2
-.106942BE-1

SW/r - SE/1
:.7274053E+0
-.1943830E-1

.1786400E-2

.1595515E+0
-, 2179747E-1

.18592642E-2

NE/r - NW/1
. 1235256E+0
- 1191721E40
.1484863E-1
L 1911236E+0
-, 6382186E-2
-, 5412648E-2

»5517147E+0
-.130615%7E+0
+1329032E~1
L 2649733E+0
~.3068574E-1
7932172E-2

NE/r - NW/1

2109747E+0
-.1519418E+0
L 16794604E-1
,48180%0E+0D
-, 6328511E~1
.7807618E-2

. 1000000E+1
,000000DE+0
.0000000E+0
.0000000E+D
. DDDDOODE+0
,0000000E+0

E/r - W1
=, 1927464E-1
-.8372018E-1

.9975188E-2

.3015773E+0
-, 2512756E-1
-.1637155€-2

W/r = E/]
,1000000E+1
- .0000000E+0
.0000000E+0
.0000000E+D
- .0000000E+0D
.0000000E+0

E/r = W/1

.3229005E+0
~.1318897E+0

14004 24E-1

.4084412E+0

-.5370123E~1
.6281510E-2

,82057%1E+0
.11%8203E-1
.1181140E-2
*1066400E+0
.1464583E~1
.8763%18E-3

E/r ~ W/1
B978539E+0
.7058647E-1
635235B8E-2
.1054831E+0
.1588301E-1
»57846315E-2

NW/r - NE/1
.1000000E+1
.0000000E+0D
.0000000E+0
.0000000E+0
0000000E+0
.0000000E+0D

SE/r - SW/1
.3273833E+0
-, 7347104E-1
LB367264E-2
.3188503E+0
-.3889975E-1
,2192373E-2

HW/r - NE/1
»1000000E+1
.0000000E+D
.0000000E+0
»0000000E+0
.0000000E+D
.0000000E+0

SE/r - SW/1
.783865BE+D
-.7838658E-1
L 7811745E-1
. 1488189E+0
-, 1985924E-1
 424DET4E2

.1000000E+1
.D0000COE+D
.0000000E+0
.0000000E+0
.DODOOOCE+D
.0000000E+0

SE/r - SW/1
.9695624BE+D
-.3034492E-1
+1846154E-2
«3722368BE-1
-.5817287E-2
L3I211286E-2
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TABLE 4 — COEFFICIENTS FOR RADIATION REFLECTED BY SIDE FINS

B s R R R P P Tt
DECEMBER
E) SW/r - SEV1 W/r - E/] NW/r - NE/1
L 6BL2F17E-1 . 8282978E-1 «5792674E-1 89140352
. 120%5531€E-1 .1627286E-1 .9326912E-2 A992773E-2

-.125D0620E-2
-.,3551842€-1

w430854%E-2 -.5389217E-2 ° ,3217B57BE-2 -.295999BlE-3

-, 3166266E-3 - 4861942E-3 -.6197477E-3 -, 2BBL1S3E-3
N NE/r - NW/1 E/r - W/l SE/v - SUW/1

L 2656610E-L .3702614E-1 .39024614E-1 L45956127E~1
. 3725063E-3 ,6522808E-2 ,6522808E-2 L CZ99117E-2

-, 7942729E-4
-, 1144338E-1

.1090774E-2 .2629227E-2  .2629227E-2 . 2476543E-2

(4B61360E-3  ~.3736494E~3 -.3736494E~3 -.367446BE-3
MARCH , SEPTEHBER

5 SW/r - SE/1  W/r - E/l NW/r - NE/}

. L4994718E-1  .4941154E-1  .5538686E-1  .4572193E-1

.962975BE-2 - 7687849E-2  ,5623383E~2  .422940BE-2

-.BBIT747E-3
=-.3484270E-1

L4201334E-2
- 2761104E-3

L2456722E-1

oo ,3712407€-3
o . =.7913244E-¢4
-.1164280E~1

.1091049E-2

, 4856093E-3

. 5294620E-1
,5793814E-2
- . 524054BE-3
-, 2623012E-1
-, 3395026E-2
- . 44634B55E-3

. 2B42331E-1
. 2123589E-2
-, 2779017E-3
-.15%1494B8E-1
.172504BE-2
,4140955E-3

L 4 2 R i R T L

-.1985112E-2;

~.4394403E-1

-, 7543423E-3
~.2002920E-!

-, 6650127E-3
-.2647213E~1

/3120874E-2
- 16992797E-3

NE/r - NW/1
L2701147E-1
JB8749405E-2
-.1041876E-2
-.1574753E-1
.16333540-2
-.1934122E-3

:3204721E-1
72731B7E-2
-.7940448E-3
-.1788570E-1
244 4770E-2
~.4304721E-3

NE/r - NW/1
.2BZ22006E-1
L49474859E-2

-, 5260916E-3

-.149274BE-1
L 2266314E-2

-.1350872E-4

-.1022332E-2
-.2789582E-1

=.7543433E-3
-.2002920E-1

-.3174182E-3
- . 2692943E~1

.3456015E-2
-.6797718E-3

E/r - W/l
.3510731E-1
.BB93IS20E-2

-.1062035€-2

-.1979720E-1
L2654 969E-2

- . 4726890E-3

4499137E-1
(7245459E-2
-.7344913E-3
-, 2216627E-1
.2B05444E-2
-.5042014E-3

E/r - W/l
4596127€-1
2299117E-2
-, 9928541E-%
-, 19634461E-1
. 24746543E-2
~.347644BE-3

=-.138%578E-3
-.5361893E-3

- 9925561E-4
-.1963661E-1

~-.5856082E-3

-.2309202e-1
.304535BE-2

-.4077430E-3

SE/t ~ SW/1
L 4961154E-1
. 76B7849E-2
-, 6650127E-3
-.2647213E-1
.3120874E-2
-.6992797E-3

-, 54%0587E=1
,B693293E-2
-,9131517E-3
-.267425BE-1
.32775BBE-2
-.5852338€E-3

SE/r - SW/1
\5792674E-1
L9326912E-2

-.1022332€-2

-.2789582E-1
.337B578E-2

-.6197477E-3
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TABLE 5 — COEFFICIENTS FOR DIRECT RADIATION - OVEFIHANGS

==::=.-.:===:|:|:::::=======3======================B==_===§
DECEMBER
5 SW - SE W-E NW - NE
(6865997E+Q  ,7045241E+0  .BB9S7IBE+D  .9743I4IIE+0
(1970513E+0 . 1641411E+0  ,9480339E-1  ,2303263€-1

-.1959305E-1
- 4647628E-1

-.2124070E-1
-, 9953736E-1

-.1357816E-1
-, 1359779E+0

- 3462530E-2
-, 2916322E-1

<L 7177373E-2 \941B34BE-2 .9945637E-2 . 4047293E-3
L 4e6e780E-2 ,B052224E-2 .1381003E-1 ,4427852E-2
MARCH , SEPTEMBER
S oW - SE W -t NW - NE
3946133E+0 L 2793407E+0 . 5793743E+0 B342525E+0
\3425205E+0 ,3384074E+0 ,2351007E+0 1377892E+Q

-, 4428783E-1
-, 2405340E+0
,23BBB3I7E~-1
.1858643E-1

-.4079404E-1
=.1213074E+0
,1282408E-1
.6B3BZI6E-2

- 2944 P13E-}
-, 1735935E+0

-, 1973185E-~1
-, 1797894E+Q

] S T T} T . s

,3BY8929E+0
1997252840
-, 1290323E-1
-, 31%6495E+0

.299383BE+D
\2519035E+0
-, 24972711
-, 2049961E+0

1B42390E-1 . 1212141E~1
.1019958E-1  ,1774111E~1
W-E NW = NE
1475811E+0 . 4112601E+0
L3496385E+0 . 2276654E+0

~.39374469E-1
-, 77942881

-.2793052E~1
-.2180554E+0

 4027730€E-1 . 2344580E-1 V9696632E-2 L2643956E~1
-.1004%01E-2 L92B4214E-2 .11B6975E-2  |1021759E-1
=========:===========:==:====================%$é%ﬁ;:==

TABLE 6 — COEFFICIENTS FOR DIFFUSE RADIATION AND ALBEDO

SIDE FINS QVERHANGS
DIFFUSE RAD. ALBEDG DIFFUSE RAD. ALBEDO
.B064304E+0  .5740172E+0  .7093850E+0  .1000000E+1
-,1791048E~1  ,3447472E-8  .12590S9E+0 . .0000000E+0
,3870970E-2 ~.2313454E-9 -.1388585E-1 - ,0000000E+0
.F154904E~1  .122871BE+Q -,1044224E+Q  .0000000E+0
-.1086153E-1 =-.1242198E-1  .1104418E~1  .000000QE+D
(1277012E-2 ~-.7988831E-9  ,3940083E-2

SRR EEERC=SERSSSESSTSCRCINSSSSSSTSSSSISISISSSSSISSTS==S

.0000000E+D
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By example the direct radiation coefficient, FD, for a window facing east with a side fin on the left,

can be calculated, for the month of June, as:

FD = 8978539 — 07058647 X + 006352358 X2 + 1056831 Y — 01588301 Y2 + 005786315 XY

Therefore, for example, given a window with a=1.5 m, b=0.30 m, and c=1m it results:
X=5 Y=333 Fp=0975

if side fins and overhangs as herewith described are present at the same time, there is no shadow
overlapping, and the. shaded fractions (1-F) can be summed up (caution should be paid only for
reflected radiation as the amount of energy on the inner surface of each fin could be affected by the
other shading components).
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List of symbols

o Q

Subscripts |

L
b
a
t
S

- O

® 3 O

S C O P Aa QO x — &

incidence angle

radiation flux

extinction coefficient

reflectance

absorptance

transmittance

electromagnetic radiation wavelength
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1. Optical properties of glazing materials

Fenestration, term used for any light transmitting opening in a building envelope, usually includes
glazing materials and shading devices.

Glazing materials commonly used are glass or plastic sheets and other materials having good light
transmittance. The shading devices, applied for both glass protection and privacy, are draperies,
venetian blinds and roller shades.

The optical properties of window glazing materials have been measured extensively only for the
so-called clear glass, even though some of the most widely-used optical data originates before
plate glass was almost completely replaced with glass produced by the modem float process. For
other glazing materials the available data are contradictory and incomplete.

The optical properties of glass to be considered are the index of refraction and the absorptivity. -
Both characteristics are functions of the wavelength of the incident radiation. Ordinary glass
transmits the shorter wavelength (0.2 to 3 um) with relative ease, whereas it is entirely opaque to
the longer wavelenghts range. Only the performance within the former range needs to be
considered, therefore, with respect to absorption and index of refraction. For all practical purposes
both of these properties can be considered to remain constant throughout the wavelength range of
the solar spectrum. |

The index of refraction is a measure of the degree to which a radiant ray is bent toward the
perpendicular to the surface of a substance of high density, through which it has to pass, from a

substance of lesser density such as air. The index of refraction is defined by Snell's law, as the
ratio of the sine of the angle of incidence, 91, to the sine of the angle of the refracted ray, 83,

(Fig. 1):

n = sin(9 1) / sin(¥7) (1)

A value of n=1.526 is a common assumption for glass.
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Fig. 1 - The phenomenon of refraction and reflection

Reflection of radiant waves from either surface of the transparent substance is closely related to
this property, and can be expressed by suitable relationships derived by Fresnel; e.g. for
nonpolarized radiation: '

It 4 T sin2®291)  tand(92-0p) 1

_= —, +
I3 2 Lsin®02491)  tandld+9y) |

@)

where |1 is the incident radiation and |3 the backward reflected component.

The remaining part lp, forward transmitted inside the glazing material, is affected by the
absorption characteristics of the glass, dependent upon its chemical constituents. E.g. ferric and
ferrous oxides are two compounds used to increase the absorption of glass for solar radiation. The
former is strongly absorbent in the ultra-violet portion and various degrees of absorption are
obtained by controlling the quantities of these two compounds. The thickness of the glass sheet is
also a factor in reducing the energy of the ray inside the glass.

Such effects can be described by Bourger's law, providing the ratio between the intensity of the
radiation I_after a lenght L and the initial one I».

i/l = ek (3)
where K is the extinction coefficient of the considered material.

When reaching the opposite surracé_ of the glazing material, the ray is partially transmitted (thus
exiting the glass pane) and partially reflected again into the glass (thus generating multiple
reflection-absorption phenomena as shown in Fig. 2).

._\

§




Fig. 2 - Multiple reflection and refraction inside a glass pane

By suitably summing up these multiple effects, overall reflectance p, absorptance o and
transmittance t can be defined for the considered glass pane:

p=Ip'ly (4)
a= o/l (5)
T= Wl (6)

where I, I3 and | are the total radiations reflected outside, absorbed and transmitted through the

glass sheet.

The glass manufacturer can control such properties of his product over wide range by resorting to
two basic techniques: the addition of suitable chemicals (mainly oxides, as above mentioned) to the
mass of the glass, or the addition of coatings or films on the surface of the glass.

The first way allows for the control of the absorptance and therefore of the transmittance with
minor effect on reflectance; the second one can be used either for reflection and absorption purpose,
although the use for reflectance control is more common practice.

It must be stressed that, when a heat-absorbing coating is applied to a clear glass, the resulting
increase in temperature may be great enough under severe conditions to cause excessive
expansion, and cracking is likely to occur if adequate proviéion has not been made for this
contingency.
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Moreover, it should be noted that absorbing glasses do not reject the absorbed heat completely:
part of it is transmitted by convection and infrared radiation, as shown in § 3.

As far as surface treatments are concerned, during the past years many techniques, which can
materially increase the reflectance for solar radiation, have become available. These include
durable ceramic coatings with reflectances up to 0.25, adhesive metalized films with reflectances
from 0.22 to 0.45, and vacuum-deposited metaliic films with relatively high reflectance for longwave
as well as solar radiation. The latter are, in general, not sufficiently durable for use where they
must be washed and so they are finding their place in laminated glass, which retains the high
reflectance but protects the film, and in insulating windows (double glazing).

Ceramic coatings are both durable (in some cases they are harder than the base glass) and have
low longwave emittance. The metallic coatings which produce the high solar reflectances
mentioned proviously also have low longwave emittances, but when they are used in laminated
glass, they do not alter the glass emittance.

Organic coatings instead, used for increasing the absorptance, have a slightly higher longwave
emittance than the 0.84 now recommended for use with glass, but the effect on the surface
coefficients is too small to be considered.

Emittance values down to 0.2 and 0.1 for hard and soft coatings respectively have been so far
achieved. A reduction in the emittance of the glass surface can cause a marked reduction in the
inner surface coefficient and therefore exerts a strong influence upon both the window U-value and
the inward-flowing fraction of the absorbed radiation.

The optical properties T, and o of some glass sheets available on the market are shown as a
function of wavelength (Fig. 3) and of the angle of incidence (Fig. 4).
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Fig. 3 - Optical properties of some glasses as a function of incidence angle [1], [2]:
A: common window glass (3 mm)
B: soda-lime glass (6 mm)
C: green heat absorbing plate (6 mm)
D: solar reflecting glass 35/22
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Fig. 4 : Spectral transmittance for typical architectural glass [ 1 ]:
1: common window glass (3 mm)
2: gray heat-absorbing plate (6 mm)
3: green heat-absorbing plate (6 mm)

4.3,



4.3. -6 -

2. Optical ‘o5 of shading devi

Fenestration in residential and commercial buildings is often combined with shading devices, namely
draperies, venetian blinds, rolling shutters etc. A choice of shading devices invoives several
considerations related to the ditferent tasks which such elements have to perform.

Shading devices are sometimes depended upon to give a certain degree of privacy. When draperies
are closed, two major factors determine the degree of privacy: closeness of weave and on which
side the major illumination is with respect to the side on which privacy is desired.

As far as comfort conditions are concerned, radiant energy protection and brightness control shall
be considered.

Thermal comfort depends on severai factors including not only the temperature of air but also the
temperatures of surrounding surfaces. A relatively cold surface nearby, such as a bare glass in
winter, can have a strong effect on a person's comfort: as well as sources of heat as warm glass
or direct sun radiation. Shading devices must therefore be suitably placed on the interior or the
exterior of the window in order to avoid common mistakes as, for example, interior absorbing
curtains which are easily overheated by the sun if no additional external devices are present.

Light colored shading devices possessing the greatest total surface area usually provide the best
protection as they reflect back outdoors a portion of the entering radiation, and the air conditioning
system, if present, is able to pick up by convection the heat they have absorbed, thereby keeping
their surfaces relatively cool. This results in minimum re-radiation.

Eye comfort is essential in most occupied spaces. Direct sunlight should not strike the eye, neither
should bright glare or'light from “too bright™ surfaces. Thus, indoor shading devices transmitting
light to indoors should be of an off-white color so that when exposed to full sunlight the surface is
not too bright.

When two indoor shading devices are used, the one on the indoor side (away from the window)
should be the darker, and usually the more open of the two so that it can be used as a brightness
control for the other shading device: or, when used alone it can provide brightness reduction for the

outdoor view.




Similarly to glasses, the relevant solar optical propeties of shading devices are the reflectance,
absortpance and transmittance of the material in respect to solar radiation. However, three basic
types of shading devices must be separately considered.

A relatively thin layer of material, such as a sheet of paper, having radiation impinging upon it,
may be described in- terms of reflectance and transmittance, with the remainder to make up unity
being attributed to absorptance, as for a sheet of glass.

A fabric instead, must be regarded as a grid that is a layer or sheet with parts of the area
missing. The reflectance of the fabric is, therefo;e. the reflectance of the surface itself times the
fraction of the surface that is present, meaning the total area minus the openings. The
transmittance of the fabric is the transmittance of the sheet times the area which is present, plus
the fraction of the surface that is absent.

Yarn is made up of many fibers, twisted and plied. A woyen fabric is, therefore, not exactly like a
thin layer or sheet because radiation is believed to be reflected from fiber to fiber and thence
through the fabric or through the openings between yarns, even if the fibers are themselves opéque
to the radiation involved. The radiation comes out of the other side in diffuse form. Also, if the
fibers are transparent, diffraction, reflection, muitiple absorption and considerable refiection back
toward the source take place.

Data for draperies of different closeness can be found, for example in [ 3 ] as shown in Fig. 5.

Such effects are significant even in the case of venetian blinds, where the single sheets of metal
are completely separated from each other and can be filted at occupant's choice.
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3. Characteristic parameters of solar performance

The phenomena taking place in a fenestration affected by the sun, can be suitably modelized in
order to define bufk thermo-optical properties of the window considered [ 6 ].

For a window subject to solar radiation, multiple reflections on the surfaces can be observed,
depending on the angle of incidence, and accompanied by the absorption of a certain quantity of
energy through glasses and screens: if their optical properties are known, as a function of the angle
of incidence, it is possible to calculate both solar energy directly transmitted into the building and
the various quantities absorbed by each element affecting the windows thermal balance (Fig. 6).
This balance can be spread into some thermal sub-balances (Fig. 7).

a) For every j-th surface of glass pane or screen the following equation can be written

[Ac+Qi+Gp+Gali=0 (7)

-
-

\e i
N
I

Fig. 6 - Heat fluxes in a window subjet to solar radiation

- %
{a) (b}

Fig. 7 - Thermal balances on the surfaces of the window's elements
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where:

qc : convection heat flow rate
gj : mutual radiation (infrared) heat flow rate
dp : conduction heat flow rate
Qa : absorbed solar heat gain.

b) For the air inside the h-th air gap, the following balance can be applied:
[Zgc]h = 0 (8)

Zq. being the sum of all convective heat fluxes exchanged by the air with the surfaces delimiting

the gap considered.

Once every heat flux has been expressed according to the principles of heat transfer, a system of
algebraic equations can be set up, whose unknows are the temperatures of the various elements
composing the window.

By solving such thermal batance the unknown temperatures can be obtained; hence it is possible to
evaluate the various thermal fluxes transmitted by the examined window at any hour of the day,
due to the solar radiation and to the temperature difference between internal and external air;
moreover, it is possible to distinguish the solar heat gain passing directly through the window from
the one that, being absorbed, warms it up and is partially released by convection and infrared
radiation to the room: the distribution between these different heat fluxes, as will be seen later, is
quite different from one type of window to another.

According to ASHRAE [1] the heat flux q exchanged through a window subject to the air
temperature difference At, and to solar radiation, can be expressed with reasonable
approximation by superimposing these two effects as the algebraic sum of a part (q1) due to the
mere difference of temperature, and of another part due only to the solar radiation (g2):

4=q1+q2 (9)

The component g4 can be determined by means of the overall heat transfer coefficient U:




-1 - §.3.

The thermal flux g2 is constituted, as already mentioned, by the radiation directly transmitted,
mainly in the visible and near infrared field { q), and, as a consequence of the overheating due to
the absorbed radiation, by the heat fluxes exchanged by radiation in the far infrared ( qj) and by
convection { qg). Consequently:

42= qr+ Qi+ qc (11)

Such flux can be expressed by means of the so called "shading coefficient” C'g introduced by
ASHRAE, defined as the ratio between the heat flux qo through the window considered (evaluated
with nil air temperature difference), and the corresponding heat flux g*» for the single strength

clear glass taken as a reference:
Cs=q2/q" o 12)

It is to be noted that, within this definition, g2 and q*» refer to the effects of total (direct plus

diffuse) solar radiation, thus assuming a conventional propotion of direct to diffuse.

The usefulness of this parameter lies in the fact that usually it shows little variation over a wide

range of the angle of incidence of the sun rays (this assumption shall be discussed later on). So,
knowing the hourly values of g2, as a function of latitude, of the time of the year and of the

window's orientation (data available in tables, [1]) it is possible to evaluate, the corresponding
values of the heat fiux transmitted by any window by means of Cg mean value of C'g, over the

sunshine period.

It is nevertheless clear that it is not possible in this way to evaluate the various solar heat gains
separately, and particularly to distinguish between the short wave radiation q, and the

components qj and qc, which are very significant with absorbing glasses.

Whenever the knowledge of the coefficient C'g only is not sufficient, it is convenient to introduce
three similar coefficients C'r, C'j, C', defined as follows:

Cr=q/q"2 Ci=qyq"2 C'e=qp/a"2 - (13)



“-3- - 12 -

together with their related mean values C, C;, C, and C

Consequently, also:
Cs=Cr+Cj+Ce (14)

The knowledge of the various heat flux components released to the room consents to the
considered window being better described. Moreover, proper transfer functions can be applied to
every heat flux when the room's thermal load has to be calculated under unsteady state conditions

(11

All these parameters can be evaluated while performing the above described detailed calculations
and once known, they allow the thermal flux g and its various constituents to be easily determined
according to the above seen equations.

Since the heat fluxes which take place in the considered physical system (the window components
connectad to a room) are non-linear functions of temperature levels and temperature differences,
the following assumptions have been used in the calculations.

As the temperature differences between the inner surfaces are relatively small, the mutual
radiation heat exchanges have been linearized although assuming a radiation coefficient dependent
on the third power of the mean temperature of the surfaces. For the evoluation of the radiation
heat exchanges on the inner surface of the window system in order to establish a reference
condition, the surface temperature of the inner ambient has been assumed equal to the inner air
temperature.

While the external surface heat transfer coefficient in supposed to be constant and equai to 23
W/m2K, for the inner surfaces and the air gaps, instead, the heat transfer coefficients have been
considered temperature dependent accordingto[4],[9]),{ 10] and [ 11 ] to improve the accuracy
of the calculations.

As a result of the above assumptions the U and C coefficients are temperature dependent;
nevertheless calculation tests specifically performed for this purpose have shown a weak
dependence of them on temperature and temperature differences within the range of interest of
building physics. Thus the superimposition of effects as per eq. (9) can provide a satisfactory
approximation for practical applications. :
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The thermal and optical parameters of several types of windows have been calculated with
reference to the most common combinations of glasses and screens found in buildings. Specifically,
the elements in Table 1 have been considered; to roughly qualify the various types of glass and
screens, the values of Tand p at nomal incidence are given.

The screens are indentified by capital letters, the gaps (air or Argon filled) with small letters and
the glass types with numbers.

For the vertical blinds and venetian blinds, it should be observed that their optical properties have
been approximated because, strictly speaking, the portion of direct radiation crossing them may be
relevant and depends greatly on the incidence angle, especially when they are partially open; the
cases herewith considered refer to a tilt angle of the strips adjusted to fully intercept the diract sun
rays.

Whenever a coated glass (glass types 3, 4, 5 and 6 on Table 2) has been.considered, the treated
surface has been placed on the internal surface.for single glazings and inside the gap in the cases
of double glazing.

Some commonly used combinations of such elements (identified by a graphic sketch and by an

alphanumerical sequence adopting the classification of Table 1) are shown in Table 2 together with
their coefficients Gy, C, C¢, Cg: for each case the U-value (expressed in W/m2 K) is also given.

The gaps between two glasses have been considered always close; when the gaps are bounded by
one of the screens previously mentioned, however, both extreme hypothesis of air-tight and
completely open air gaps have been considered; this last case is modelized by assuming the air
temperature to be the same on both sides of the screen; the choice of a suitable intermediate value
of the characteristic parameters therefore is left to the designer's experience.

The calculation of the U-values has been performed with reference to an internal temperature of
20°C and to an external temperature of 0°C.

As far as the C coefficients are concerned, they have been evaluated at 20°C for a South facing
orientation and with nil temperature difference across the window. The solar radiation pattern
corresponds to January 21 at 45 N latitude; calculation tests have shown that the influence of the
latitude is small at least in the range of the european latitudes, while more significant is the
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influence of the time of the year; this fact is strictly connected to the more general problem of the
influence of the angle of incidence on the coefficients of shading. A practical approach for taking

into account this influence has been provided [8]. In Fig. 8, the calculated values of the shading
coefficient C'g and of its three components C'y, Cjand C'; as functions of the angle of incidence

¥ of the solar radiation, is shown for some of the considered types of glazing.

Table 1 — WINDOW ELEMENT CHARACTERISTICS

CODES  ELEMENTS DESCRIPTION ' T p
1: REFERENCE SODA-LIME GLASS 3mm [ 2] 088 0.08
2: SODA-LIME GLASS 6 mm [ 2] 0.78 0.07
3: THERMOSIV [ 7] 051 0.15
4: ARGENTO 32 (7] 0.30 0.13
5: SOLAR REFLECTING GLASS 3522 [2] 02 0.19
6: SOLAR REFLECTING GLASS 24-28 [2] 028 0.19
7: GREEN HEAT-ABSORBING GLASS 6 mm [2] 047 0.04
A:  LIGHT VENETIAN BLINDS [ 1] 005 0.55
B:  DARK VENETIAN BLINDS [ 1] 005 0.35
C:  OPEN WEAVE SHADE[1] 060 0.30
D:  SEMI-OPEN WEAVE SHADE [ 1] 0.30 0.5
E:  CLOSED WEAVE SHADE[1] 007 0.08
F: LIGHT VERTICAL BLINDS [5] 0.34 059
G:  DARK VERTICAL BLINDS [5] 0.34 0.33
a: AIRGAP9mm
b: AIR GAP 12 mm
c: AIR GAP 100 mm
d: AIR GAP 200 mm
e :  ARGON GAP 12 mm
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Table 2 — CHARACTERISTIC PARAMETERS FOR DIFFERENT TYPES OF WINDOWS

4.3.

23 .10 .03 .36 4.32

Sect.1 AIR PERVIOUS SCREEN AIR TIGHT SCREEN
‘ CODE Cr Cc Ci Cs U Cr Cc Ci Cs U
N A 1dA 05 .22 13 .40 4.81| .05 .10 .18 .33 2.72
‘ 1dB 05 .32 .18 .55 * 05 15 25 45 °
: 1dC 60 .05 .04 .69 481 .60 .03 .05 .68 2.78
' 1dD 30 .21 .16 .67 * 30 .14 18 .62 "
; 1dE 07 41 27 75 " 07 .27 .31 65 "
: 1dF 35 .04 .04 43 35 .02 .04 41 ¢
y 1dG 34 16 12 62 " 34 10 14 .58 "
/ / 1 .87 .01 .02 1.00 6.33
Sect.2 AIR PERVIOUS SCREEN AIR TIGHT SCREEN
CODE Cr Cc Ci Cs U Cr Cc Ci Cs U
NA 2dA 04 22 13 .39 4.73) .04 .09 .18 .31 2.70
! 2dB 04 30 .17 51 " 04 14 24 42 -
! 2dC 52 .07 .05 64 4.72| 52 .04 .06 .62 2.76
: 2dD 26 21 14 61 " 26 .13 .17 56 "
: 2dE 06 .38 .24 68 " 06 24 29 .59 *
! 2dF 30 .07 .04 41 " 30 .03 .05 .38
/ /', 2dG 29 17 19 57 " .29 10 43 52 "
2 84 02 04 90 6.19
Sect.3 AIR PERVIOUS SCREEN AIR TIGHT SCREEN
, CODE Cr Cc Ci Cs U Cr Cc Ci Cs U
/ y4 4dA 02 .19 .09 .30 451 .02 .05 .14 .21 252
: 4dB 02 22 11 35 " 02 .04 18 .24 *
: 4dC 21 13 .05 .39 450/ .21 .05 .07 .33 254
: 4dD A1 .19 .09 .39 * A1 .08 12 31 "
; 4dE 02 .25 13 .40 " 02 13 .17 .32 "
! 4dF 13 .14 05 .32 " 13 .05 .07 .25
/ /', 4d G A2 17 .08 .37 " 42 .07 10 .29 "
4 34 08 09 .51 576
Sect.4 AIR PERVIOUS SCREEN AIR TIGHT SCREEN
/ CODE| €Cr Cc Ci Cs U Cr Cc Ci Cs U
// A 5dA 01 .16 .06 .23 353 .01 .05 .10 .16 1.69
! 5dB .01 .18 .08 .27 " 01 .05 .12 .18 "
' 5dC A5 41 .03 .29 353 .15 .03 .05 .23 1.63
. 5dD 07 16 .06 .29 " 07 06 .09 22 "
X 5dE 02 20 .10 32 " 02 09 .13 24 -
! 5dF 09 .12 .03 .24 " .09 .03 .05 .17 "
/ /:/ 5dG 08 .14 .05 27 * 08 .05 .08 .21 "
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Table 2— Cont.
Sect.5 AIR PERVIOUS SCREEN AIR TIGHT SCREEN
CODE Cr Cc Ci Cs U Cr Cc Ci Cs U
/ A "l6dA 02 17 .07 26 353 .02 .05 .11 .18 1.69
' 6dB 02 19 .09 30 - 02 05 .15 .22
! 6dC 19 11 .03 .33 353 .19 .03 .05 .27 1.63
. 6dD 09 .16 .07 .32 - 09 .07 10 .26 *~
: 6dE 02 .22 12 36 ° 02 11 15 .28 "
: 6dF A1 11 .03 .25 - A1 03 .05 .19 "
/ /:, 6dG A1 14 06 31 - A1 .05 .08 .24 "
{6 29 .09 .03 .41 4.32
Sect.6 AIR PERVIOUS SCREEN AIR TIGHT SCREEN
CODE Cr C¢c Ci Cs U Cr Cc Ci Cs U
AN A 7dA 02 23 10 .35 473 .02 .06 .17 .25 2.70
| 7dB 02 27 13 42 ¢ 02 07 20 .29 "
' 7dC 30 13 .06 .49 4.72] 30 .05 .08 .43 2.76
' 7dD A5 2t 11 .47 ¢ 15 10 14 39 °
' 7dE 03 .29 .17 .49 " 03 17 21 41 "
' 7dF 17 13 .06 .36 - 17 .05 .08 .30 "
/ /', 7dG 17 .18 10 .45 - A7 09 12 .38 "
7 49 07 .10 .66 6.19
Sect.7 AIR PERVIOUS SCREEN AIR TIGHT SCREEN
CODE Cr Cc Ci Cs U Cr Cc Ci Cs U.
A / V4 1b1dA .04 25 .15 44 257 .04 08 24 .36 1.93
' ib1dB| .04 33 .20 .57 " 04 13 31 .48 -
! 1Tb1dC| .52 .09 .05 .66 2.55 52 .05 07 .64 1.91
! 1b1dD| .26 .25 .15 .66 " 26 .16 20 .62 -
: 1b1dE| .06 .44 .25 .75 " 06 .28 33 .67 "
! 1bidF| .31 .09 .05 .45 -~ 21 .04 07 .42 "
/ |/ /', 1b1dG| .30 .20 .12 .62 - 30 12 16 .58 "
11 84 02 .04 90 3.01
Sect.8 AIR PERVIOUS SCREEN AIR TIGHT SCREEN
CODE Cr Cc Ci Cs U Cr Cc Ci Cs U
/ / A 1d1dA] .04 25 .15 44 236 .04 08 .24 .36 1.74
‘' - Hd1dBl .04 34 20 .58 - .04 13 32 49
' id1dC| .52 .09 .05 .66 2.36] .52 .05 .07 .64 1.76
o 1d1dD] .26 .26 .15 67 " 26 16 .20 .62 "
. 1d1dE[ .06 44 .25 75 - .06 29 33 68 "
: 1d1dF} .31 .09 .05 45 * 31 .04 07 42 -
v 1d1dG| 30 .20 .12 62 * 30 12 16 .58 "
Vv / 1d1 84 .02 .04 .90 2.76
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Table 2 — Cont. ’
Sect.9 / AIR PERVIOUS SCREEN AIR TIGHT SCREEN
.| CODE Cr Cc Ci Cs U Cr Cc Ci Cs U
NA A 2b2dAl .03 27 .13 .43 2.52] .03 .1_:09 23 .35 1.83
: 2b2dB .03 .33 .17 .53 " 03 06 .32 .41 "
' 2b2dC| .38 .14 .06 .58 2.52 .38 .07 .10 .55 1.86
. 2b2dD .19 .26 .14 .59 " 18 15 19 .53 "
I 2b2dE| .04 39 .21 .64 " 04 24 28 .56 "
: 2b2dF .22 .15 .06 .43 * 22 07 1D .39 -
/ |/ /', 2b2d@ .22 22 .11 .55 " 22 12 .16 .50 "
. 2b2 62 .06 .09 .77 2.95
Sect.10 AIR PERVIOUS SCREEN AR TIGHT SCREEN
' : CODE | Cr Cc Ci Cs U Cr Cc Ci Cs U
( / A 3b2dA .03 .22 .11 .36 1.66/ .03 .09 .20 .32 1.34
! 3b2dB .03 .26 .13 .42 " 03 .09 24 .36 "
! 3b2dC 27 .12 .06 .45 168 .27 .06 .09 .42 1.35
: 3b2dD .13 .21 .11 .45 " A3 12 16 .41 "
! 3b2dE| .03 .30 .16 .49 " 03 .18 23 .44
! 3b2dF .16 .14 .06 .36 " 16 .07 10 .33 "
av, /', 3b2dG .15 .18 .09 .42 " A5 10 14 .39 "
3b2 43 05 .07 .55 1.85
Sect.11 . AIR PERVIOUS SCREEN AIR TIGHT SCREEN
CODE Cr Cc Ci Cs U Cr Cc Ci Cs U
NAA 2b3dA .03 .28 .13 .42 1.66 .03 .11 .23 .37 1.34
+ - pbadBl .03 31 .15 .49 - 03 12 27 42 "
: Pb3dC| .28 .17 .07 .52 1.66 .28 .08 .12 48 1.35
' Pb3dD| 14 26 .12 .52 " 14 15 19 47 "
! >b3dE| .03 .35 .17 .55 " 03 .21 25 .49 -
; 2b3dF| .17 .19 .07 .43 " 17 .09 .13 .39  °
2 /', f:bade 16 24 11 51 - 16 13 17 .46 "
2b3 43 08 11 .62 1.85
Sect.12 AIR PERVIOUS SCREEN AIR TIGHT SCREEN
CODE Cr Cc Ci Cs U Cr Cc Ci Cs U
A 4b2dA .01 17 .08 26 239 .01 .06 .13 .20 1.76
( ( : 4b2dB{ .01 .19 .09 .29 " 01 .06 .6 .23 "
' 4b2dC| .16 11 .05 .32 238 .16 .05 .08 .29 1.78
. 4b2dD| .08 .16 .08 .32 " 08 .08 .11 27 "
, 4b2dE .02 .21 .11 .34 * 02 .11 15 .28 -
, 4b2dF| .09 .12 .05 .26 ° 09 .05 .08 .22 "
v /:, 4b2dG| .09 .14 .07 .30 " 09 .07 10 .26 °
4b2 26 .05 .08 .39 2.77
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Table 2 — Cont.
Sect.13 AIR PERVIOUS SCREEN AIR TIGHT SCREEN
CODE Cr Cc Ci Cs U Cr Cc Ci Cs U
/ / A 5b2dA .01 .13 .06 .20 1.78] .01 .05 .11 .17 1.42
o I5b2dB .01 .14 .07 .22 - 01 .05 .12 .18 °
' ‘Ibb2dc .11 .08 .04 23 1.78] .11 04 06 .21 1.43
: 5b2dD .05 .12 .06 .23 " 05 .06 .09 .20 -
: 5b2dE| .01 .15 .08 .24 " 01 08 12 29 *
I 5b2dF .06 .09 .04 .19 * 06 .04 .07 A7 "
) v [sb2dG 06 41 .05 .22 - 06 .05 .08 .19 *
V- 5b 2 17 .04 .07 .28 2.00
|Sect.14 |AIR PERVIOUS SCREEN AIR TIGHT SCREEN
' CODE Cr Cc Ci Cs U Cr Cc Ci Cs U
ANA 6b2dA .01 44 .07 22 178/ .01 .05 .12 .18 1.42
' 6b2dB .01 .16 .08 .25 - 01 06 .14 21 "
; 6b2dcC{ .14 09 .04 .27 1.78] .14 04 07 .25 1.43
: 6b2dD .07 .13 .07 .27 * 07 .07 10 .24 "
: 6b2dE| 02 .18 .10 .30 - 02 .10 14 26 -
' 6b2dF .08 .10 .04 .22 ° 08 .05 .07 .20 -
/ |/ /:, 6b2dd .08 .12 .06 .26 " 08 .06 .09 .23 "
6b2 22 .04 .07 .33 2.00
Sect.15 AIR PERVIOUS SCREEN AIR TIGHT SCREEN
' CODE| Cr Cc Ci Cs U Cr Cc Ci Cs U
NN A 7b2dA 02 21 .10 .33 252 .02 07 .16 .25 1.83
; 7b2d® .02 .24 .12 .38 *~ .02 .08 .20 .30 -
o 7b2dQ .22 .13 .06 .41 252 .22 .06 .09 .37 1.86
: 7b2dd 41 .20 .10 .41 * A1 10 14 35 -~
o 7b2dE .03 .27 .14 .44 " 03 15 19 .37 -
' 7b2dF .13 .14 .06 .33 * 13 .06 .09 .28 *
/ |/ /', 7b2dd .13 .18 .08 .39 - A3 .09 12 34 "
. 7b2 36 06 .09 51 295
Sect.16 AIR PERVIOUS SCREEN AIR TIGHT SCREEN
: : CODE Cr Cc Ci Cs U Cr Cc Ci Cs U
NAN A [e7dA 02 34 43 49 252 02 42 .24 .38 1.83
: 2b7dB| .02 .36 .15 .53 " 02 13 26 .41 -
! 2b7dC| .22 25 .09 .56 252 .22 11 .15 .48 1.86
! 2b7dD] .11 32 .13 .56 ° A1 . 16 20 .47 "
: 2b7dE| .03 39 .17 59 * 03 21 25 .49 -
: 2b7dF] .13 .28 .09 .50 " 13 12 16 .41 "
v |2b7dG| .13 31 12 56 °* 13 15 18 .46 "
/Y o/ 2b7 36 .14 .18 .68 2.95
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Table 2 — Cont.
Sect.17 AIR PERVIOUS SCREEN AIR TIGHT SCREEN
CODE Cr Cc Ci Cs U Cr Cc Ci Cs U
A s /| [PcAcq 03 .08 .11 .22 200 .03 .08 .11 .22 1.77
! 2¢B¢? .03 .11 .15 29 " 03 .11 .15 29
:
]
:
:
:
1
/ d / 2d2 62 .06 .09 .77 2.70
Sect.18 AIR PERVIOUS SCREEN AIR TIGHT SCREEN
CODE Cr Cc Ci Cs U Cr Cc Ci Cs U
AN A/ i [Pa2a2dA 02 29 .13 .44 1.85) 02 .11 .23 .36 1.46
' pa2a2dB| .02 32 .15 49 02 12 27 41 ”
1 Pa2a2dC| .29 .18 .07 .54 1.85] 29 .09 .12 .50 1.47
' Pa2a2dD| .14 27 .13 54 - A4 15 19 48 "
' Pa2a2dE| .03 .36 .18 .57 " 03 22 26 .51 -
-~ ' Pa2a2dF| .17 .20 .07 .44 " 17 .09 .13 .39 *
/V / /;, .Fa2a2dG 16 .24 11 51 " 16 13 17 46 "
2a2a? 46 .08 .11 .65 2.09
Sect.19 AIR PERVIOUS SCREEN AIR TIGHT SCREEN
CODE Cr C¢c Ci Cs U Cr Cc Ci Cs U
K ( s 263dA .03 26 .15 .44 136 .03 .09 .27 .39 1.15
: 2e3dB 03 28 .18 .49 " 03 09 .31 .43 -
! 2¢3dC 28 .16 .08 .52 137 .28 .09 .12 .49 1.18
' 2e3dD 14 25 13 52 ° 14 15 19 .48 ~
! 2e3dE 03 .34 19 .56 " 03 22 26 .51 "
! 203dF 17 18 .08 .43 " A7 10 13 40 "
/ //', 263dG 16 23 12 51 " A6 14 A7 47 ¢
2e3 43 08 11 .62 155§
Sect.20 | AIR PERVIOUS SCREEN AIR TIGHT SCREEN
. CODE Cr Cc Ci Cs U Cr Cc Ci Cs U
/ / A 502dA 01 11 07 9 150 .01 .04 A1 .16 1.24
: 5e2dB 01 12 08 .21 " .01 .04 13 18 *
' 5e2dC A1 .07 .04 22 150 11 04 06 .21 1.27
' 5e2dD 05 .10 .06 .21 " 05 .06 .09 .20 "
: 5e2dE .01 .14 09 .24 " 01 .08 12 21 "
: 5e2de 06 .08 .04 .18 " 06 .04 06 A7 "
a, /'V 5e2dG 06 .10 .06 .22 - 06 05 .08 .20 "
562 17 .04 .06 .27 1.72
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It appears that the dependence of the coefficients on the angle can be relevant. Although
obviously the relative importance of the solar heat gain for high incidence angle is lower than for
near-normal incidence, the application of a constant value, as usually done, relies only on the
evaluation of a correctly weighed average over a suitable period. As a sample, in fig. 9 the houly
pattern of the shading coefficient for three different glass types is shown, along with the weighed
mean value Cg which ensures the correct evaluation of the total daily solar energy gain, while the
use of this last average cosfficient for hourly calculations of the solar heat gain produces an error
which nevertheless is not very significant. ‘
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On the other hand, since the solar pattern changes significantly as a function of the time of the
year and of the window azimuth, the analysis of the variations of Cg with these two variables

can be much more remarkable as shown in fig. 10 for various combinations of glasses and curtains.

For practical applications it would be interesting to take into account the variablility of the window
parameters with the minimum amount of effort and information. By observing the plots of C'g as

function of the angle of incidence, it can be shown (see fig. 11) that the angle of incidence
corresponding to the mean value (Cg) of the shading coefficient C'g at given orientation, fatitude

and time of the year, is almost independent on the type of glass among those here considered; such
value can be called "effective angle of incidence” ().

A further investigation has shown that the effective angle of incidence varies with the orientation -
and the time of the year as shown in fig. 12 for many types of glass.

Consequently the possiblity of defining an "effective angle of incidence™ as above discussed, allows
for an easy calculation of Cg under any condition, if the thermal-optical properties of the window

are described not by a unique value of shading coefficient as is usual at present, but by the pilot of
C's vs. O (possibily in polynomial form for numerical applications).
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1. Infroduction

4,41,

Many experimental techniques have been developed over the past years for determining the
solar-optical properties of the window components. In this pragraph a synthetic review of some

standard procedures will be briefly described.

2. Transmittance

Solar transmittance is usually determined starting from the spectral transmittance over the solar
range (0.2 to 3.0 um) measured by means of a spectrophotometer.

* The optical layout and the block diagram of a spectrophotometer are shown in Fig.1 and Fig. 2

respectively.

Light source selector mirror lautomatically opersted)

Deuterium lamp
Tungsten lamp

Prism

Entrance
shit Sector

mirror

Collimating mirror

Sample
UTtianqular beam path'
B marror

A Refarence
Enit stit beam path

PBLS ceil

A Detector selector mirror

Sector mirror

Fig. 1 - Optical layout of a spectrophotometer [1]

\ {sutomaticaily operated)

Detsctor (photomultiplier)
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Solid line [~} denotes siecirical components

Fig. 2 - Block diagram of a spactrophotometer [1]

The basic concept on which the system operrates iS to measure by means of a suitable detector, the
heat flux emitted by a monocromatic lamp with and without the sample to be tested, placed in
between (Fig. 3). The ratio between the two signals gives the monocromatic transmittance, ;3

T = ()7 ) s (1)

where (I, ) and ()" are the measured signals without the sample and with the sample at ¢

incidence, respectively.

] fl
B Fsensor] D Sewson

SAMPLE

Fig. 3 - Readings for the evaluation of spectral transmittance




By suitably changing the source, the spectral distribution of 1Ty s can be easily found.

The ratio between the integral {over the solar range A) of the spectral transmittance multiplied by
the standard solar spectral intensity and the integral of the solar.spectral intensity itself gives then
the solar transmittance for the considered angle of incidence -

9 =lA (sts JA @)sh - @

By suitably adjusting the sample, the measurements can be performed at different angles of
incidence. Nevertheless manufacturers usually provide only normal incidence properties, valuable in
classifying and identifying glasses, but not sufficient for a complete evaluation of their performance,
as the incidence angle of solar radiation on actual windows rarely approaches normal incidence.

Transmittance of window glass for the visible portion of the solar spectrum (between 0.4 and 0.7
um, can be determined from the spectral transmittance, or it can be measured by means of a
filtered light source and a photocell.

An alternative simplified procedure has been proposed in [2] for making quick determinations of the
solar-optical properties of glass, as shown in Fig. 4. This instrument consists of a normal incidence
pyroheliometer attached to a tilting mount; between the sun and the-pyroheliometer is placed a
rotatable sample-holder which can vary the angle of incidence between the solar ray and the sample
from 0 to 80 deg. A reading of solar radiation intensity with no glass in the holder, divided by an
immediately subsequent reading with the glass in place at the desired incident angle, gives the
‘transmittance at that particular angle. the entire range of incident angles can be covered in a few
minutes during the middle of a clear day, when there is little variation in the intensity-of the direct
solar beam.
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Fig. 4 - Apparatus for the evaluation of solar directional properties, according to [1]

3. Reflectance

A suitable device assembly of deflecting mirrors added to a spectrophotometer allows for measuring
also the reflectance of a given surface.

The device consists of three mirrors deflecting the incident rays emitted by the source and
readdressing it to the detector again: in this case, however, the evaluation of the intensities () and
()" without and with the sample surface requires certain rearrangements of the deflecting mirrors

(see Fig. 5).




MIRROR a MIRRIR ¢

SENSOR

LJ

SENSOR |
MIRROR b

SAMPLE

Fig. 5 - Readings for the evaluation of speciral reflectance

It is important o mention that the ratio between the two measurements provides p2 and not p,
because of the two reflections on the surface to be tested

02 = ()7 (W) (3)

The abovedescribed device does not allow for evaluating 3 incidence angles below 8=6 deg; even
measurements at high incidence angles may become inaccurate because of the spread of the

reflected components due to the thickness of the glass sheet {see Fig. 6).

In this case the rays can fall onto a wider area of the sensor, whose sensitivity is not uniform on its
surface.
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Fig. 6 - Spread effect due to sample thickness

For accurate measurement of the reflectance at normal incidence, a suitable optical apparatus is

usually applied (Fig. 7).

-

SAMPLE (R
REFERENCE SURFACE

BEAM SPLITTER

MIRRORN———— =

41

oy

/]

/

1 DETECTOR

Fig. 7 - Apparatus for the evaluation of spectral reflectance
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In this case, however, the measurements require a reference surface whose reflectivity is known.

As already seen for transmittance, also the solar reflectance can be calculated by suitably
integrating the spectral reflectance.

A direct mean of measuring the solar reflectance is the previously described instrument proposed in
[2), since the pyroheliometer can be mounted on an arm which enables it to rotate around the glass
sample without disturbing the incident angle setting. The reflected energy is measured by simply
rotating the pyroheliometer to the angle of rejection and reading the intensity of the reflected beam.

4. Absorptance
When the transmittance and reflectance are known, absorptance is found by
o =1 - (TatPa) (4)

When the spectral values of transmittance and refiectance are available, the spectral absorptance
can be found and the total normal absorptance can then be found by the same integration process

as is used for the other two properties.
Absorptance can also be found from calorimetric measurements; in this case it is more convenient
to determine the refiectance as:

P = 1 — (o 9+T39) (5)

thus bypassing the problems described in § 2.

REFERENCES
[1) Perkin-Elmer Corp., Analytical Instruments, Technical Bulletins, Norwalk, Ct.

[2] Yellott, J.I., “Selective Reflectance: a New Approach for Solar Heat Control”,
ASHRAE Transaction, Vol. 70, ASHRAE NY, 1967.
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1. SOLAR CALORIMETERS

Measurement of solar energy transmission through window systems has histori-
cally been closely linked with a single piece of experimental apparatus, the
ASHRAE solar calorimeter [1]. This device, a diagram of which is shown in
figure 1, was used at the ASHRAE Research Laboratory in Cleveland, Ohio,
between 1048 and 1961 to study a series of fenestration systems in order to
predict air conditioning peak loads [2-18]. This data was used to arrive at the
concept of shading coefficient and to calculate many of the values for this quan-
tity found in ASHRAE Fundamentals. The calorimeter was subsequently moved
to the University of Florida, where work continued [19-20]. It is still used (pri-

marily for commercial testing). -

.- Blaochened Heal &bserding Surface
Cocled by Grid of Tubes

Woter Termperolura
/—Risn Megsurad Here

Storage
Glass [ Tank

!

1

:;7Iw;|l;c.

r

T

5

i

o SCHEMATIC DIAGRAM (=,
Simulated — OF CCOLING SYSTEM

woll

CALORIMETER USED TO MEASURE SOLAR HEAT
TRANSMITTED BY SHADEZD AND UNSHADEQ GLASS

Figure 1: Schematic arrangement of ASHRAE solar calorimeter and

cooling system [1].

A cross secton of the calorimeter is shown in figure 2 [20]. The sample opening is
1.22 m '(4 ft) square. Tem;ﬂerature control is provided by the fluid circulating in
the cylindrical walls, with natural convective heat transfer between the window
system and the collector. Similar calorimeters (see figure 3) have been built at
the University of Arizona [21].
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Figure 2: Cross section of ASHRAE solar calorimeter {20).

While originally the calorimeter was used to measure both nighttime U-values
and daytime heat gain, after the development of the shading coefficient concept it
was used for a direct measurement of the shading coefficient by holding the inside
air temperature equal to the outdoor temperature. Because the heat extraction is
through the absorber, if a window system transfers an appreciable part of the
incident solar energy to the interior air it is necessary to hold the absorber tem-
perature below air temperature in order to achieve equal indoor and outdoor air
temperature. In turn the radiative coupling between the window and the room is
altered. It is therefore not possible to measure the solar gain under the same con-
ditions that would be experienced in actual use, and for complex shading systems
it is not at all clear what experimental corrections one should make to account
for this. In practice, measured internal and external heat transfer coefficients are
converted to standard values using a method described by Yellott [22] for simple,
plane-parallel glazing systems (i.e., systems which present parallel glass surfaces
to the indoor and outdoor environments), with no correction whatever being

made when the window system is more complex (e.g., drapes, blinds, shutters).
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Figure 3: Schematic cross-section of Yelott solar calorimeter [21].

2. LARGER FIELD-TEST FACILITIES

Because the original calorimeter methodology was developed for studying peak
loads, and because correction from measurement to actual conditions is uncertain
for complex fenestrations, more recent work has moved toward measurements at
full scale. A metering calorimeter has been introduced into the Passive Solar Test
Facility at the National Bureau of Standards [23] (see figure 4). As can be seen
from figure 5, this calorimeter has an interior which is designed to be very simifar
to that of a guarded hot box as described in ASTM Standard C-236. The
calorimeter has an aperture of 2.00 m (high) by 1.26 m, and sets inside a room of
the Passive Solar Test Facility, which acts as the guard for the calorimeter. Since
the exterior wall against which the metering calorimeter mounts has an opening of
1.54 m (high) by 1.22 m, the latter is the effective sample opening. This facility is

4.4.2.
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Figure 4a:
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Photograph of NBS/DOE passive solar test building [23].
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Figure 5: Schematic drawing of NBS metering calorimeter.

designed to measure net heat flow, i.e., the combined effects of U-value and shad-
ing coefficient under actual weather conditions with south-facing orientation.
Obviously, the interior conditions are artificial and are designed for test purposes
(specifically, separating radiative and conductive effects) rather than realistic
representation of an interior environment. Reference 23 contains sll of the data
which has so far been published from this facility, which is currently inactive.

A room-sized calorimeter for testing windows also exists at the Owens-Corning
Research Laboratory (Granville, Ohio, USA). This is, however, a proprietary
facility and data from it, while occasionally released, is not generally publically
available. The facility is used in developing new products.

h.5.
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A large experimental building, the LESO, has been built at the Ecole Polytech-
nique Fédérale de Lausanne, Switzerland. Shown in figure 6, this facility consists
of nine south-facing, thermally isolated, occupied offices [24]. Heat and light

SOLAR WALLS ey

OCcCUPIED OFFICES ik

Figure 6: The LESO facility at the Ecole Polytechnique Fédérale,
Lausanne (Switzerland), Latitude 46 °5, Altitude 410 m.
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inputs to each office, air exchange rates and human occupancy are measured;’
entering solar energy is calculated from the solar flux incident on the building.
This facility is oriented toward the measurement of seasonal performance of large
(2.80 m x 7.20 m) wall sections which are passive solar systems; in this respect it is
similar to the 3 non-calorimeter rooms of the NBS Passive Solar Facility described

~above. However, the LESO is unique in its use of well-controlled, occupied spaces
as test modules and in its emphasis on comfort and occupancy effects along with
average thermal performance. The large number of identical test rooms is also a
significant advantage, allowing the simultaneous study of up to nine different
configurations.

The typical LESO measurement period is a full year. During this time measure-
ments of the average heating energy with the facade shaded are used to infer the
facade heat loss coefficient, for which +10% accuracy is claimed. Weekly-
averaged heat inputs and incident solar fluxes are used to determine the average
useful solar fraction, and relevant air and surface temperatures are integrated to
evaluate comfort performance. Additional information is inferred by modeling
the system with a.detailed simulation code. Occupancy-associated performance
fluctuations of up to 35% have been observed for solar systems. These are inter-
preted as primarily due to occupant behavior. The error sources to be dealt with
in using measurements of this type to determine fenestration net performance

have to some extent been discussed in the literature [25].

The PASSYS Project, a sizable program to deploy standardized calorimeters
among a number of European countries, is currently being undertaken by the
Commission of the European Communities [268]. The planned calorimeter {27,
shown in conceptual form in figures 7 and 8, appears to have a sample opening of
approximately 2.5-m square. It consists of a heavily-insulated shell, electric heat-
ing and a liquid-based cooling system. Since no provision is made for determining
the amount of solar energy stored in the calorimeter énvelope, it can be inferred
that the intent is at least initially to measure long-term average or pseudo-
steady-state performance. A discussion of some of the measurement issues in this
generic type of facility has appeared in the literature [28,29].

The PASSYS Project plans to erect initially two and later up to six of these
calorimeters at a chosen location in each of the participating countries. The first
are to be in operation during 1987. The first year of the three-year project will be
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devoted to determining the method by which subsequent measurements will be
made. As this research progresses it is obvious that instrumentation and design of
the calorimeters may change from the plans contained in figures 7 and 8. A
second goal of the research is to validate the detailed simulation program ESP

and to develop simplified design tools.
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Figure 7:©  The PASSYS Facility.
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Figure 8:

Details of the PASSYS Facility.
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A common feature of all of the existing room-sized facilities so far discussed is
that they make measurements which are averaged over one or more diurnal
cycles. The diurnal average will include in the measurement the thermal storage
effects of the measurement facility, and these effects significantly affect the frac-
tion of the incident solar energy which will be termed useful. It is therefore not

possible to generalize the measured results to other types of buildings and
facilities without employing some form of detailed numerical model of the test

facility. But the algorithms and assumptions contained in such a model are pre-
cisely those which are most critical to determining fenestration performance and
which are therefore most in need of a detailed empirical test. To make such a test
it is necessary ‘to measure the overall energy flows through the fenestration and in
the adjacent building space on a time scale short compared with that of the diur-
nal cycle.

A direct approach to this problem is being undertaken in the U.S.A. A room-
sized, twin-chamber calorimeter, the Mobile Window Thermal Test (MoWiTT)
Facility, has been developed at Lawrence Berkeley Laboratory [30,31]. This facil-
ity is shown in figures 9 and 10. It is designed to expose fenestration systems to
outdoor conditions and accurately measure the net energy flow as a function of
time, on a time scale short compared to that of a building, with interior condi-
tions which duplicate those of a room as nearly as possible. Simultaneous meas-
urement of two fenestration systems in the twin chambers allows a direct com-
parison of systems without the need to correct for different weather conditions in
sequential tests. The facility can be turned to study fenestrations in different
orientations, and can be moved to climates of interest. It will normally be used in
Reno, Nevada, which has both cold winter and hot summer conditions. Prelim-
inary hot-weather tests were carried out in Livermore, California.

Both the U-value and the shading coefficient can be extracted from the MoWiTT
measurements of net energy flow by taking into account the basic assumption of
the shading coeflicient methodology, namely,

¢=A(UAT + SF Iy), (1)

where ¢ is the net energy flow per unit time, A is the area of the fenestration, AT
is the diflerence between exterior and interior air temperatures, and I; is the
incident solar intensity. The U-value U and and solar factor SF are independent

of solar flux and air temperature, respectively, by assumption. (If this is not true,
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|dentical test chambers
with removable party wall

Adjustable heat loss and
air infiltration panel

Control and data
acquisition instrumentation

Skylights

Changeable windows
ond mounting systems

Variobte thermal mass
in floor system

Active guard-air insulation
in extertor walls

Figure 8a:  Conceptual drawing of the MoWIiTT Facility [24]. One of
the two measurement modules shown has been built to
date.

Figure 9b: MoWIiTT Facility at its field test site in Reno, Nevada,
U.S.A. Portable building at left contains data acquisition
and support facilities. '

4.4.2.
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then it is not possible to define either a solar factor or a shading coefficient.)
Equation (1) is then fit to the (time-dependent) measured values of ¢, AT, and g
to determine the constants U and SF. If this is done for the fenestration in ques-
tion and for a simultaneous measurement of a single-glazing sample of equal area,
then the shading coefficient SC is given by

Schnntnh'on
ST (2)

nnge ganng

5C =

If the data fitted is taken over those hours of the day during which shading
coefficients were normally measured with a solar calorimeter, then the resulting
shading coefficient should be comparable to that used by ASHRAE. In addition,
the quality of the fit to the data will give some estimate of the adequacy of the
constant-shading-coefficient approximation. By accumulating data over an
extended period, dependence of U/ and SF on other environmental conditions such
as wind speed, sky temperature, solar incidence angle, and beam/diffuse ratio can
be studied.

Outer envelope F’:':’:':’__'___:_::__:_:_:_?_—-—- Skylight somple
\fy‘ood frame with ' Removable ol
ibergloss insulation; ' emovable plugs

inner envelope
: \polyurgthone
nsulation

Large areq
heat flow sensors

Figure 10:  Cross section of a MoWITT calorimeter chamber, showing
mounting of a small-sized fenestration sample [24].
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3. FENESTRATION FIELD PERFORMANCE DATA

Data from the MoWiTT facility have recently become available [32-34]. Since
these represent the first short-time-scale measurements of the net heat flow
through fenestrations under field conditions (even the ASHRAE calorimeter meas-
urements are pseudo-steady-state), we will consider them in some detail.

Figures 11 and 12 [32] trace the diurnal behavior of the heat flow through single
glazing under summer conditions in- south- and east-facing orientations in Liver-
more, CA. These figures point out some of the complications attending a fit of
Eqn. 1 to measured data, namely, that diffuse solar radiation and partial shading
of the window due to its setback in the adjacent wall must both be accounted for.

In the later measurements of figures 13, 14, and 15, from [34], the effect of shading
is minimized by having essentially no window setback. These measurements were
made in Reno, Nevada, and are for spring/summer conditions. The measure-
ments include the simultaneous operation of both calorimeters; figures 13 and 14
represent simultaneous measurements. The curves in these figures represeﬁt Eqn.
1 with values for U and $F assumed e priori rather than derived by fitting the
data. As can be seen, the form of the curve appears to represent the shape of the

4.4.2,

data quite well, but the magnitudes of the day and nighttime maximum and

minimum heat flows are not represented well, indicating the difficulty of predict-
ing the magnitudes of the heat flows using ““textbook’ values for U and SF, even

when detailed on-site measurements of temperature and solar flux are available.

The particular problem the experimenters encountered in this data was the fact
that when the measurements were taken solar incident angles were much higher
than generally assumed, resulting in a shading coefficient for beam solar radiation
which is not slowly-varying with solar angle. In figure 14, for which the daytime
peaks seem to be reasonably well represented, a shading coefficient of 0.60 was
used to generate the curve, while the standard ASHRAE value (assuming an
incident angle of 30 °) would be 0.85. The details will be found in the references.

A similar correspondence between the general form of the Eqn. 1 calculation and

the measured data also holds for north-facing measurements, shown in figures 16,
17 and 18.
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One of the interesting features of these measurements includes a direct com- -
parison between frameless sealed insulating glass units which are of identical eon-
struction except that in one unit the number 3 glazing surface (as counted from
the outdoor side) has a low-emissivity (Low-E) sputtered coating. The overall
heat flows through this unit are those of figures 15 and 18. ‘

The direct measured comparison between the two units is shown in figure 19,
taken from [33]. This figure demonstrates that the eflect of adding a low-
emissivity coating is to reduce the magnitude of both daytime heat gain (due. to
absorption in the céating)‘and nighttiﬁie heat ‘loss. :\Nhile-ﬁhese measurements
were made under summer conditions, the same effect will occur under winter con-
ditions, when the solar heat gain may be beneficial. The evaluation of these coat-
ings should therefore be based on overall diurnal performance (including comfort
considerations aflecting the utilizability of daytime solar gain) rather than on a
simple comparison of nighttime U-values. Figure 20 graphs instantaneous meas-
urements of nighttime U-value [33].
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LIST OF SYMBOLS

SF solar factor (wﬁo]e system).

g total solar energy transmission coefficient (for glazing)
z reduction factor

SC shading coefficient

f fraction of window area
in relation to facade area

Ta direct solar transmission coefficient

Subscripts

w window
e exterior

i interior




1. INTRODUCTION

Summerly heat protection depends:on the energy permeability of transparent
external areasof the building (windows and fixed glazing including sun-
shading), its ratio to the total external area of the building, its.
orientation to the cardinal-points, the ventilation inside the rooms,

the heat storage capacity (particularly of inside partitions of the build-
ing) as well as on heat conduction of the non-transparent external areas
of the building under variable boundary cond1t1ons (day-time temperature
course and solar rad1at1on) :

4

Admitted]y,!the evaluation of solar gains through glazings and solar pro=~
tections may be based on energetical- aspects; it is, however, recommended
to consider the ]1ght1ng performance as well.

The determination-of values is carried out calorimetrically, spectrophoto-
metrically and, for some special cases, derived calculation procedures are
given {1]. In this chapter the estimations are carried out in an interna-
tional comparison. In chapters 4.3, 4.4.1 and 5.1 the phenomena and meas-
urement methods concerning energet1c and day11ght1ng properties are de-
scribed in greater deta11.

2, EFFICIENCY OF SOLAR PROTECTIONS

An effective sunshading for transparent external areas of a building can
be achieved through structural forms (as cantilevered roofs, balconies)

or by means of -exterior or interior sunshading devices (as e.g. window
shutters, slattered roller blinds, louvers, marquises and solar glazings).
Automatical sunshading devices can have an exceptionally favourable ef-
fect, but they are expensive and couild cause controil probTems. The mui-
tifunctional usage of building elements as constructive and overhang types
Tooks promising at first sight but they lack adaptability to actual solar
angles or overcast conditions. Moreover, those elements represent classic-
al thermal br1dges'which'tause increased heat transfer during the heating
season. ‘ ' ‘ ‘
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2.1 Energetic Evaluation

To make energetic evaluations of solar gains through glazing with and
without sunshading devices, different parameters are used internationally.
In most countries the Solar Factor (SF) is taken as a basis. Sometimes
this factor is determined as "total solar radiant heat transmission" [ZJ
and is defined as:

Fraction .of solar radiant heat at normal incidence that is transferred
through the glazing by all means. It is composed of the direct transmitt-.
ance and an appropriate fraction of the absorptance determined for the
"normal" exterior and.interior surface resistances. Where the glass surfa-
ces have: an emittance different from'that of ordinary glass, the surface-.
heat - transfer has to be-modified -appropriately (see also chapter 4.3).

In most countries the SF-factor is determined for the complete system
(glass including device). But in some countries the values for glazing
and sunshading device are given separately to reduce the measurement
effort. For glazing the total solar energy transmission coefficient (g),
and for sunshading devices a reduction factor in connection with glazing
{z) is determined. The SF-factors for the combination glass inclusive
sunshading result from multiplication of factors g and z:

SF = g»*z 1)

Physically seen, this method is not exact because the z-factor is influenc-
ed by the glass itself in case of a glass sunshading combination [3] and
therefore cannot be stated independently of the glass. ‘

In some countries the shading coefficient (SC) is used as common criterion
of window performance. The shading coefficient is the total solar heat
transmission of the window expressed as a fraction of the total solar

heat transmission through clear single glazing. The total transmission

is the sum of the direct transmission and the part of the absorbed
radiation that is released inwards. The reference level is that of a
notional clear single glass that has a total transmission of 87 per cent
of the incident energy.




Therefore the shading coefficient results to:

SF
sC = : - (2)
0.87 '

The shading coefficient depends upon the solar optical properties of the
glass and the material of the blind, on the coefficients of the geometry
of the blinds and the angular position of the sun [9].

The most efficient operation of Touvered blinds is achieved when they are

so adjusted ‘that the reflected radiation passes normally through the glass
as shown in Figure 1. Because the position of the sun changes continually

it is impracticable to keep louvers in the most efficient position and it

is general practice to make an initial setting, probably to somewhere near
the 45° position assumed in this report, and then leave the blind unchang-
ed until the sun is off the facade [9].

o = solar altitude
. or azimuth

Figure 1: Louvered blinds adjusted for maximum rejection of solar radia-
tion.
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In the following, the parameters used derived from the different standards

or publications in the participating countries are described:

- Federal Republic of Germany:

In Germany the standard values for g- and z-factors are combined
in DIN 4108 [4]. Productspecific deviations can occur in single
investigations or standard measurements [5]. In Table-1 the stan-
dardized z-factors are shown. The thereby resulting SF-factors for
double and triple glazing are shown in Table 2. Investigations [6]
rendered z-factors, shown in Figure 2, for different sunshading
devices in conjunction with a double glazing.

Table 1: Total solar energy transmission coefficient of glazing
‘(g-value), according to [4].

line glazing g
1.1 double-glazing out of clear glass 0.8
] .
1.2 triple-glazing out of clear glass 0.7
2 glass blocks / 0.6
3 multiple glazing with speciél glass /
(heat absorbing glass, antisun glass) 02-08




Table 2: Reduction factors of sunshading devijces in connection with
glazing (z-Factor), according to 4], and- the equivalent

4,5

SF-(SC-)factors for combination with double and triple glazing

, - , , (SC)
line sunshading devices z double triple
glazing glazing
1 lacking sunshading devices 1.00 0.80 0.70
(0.92) (0.80)
2 internal and between panes
2.1 woven fabric or foil 0.40-0.70 0.32-0.56 0.28-0.49
(0.46-0.80) (0.37-0.64) (0.32-0.56)
2.2 jalousies 0.50 0.40 0.35
(0.57) (0.46) (0.40)
3 external
3.1 jalousies, venetian slats, - 0.25 0.20 0.18
ventilated ‘ (0.29) (0.23) (0.21)
3.2 jalousies, slatted roller
blinds, window shutter, fixed 0.30 0.24 0.21
or venetian slats (0.39) (0.28) (0.24)
3.3 canopies, loggias 0.3 0.24 0.21
(0.34) (0.28) (0.24)
3.4 marquises, ventilated from 0.40 0.32 0.28
the top and sideways (0.46) (0.37) (0.32)
3.5 marquises in general 0.5 0.40 0.35
(0.57) (0.46) (0.40)
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. Figure 2: Reduction factor (z-factor) of various sunshading devices and
different orientations in combination with double glazing, ac-
.cording to [6].

- Italy:
In Italy normally the combined SF-factor for glass incl. sunshading
devices is used. In chapter 4.3. extensive examples in respect to

this are listed.

- Netherlands;

In the Netherlands the concept ZTA is commonly used for the solar
transmittance. ZTA is determined for 75 per cent direct radiation

at an angle of incidence of 45° plus 25 per cent diffuse radiation.

A computer model has been developed for calculation of the SF-factor
of window systems including venetian blinds [7]. Results are compiled
in Table 3. The different definition of ZTA compared to g is the




reason why the values for unshaded glazing units are lower than
those for example given in the German standard DIN 4108 [4] and
ASHRAE standard [8]. It appears that the SF-factor for double glaz-
ing with internal blinds is higher than for the same system with
single glazing only,

Table 3: Solar factor (SF) for a single and double glazed window system
with internal and external venetian blinds, calculated for angles
of incidence of 45° plus some diffuse radiation (in the Nether-
lands ZTA-concept), according to {7]. :

For comparison, the shading coefficient (SC), calculated by
way of equation (2), is given as well. .

no. ' ' window SF sSC
1 single clear glass, 6 mm 0.80 0.92

2 as 1, with internal venetian blinds
light coloured, slat angle 45° 0.44 0.51

3 as 1, with external venetian blinds
light coloured, slat angle 45° 0.15 0.17
4 double clear glass 6-12-6 0.70 0.80
5 as 2, with double glass 0.46 0.53
6 as 3, with double glass 0.13 0.15

- Switzerland:

In Switzerland a solar factor is used which results from calorime-
tric measurements under natural conditions at. a measuring duration
of 2 hours,

In Table 4 values for external and internal sunshading devices are
listed.



Table 4: Solar factors used for cooling load calculations in
Switzerland [3] and, for comparison, the shading coefficient
(SC), calculated by way of equation (2).

Glass type type of shading device Solar factor (SF) Shading
Coefficient (SC)
- 0,72 0,93
-external blinds slat angle 60 ° 0,11 0,13
-external blinds slat angle 45 ° 0,13 0,15
Clear glass -external drapery, closed weave 0.18 - 0.22 0.21 - 0.25
(47127 4) fabric _
-internal blinds or drapery light 0,46 0,53
' medium 0,52 0,60
dark 0,59 0,68
-internal reflective drapery (silver) 0,50 0,57
Heat - absorbing - - . . 0,50 - 0,65 0,57 - 0,75
glass .
(4/12/ 4) -intermal glare protection* 0,40 - 0,55 0,46 - 0,63
Heat reflective - 0,25 - 0,50 0,29 - 0,57
glass
(4/12/ 4) -intemnal glare protection* 0,20 - 0,45 0,23 - 0,52

* internal blinds or drapery

- United Kingdom:

In the U.K. normally the SF-factor is used. As an alternative, the
SC-factor is often to be seen in application. Glass manufacturers,
e.g. [2] [9], offer extensive tables for different types of glazing
units and sunshading devices. In Figure 3 SF-factors (total solar
radiant heat transmission), exemplary for different glazing types,
are shown., In the diagram on the bottom one can see very clearly
the influence of the angle of incidence on the parameters.




Glazing with Blinds

Double window with 6mm clear float inner and blind between i)anﬁ

Solar Radlant Heat F Shariing Cocfficionts
OUTER GLASS - S sC
Direct Total
. Trans- Reflect- Absorpt- Trans- Short Long Total
mittance ance ance mittance | wavelength  wavelength
CLEAR FLOAT : _
6mm 0.07 0.3% 0.54 0.25 0.08 021 (U]
12mm 0.06 0.29 0.65 0.25 0.07 0.21 0.8
SPECTRAFLOAT
Hmm 51/66(Bronze) 0.05 0.25 0.7 0. 0.06 0.21 027
ANTISUN FLOAT
omm T262 (Green} .04 0.16 0.30 0.23 0.05 02 0.27
6mm 41/61 (Grey) 0.0 0.15 0.81 0.23 0.05 021 0.26
6mm 50/62 (Bronze) 0.04 0.15 0.81 0.23 0.05 021 0.26
REFLECTAFLOAT
6mm 33/53 (Silver) 0.05 0.39 0.56 0.20 0.05 0.18 023
SUNCOOL .FLOAT
6mm 10723 (Silver) 0.01 032 0.67 0.12 0.01 0.13 0.14
Hmm 20034 (Silver) 0.02 0.20 0.78 017 Q.02 0.17 0.19
6mm 10724 {Bronze) oM 021 07 0.13 00! 0.14 0.15
6mm 2033 (Blue) 0.2 0.2 0.76 0.16 002 0.16 0.13
6mm 30439 (Blue) 002 0.21 0.77 0.18 0.03 Q.17 0.20
6mm 40/50 (Blue) 0.03 0.16 0.31 0.21 0.04 0.20 0.24
Propentics of Blind at 45° Louvre Angle on 0.50 0.39 — — — -—
6mm Clear Float + light colourcd venetian bliod OUTSIDE SOmm between INSIDE
+ Gmun Clear Float . piass surfaces
1.0 0
09 0.1 /
0.81 02 //i 0o L\‘
o \“\7‘7622
07 L 0.3 . e
fiecta w /] ) ﬁ\::ﬁ:-‘b
06 Re nce 04 8
n X »
3 g 4
E 05 0.5 g 2 // 1
T .
£ 04 L 0.6% tﬂ/
0.3 _ Lo.7 1 -
Total Transmittance /
0.2 1 0.8 rd < a TN S 17
0.11  Direct Transmitiance 0% /
g v N Tota! Total
0 10 220 30 40 5 6 T 0 %0 %ﬁmﬂ umm;

Angle of Incidence - {Degrees)

Figure 3: Transmission

roperties of windows used in United Kingdom,

according to EZ], exemplary for a double glazing with sun-
shading between the panes.

’) Special brandname of Pilkington Brothers Ltd.
Other producers offer similar products with analogous

glazing data.

4.5.
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- United States of America:

In the USA the SC-factor is predominantly used. As an example in
Table 5 SC-factors and, in brackets, SF-factors are compiled for
various indoor shading types according to the American standards

[3].

Table 5: Shading coefficient (and solar facfor) for combinations of
single and doyble glazings with various indoor shading types,
according to [8]. '

type of indoor shading

glass venetian blinds roller shade
trans-
type opaque lucent
(clear) medium light dark white light
single | O. 64 (0.56) | 0.55 (0.48) 0.59 (0. 51) 0.25 (0.22) 0.39 (0.34)
double | 0.57 (0.50) 0.51 (0.44) 0.60 (0.52) 0.25 (0.22) 0.37 (0.32)

- I50:

——

In the IS0 draft [10] the total solar energy transmission coeffi-
cient g is defined as:the sum of the direct solar -transmission
coefficient, 7o and of the secondary heat transfer coefficient qj
of the glazing towards the inside, the latter resulting from heat
transfer by convection and longwave IR radiation of that part of
the incident solar radiation which has been absorbed by the glaz-

ing

g = Te*aj
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2.2 Lighting Evaluation

Apart from the energetic evaluation, knowledge of the influence of sun-
shading devices on the supply of daylight for a room is important. Mostly,
these two influences compete with each other, i.e. from the energetic
point of view a good sunshading often drastically reduces the supply of
daylight for a room and this occasionally requires additional lighting.

In chapter 5, daylighting strategies are explained in detail. For various
glazing types Table 6 shows that for low SF-values sometimes a pronounced
loss of supply of daylight has to be accepted. The selection of a sunshad-
ing device has to be optimized by considering energetic and lighting evalu-
ations in a way that a reduction of solar irradiation will not require
additional lighting.

Table 6: Comparison between 1ight transmission and SF-factors of
different double glazing types, according to {2] and, for
comparison, the shading coefficient (SC), calculated by way
of eq. (2)

Double glazing with clear float inner pane (6 mm)

Outer glass thickness light SF SC
(mm) transmittance

Clear float 6 0.76 0.72 0.83

10 | 0.73 0.66 q.76
Antisun float green 6 0.63 0.49 0.56
Antisun float bronze 6 0.44 0.49 0.56
Antisun float bronze 10 0.29 0.38 0.44
Suncool float silver 6 0.18 0.25 0.29
Suncool float bronze 6 0.09 0.16 0.18
Suncool float blue 6 0.27 0.29 0.33
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3. ADDITIONAL RECOMMENDATION

In various countries maximum window sizes in connection with SF-factors
of the window system are introduced to avoid summer overheating of rooms.
In Germany, for example, a maximum value for the product of solar factor
SF and proportional window area is recommended [4]. In Table 7 these
values are shown in dependence on the mass of the.internal parts of a
building and the possibility of ventilation. In other countries similar
procedures can be found, e.g. in the Netherlands a graphical procedure
for office buildings [11].

Table 7: Recommended maximum values (SF « f) dependent on natural
ventilation possibilities and on the inner type of con-
struction, according to [4]

recommended maximum values (SF - f)
inner type of without with
construction increased natural increased- natural

ventilation ventilation
light 0.12 0.17
heavy 0.14 0.25

f = window area / (facade area inclusive window area)
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4. CONCLUSION

‘Usually, sunshading devices are energetically appreciable. Here, the
quantity of the solar energy transmitted is determined in relation to the
solar energy incident onto the window, Various factors are internation-
ally used to describe these phenomena, but the solar factor (SF) is the
value which is most frequently used. The splitting of the SF-factor into
a value for the glazing (g) and into a reduction factor for the sunshad-
ing device (z) is incorrect from a physical point of view. Always,
SF-factors are only valid for the total unit of glazing including
sunshading. Besides the energetic valuation, a sunshading device's in-
fluence on the lighting performance must not be neglected. A sunshading
device can necessitate additional lighting which causes an increase in
electricity costs and in internal heat loads which are undesirable in
summer.



4.5,

- 14 -

REFERENCES

[1]

Owens, P.G.T,:
Solar Caontrol Performance of Open and Translucent Louver Systems.
Environmental Advisory Service, 1974.

Pilkington:
Transmission Properties of Windows.
5th edition (1985).

SIA Dokumentation 70:
Kiih11eistungsbedarf von Gebduden. Ziirich (1983).

DIN 4108: Warmeschutz im Hochbau.
Thermal Insulation in Building Construction Part 1/2/3 Aug. 81/
Part 4 Dec. 85/ Part -5 Aug. 81/ Supplement 1 Apr. 82.

DIN 67507: Lichttransmissionsgrade, Strahlungstransmissionsgrade
und GesamtenergiedurchlaBgrade von -Verglasungen.

Light Transmittance, Radiation Transmittance, and Total Solar
Energy Transmission Coefficient of Glazings, June 1980.

Schmid, J.; Krebbers, d.:
Windows and Window Systems - State of Technology and Development.
Rosenheim, FR Germany, January 1985.

SBR42: Zonwering bij gebouwen.
Sunshading for Buildings.
Stichting Bouwresearch, Publication Nr. 42, 1974,

ASHRAE Handbook 1985: Fundamentals SI-Edition, American Society of
Heating, Refrigerating and Air-Conditioning Engineers (1985),
Atlanta.

Pilkington: Solar Control Performance of Blinds.
Environmental Advisory Service, 1973.

1S0: Light Transmittance, Direct Solar Transmittance, Total Solar
Energy Transmittance, Ultraviolet Transmittance and Related Fac-

tors of Glazings. IS0/TC 160/WG2/AH2/N21E, Draft.

SBR 74: Zon en Ramen, Regels voor de keuze van raam grootte en zon-
wering voor gebouwen zonder mechanische koeling. {Sun and Windows,
Guidelines for the Selection of Window Size and Sunshading for Buil-
dings without Mechanical Cooling}. Stichting Bouwresearch Publica-
tion Nr. 74 (1980).




5. DAYLIGHTING

S. Selkowitz
Windows and Lighting Program
Applied Science Division
Lawrence Berkeley Laboratory
University of California
Berkeley, CA 94720
USA

LIST OF CONTENTS
1. INTRODUCTION

2. VISIBLE TRANSMITTANCE

3. DEFINITION OF SKY CONDITIONS

4. TRANSMITTANCE PROPERTIES OF FENESTRATION SYSTEMS

5, EFFECTS OF ADJACENT BUILDING SURFACES AND LANDSCAPE
ON_TRANSMITTANCE

6. REFERENCES



1. INTRODUCTION

The effective use of daylight supplied by fenestration in buildings is
important to energy conservation because it may replace or supplement the
energy required for electric lighting. This presupposes that there is a means
to control the light switching either -manually or automatically. The design
of the 1lighting .should provide a distribution and intensity that are
appropriate - to . -the wvisual requirements‘ of the space, both for task
illumination and for general 1lighting purposes, without creating  either
disability glare from veiling reflections or:discomfort glare from sources of
excessive brightness. 'This design process requires that the daylight
transmitting properties of windows be well understood. If these fundamental
principles of lighting design are achieved the potential energy savings
through 1lighting control employing direct on/off switching or preferably

continuous dimming can be achieved.

There may be additional savings attributable to a daylighted building in
addition to direct savings of electric lighting energy. . ' '

A fraction of the thermal energy associated with electric lighting will
typically be removed by the building cooling and ventilating system. If
electric lighting energy requirements are reduced, these additional cooling
1oPds may also be reduced. The magnitudes of these potential loads may also
beareduced. The magnitudes of these potential cooling load savings are highly
dependent on the installed 1lighting power density, the wuse of 'the
fenestration in the building and the optical properties- of the fenestration
system, specifically the .spectral ‘transmittance properties and the 1light
distribution. effects. Properly designed fenestration can proévide cooling' load
savings but the combination of oversized fenestration and very efficient
electric lighting systems may result in an increase, rather than a decrease
in cooling loads (of course a building with lighting controls will always
result in a cooling load lower than the identical building with identical
fenestration but without the -controls). In winter the heat from the electric
lighting system will reduce heating requirements and the wuse of daylight

control strategies to reduce electric lighting will increase heating " loads:



However, it will almost always be more cost efficient to provide the heat
requirements directly through an efficient central heating system rather than

using lights as a source of resistance heat.

Since the overall performance of the fenestration dépends on a careful
balance between the -daylight admitting properties of the fenestration and the
solar heat gains it is important to be able to accurately characterize both
effects for any fenestration =system under a wide range of sun and sky
conditions. There are many architectural design strategies that will further
enhance the use of daylight. These include the use of reflecting projections
and light shelves, courtyards and atria, etc. but each must be analysed and
used with appropriate caution to ensure not only a socund energy saving design
but one that achieves the lighting design objectives in terms of quality and
quantity.

These 1ssues are treated thoroughly in a forthcoming report by the CIE [1].

2. VISIBLE TRANSMITTANCE

The visible transmittance of a window system 1s defined by welghting a
spectral transmittance function by the photopic response function of the eye
[2]. Determining the window spectral transmittance is a routine calculation
for the case of planar, homogenecus glazings but becomes much more complex as
the glazing elements become more optically and geometrically comple;.
.These difficulties are shared in the analysis of solar heqt galn so will not
be discussed further here. A further distinction in analyzing daylight
performance. compared to solar heat gain is the 1issue of instantaneous vs.
time averaged properties. Much of the thermal analysis is performed with a
time step of one hour which suggests that hourly average solar data and
hourly average transmittance values are adequate., Daylight must be analysed
from more of an instantaneous perspective since there is not an equivalent to
'‘thermal storage' to }ustify longer time averaging. In fact in many instances
it is both practical and necessary to use averaged data but there are equally

instances in which their use could produce substantial errors.




Transmittance for wvisible light can vary significantly compared to accepted
values for solar transmission. This difference can be created using Qelective
absorption or reflection in the glazing layers themselves or in coatings
applied to the glazing. Furthermore the total visible transmittance of two or
more glazing layers, each with spectrally selective properties may differ
from the result obtained by simply multiplying the individual transmittance
properties. A transmittance calculation through the multiple glazed system

should be done on a spectral basis to provide the correct result.

3. DEFINITION OF SKY CONDITIONS

Thg CIE has defined standard overcast and clear sky luminance -distributions
[3, 4]. These are widely utilized in computer models. that are used to
calculate daylight transmission/admission. The clear sky model is driven by
humidity and turbidity data that are not always available, so often standard
climate conditions are assumed. There is not a single generally accepted model
for solar beam properties; many different models are in wuse. For normal
glazing materials without much spectral dependence the visible transmittance
properties calculated from any of these models will not vary much. However, if
one uses selective coatings with a strong wavelength dependence then the

calculated transmittance may vary by noticeable amounts.

There are two sources of uncertainty in the calculation of transmittance as a
function of sky luminance distribution. One is the development of data to
convert from the normalized distributions provided by the CIE formulae to
absolute engineering data. The CIE distributions are normalized with respect
to zenith luminance; one must therefore use an equation for zenith luminance
as a function of appropriate local climate variables. Many individuals. have
developed such equations but there is no generalized agreement on a single
model [5]. The second problem is the -case of partly cloudy and average sky
conditions, which in many locations may occur more frequently than the
standard overcast and clear. This is now being examined by a CIE technical

committee.



Furthermore, both the <¢lear and the overcast standards are 1idealized
conditions; not all  observable full cloudy skies will match the CIE
distribution and it is difficult to know i1f these variations will produce a
significant variation' iIn interior daylight effects. The greatest potential
error willl occur under partly cloudy conditions when the sky luminance
conditions and the presence and absence of dlrect sun may vary wldely.

f

4. TRANSMITTANCE PROPERTIES OF FENESTRATION SYSTEMS

The transmittance properties of fenestration systems determine the amount of
light that reaches the bullding interior and the angular distribution of that
light, From the perapective of the bullding envelope, the window 1s a light
transmitting element. and we tend to ask the question, how much of the
incident 1light 1is transmitted? However, from the perspective of interior
lighting analysis, the window is a light emitting surface and the appropriate
question is, what 1is the candlepower distribution of the 1light 'source? Of
course one of the significant differences between windows and other-interior
light sources 1s that the window intensity and distribution change rapidly

with time over a wide range.

For the purposes of this discussion we consider the window to be the
collection of exterior shading, glazing and interior shading elements. The
window will then -have three <distinct effects. It will act' as a 1light
collecting element, as a light filtering element and as a light redirecting
element. Furthermore wa consider here the optical performance relative to the
windows role only as a light source. Window optical properties will also
influence the occupant's visual environment in terms of providing a view

{(clear, obstructed, distorted) and as a potential source of glare.

)




i
Each of these functionas will also be relevant to its solar transmittance
performance, but most solar calculations are not as interested in the
distribution related effects. For each of the three categories mentioned
above we review briefly the types of effects on optical properties. As a

light collector the geometry and surface properties of the window will

influence performance. Window elements need not be planar, they can include

effects such as fins which can reach out to intercept light that would"

otherwise not be available to the window. The transmittance vs. angle of
incidence function for a window with white fins would be very different than
a flat sheet of glass at hiéh incident angles. One can alter the geometry of
the glazing, which in turn will alter the incidence angle and thus the
transmittance. The surface texture can also be changed so that the

traditional angle of incidence transmittance relationships no longer hold.

As a light filtering and redirecting element windows will normally reduce the

intensity of the transmitted flux. But they may also change the directional
properties and the spectral properties. For example a tinted absorbing glass
will reduce transmitted intensity without altering directional properties.
Some tinted glasses may be spectrally neutral, others such as bronze glass
will have higher solar/light ratios, while others such as blue-green glass
will have higher light/solar ratios.

Coated glazings have similar effects but add the possibility of a wider range
of spectral control. Diffusing materials and any other opaque reflecting
element in the window will alter the directionality of transmitted flux.
Simple combinations of geometry changes and changes in the diffusgivity of the
glazing can have major effects on light transmittance. A domed diffusing
skylight, for example, will provide 50-100% more light at low solar altitudes

than a flat diffuser and even more relative to flat clear glazing.



The redirecting properties of windows are probably the most important effects ~
that influence daylight performance greatly, while being of little interest
in most thermal calculations. In most thermal analysis it 1Is enough to know
the total transmittance of the window system. For daylighting analysis it is
ugually essential to have some knowledge of the directional nature of the
transmitted flux which requires that one be able to calculate or measure
these properties for complex, multi-element window systems. With the
exception of simple systems for which properties can be calculated directly,
these optical data are generally. not available today, although research
studies are Iin progress to develop' a standard approach to determine these

properties.-

5. EFFECTS OF ADJACENT BUILDING SURFACES AND LANDSCAPE ON TRANSMITTANCE

The overall daylight performance of the fenestration system is dependent on
the total luminous flux incident on the fenestration system, Tﬁere are four
primary flux sources: the sun, the sky, the ground and other surfaces seen by
the fenestration system. In the last category we include other buildings,
landscape, e.g. trees and shrubs, and other elements of the building in which
the subject fenestration 1is located. These ‘'other sources' can serve two
contradictory functions. They can obstruct flux from one or more of the other
three sources, e.g. a tree blocking the sun and they can be an indirect
source of reflected flux originating elsewhere, since they are not normally
light emitting sources themselves. In most practical cases they will serve
both functions and their net contribution will depend upon the specifics of

each case.

Several examples will illustrate the potential effects. Consider a north
facing window looking out over a dark ground. During most of the year the
primary light source will be the sky, with the ground contributing less than
10%.




Now add a three story building adjacent and.parallel to the existing building
such that the rooflihe forms a cutoff angle of 45° with respect to the
window., The adjacent building now obstructs 507 of the sky view and reduces
the useful daylight by an even greater factor due to the average angle of
incidence of light from the remaining sky. If the adjacent building is very
dark in color the reflected sunlight and skylight will be small, thus
resulting in a net decrease in interior illuminance relative to the previous:
- case. The effects on indoor illuminance levels may be even more pronounced
since low obstructions may eliminate the direct light received at a task
indoors even if the overall effect on incident flux is less dramatic. Window

size, shape and location, as well as task location in the indoor shape will

influence these results.

Now consider the 1identical case but change the adjacent building to a very
high - reflectance white. Under overcast conditions the reflected light from
the white building will be less than. the sky it obstructs. However, under
sunny conditions the south facing white obstruction could be as much as ten
times brighter than the deep blue north sky that it obstructs, thus raising
daylight levels relative to the sky alone. If we rotate both the window and
the obstructing building by. 180° then the effect of the cbstruction changes
again., Now the obstruction blocks low angle winter sun and allows midday
summer sun to reach the window. Thus the effects of adjacent building
elements or landscaping can serve to increase of decrease both the' flux
available at the window and the spatial distribution and efficiency with
which the flux can be effectively utilized within the space.

The ground reflected component can also be influenced both by design and by
variable outdoor conditions over which the designer has little control.
Consider the difference in ground reflected light between a dark bare earth
and the same ground covered by fresh snow. In many cold northern climates
snow cover may be a permanent part of the landscape for many months, in other

climates it may be a highly variable phenomenon.



The effect of snow is multiplied when direct sun -is present, particularly on
the north elevation which would otherwise receive substantially less total
flux. Designers can also create permanent 'snow-like' surfaces using crushed
rock with high reflectance or by using appropriate painted surfaces. One
should alsoc note that incidence angle for ground reflected light comes from
below the ‘horizon'. For typlical planar glazings this will not pose a
problem, but If angle selective materials are used, such as some types of
screens or blinds, they will have highly directional transmittance

properties. One might then have to specify transmittance ve. altitude angle
from -90° to +90°¢,

As a light reflecting landscape element snow introduces an additicnal
difficulty due to its variable surface texture that will greatly alter itm
surface reflectance properties, We normally assume most landscape materials
act as diffuse sources. At least some types of snow and ice, however, will
behave more like specular or semi-specular surfaceas which should be accounted
for in window opticel properties when estimating transmittance.

- Bimilar effects can be expected for bodies of water adjacent to buildings. Inm
both cases the 1light will be transmitted through the glazing at negative
altitude angles and first strike the ceiling or walls. '
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List of symbols

A, B : regression constants

H : percentage of open windows

o, : heat flow rate due to ventilation (W)
a1 t air flow rate of fresh external air {m®/h)
% 1R : alr flow rate of fresh external air (m3/s)
Q, : Seasonal heating demand (Wh)
AP : pressure difference (Pa)

index T = tectal

W = caused by the wind

S = caused by temperature difference
Cp : shape factor or wind pressure coefficient
v -+ wind veloecity (m/s)

index w = windward side

1 = leeward side
v : friction speed {m/s)
1 : shear stress (N/m?)
h : height - (m)
Kk : constant of Von Karman

Co, Zo, Hg, o, a, k : constants

G : mass f'low {kg/s)

N : exponent in the power low equation

c : leakage coefficient (m’/sPaN)
DD : number of degree-days

n : ventilation rate (h-I)

5 : standard deviation

¢ : alr flow rate for a pressure difference of 50 Pa.
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1. INTRODUCTION

Ventilation and air infiltration is an important area within the
IEA program "Energy conservation in buildings and community systems™.
Within the IEA Executive Committee (Building and Community Systems)
there was an unanimous agreement that infiltration was the area about’
which least was known.

As a result of it different working groups were created to study
this problem in detail
IEA Annex 5 : "Air Infiltration Centre {(AIC)"

IEA Annex & : "Human behaviour with regard to ventilation"
IEA Annex 9 : "Minimum ventilation rates™.

Especially the AIC has published a large number of publications
concerning ventilation and infiltration. Therefore, it is logical to
limit this chapter and to refer to these publications for those who wish
to know more of this topic. Especially the Calculation Techniques guide
{1.] may be very helpful.

The reference list contains an overview of the publications of the
Air Infiltration Centre. The name of AIC changed in 1986 into Air Infil-
tration and Ventilation Centre (AIVC).

It seems useful to give in this introduction an overview of the rea-

sons for obtaining ventilation levels within a certain range.

1.1. Energy consumption

Since the energy crisis of 1973 everyone has become aware that
thermal comfort must be paid for {sometimes at high expense). To limit
energy costs people started lowering the temperature set point, reducing
the number of heated rooms, insulating thair walls and .. improving
the airtightness of the windows by weatherstrips or the replacement of

the window frames.



This reaction was logical !
Ventilation and infiltration in wintertime involves the heating up of
cold external air. A few simple calculations show us the required ener-

gy consumption :

o, = 0.34 ¢, (Bi - ee) {for explanation see 2.4)
Suppose :
-~ an airflow ¢, = 10 m¥/n
- = 20°
91 C
- = o
Be 5°C

1

D = 2500 degree-days

heat losses ¢ = 0.34 . 10 . {20 - 5) W
o =51 W
v

+

Seasonal heating demand QV = 0.34 x 10 x 24 x 2500
i
Qv = 204 kWh/year (MJ/year) {see 2.4},

1.2. Alr quality

Air quality is strongly related to ventilation levels. In the IEA
annex ¢ "Minimum ventilation rate" the different pollutants are discussed
in detail. Therefore we refer to the publication in that annex. [2.].

Table 1 gives a list of the pollutants which are analysed in the
framework of annex 9 [2.].

Table 1 : Pollutants analysed In the IEA-annex 9 "Minimum ventilation"

~ Carbon dioxide:

- Tobacco smoke

- Formaldehyde

- Biogldes

= Ionizing radlation

- Micro-organisms

- Hydrocarbons and other organic substances
- Combustion products

- Humidity

=~ Body odour




1.3. Comfort and health requirements

Although 1.2. also deals with health aspects we prefer a specific
paragraph for the more "classical" comfort and health requirements :
- enough oxygen for the human metabolism
- enough fresh air to avoid odours.
In many cases the latter requirement ié the severest of all the require-
ments (including those mentioned in 1.2.). '
In table 1 requirements and/or reccmmendations for some countries are

given.

1.4, Draught

Draught is in_mény cases a cause of thermal discomfort.
Some reasons of draughts :
- poor airtightness of windows and doors
- bad adjustment of  the mechanical ventllation system

- stack effect due to an open staircase

-
L

It is lmportant to emphaslise that draught problems aren't necessarily
related to high ventilation rates, although there is usually a correla~

tion.



Table 2 : Minimum ventilation rates [4,]

Lanads Denmark Finland |Hetherlands NHorway Sweden  [Switzerland ux USA ¥, Germany
] [2] 0.35
. 1 0.5 0,35 3 2
Whele ¢we)ling ac/h L‘ ac/h amd)s m? !dmufg :!J!
-
Livine room 21 - a2 1. aL 5 1-1.5
= 18 dnlfs m? dnd/s persd  dmdss ac/h
:.E 1 3-8 a 5 - 1.5
§ Bedroom dmd/s m? . dn¥/s pers. dnl/s ac/h
")
T
& Kitchen . 15 - 20 L 8.8 21 - 28 22 1] 10 22 - 31 [ LLy 50 1y kE]
dmi/s dml/fs dmi/s m2 dm?/s dmd/s dml/fs ac/h dal/fs dml/s
Bathroon/ e 15 O 64 14 7 1 17 s Iy,
dmY/fs dmd/s dmd/s m? dmi/s dmd/s dm3/s ac/h dmdfs dnl/s
I
- 0.8 1.4 2.5 2.1
E No smoking refers to - dn3fs mt dn¥/s mt dad/s pers.|dmd/s pers.
g QSHE:E d 1.5 1o 13.9
= | Smaking tandards dnd/s n? dm)/s pers.| dnizs pers.

Notes: Gl Instalted capacity for intermittent use
[ values also given per person related to occupancy density for smoking and non-smoking
(3] 17 mechanical ventilation fs used, otherwise ventilation openings are specified (see Table 2)
{3 scottand only, for England and Wales see Table 2, Separate regulations apply te Inner London.




1.5. Condensation and mould growth

Humidity levels In buildings are strongly related to ventilation
levels. The eneﬁgy crisis has encouraged the people to improve the
insulation of their buildings. Unfcrtunately, this is not always done
according to the rules of good practice and a lot of thermal bridges
exists nowadays in many buildings. This means.low surface temperatures,
Two other effects, namely lower internal .temperatures in several coun-
tries (United Kingdom, Belgium;...) and a reduced ventilation rate have
resulted in an extreme high number of condensation problems.

A classical example is the replacement of windows in social housing
estates : .

- before replacement these mostly small houses with a high occupation
rate have wooden, nct-airtight windows with single glazing. Also a
rather high ventilation rates.

- after replacement there are perfectly airtight windows with at least
double glazing. There is no longer an indicator of high humidity
levels (= surface condensation on the single glazing) and the improved
airtightness means a lower ventilation rate. As a result of it, many
houses have after replacement condensation problems on walls.

More -information with regard tc condensation is given in the chap-

ter on condensation.

Remark

This exemple does not mean that such a replacement has to be avoided
but that an overall approach is necessary, which includes an inspection

of the. building and appropriate information for the occupants.

The importance of condensation is illustrated by the fact that the
IEA has organised a workshop on condensation in Leuven (Belgium) in
September 1985 [5.].



1.6. Conclusion

This limited analysis can be summerised as follows :

1) There are requirements concerning the ventilation level from different
points of view. However, some of the requirements conflict :
minimisation of the energy consumption and optimisation of the air
quality can not be provided at the same time,

A compromise has tc be found.

2) Air change rates are strongly related to climatological conditions :
wind speeds and temperature difference.

One can reduce this dependence on the one hand by making the building
envelop as alrtight as possible, and on the other hand by providing
the building with special ventilation arrangements (ventilatidn
grids, fans,..).

This approach means that the windows must be as airtight as possible

(depending on the climate and the economic situation)}.

In the framework of this annex 1t is therefore useful to indicate
the physical process of air flow through components, especially windows
{2.) to indlcate the standards and requirements concerning airtightness
of window (3.) to relate laboratory results to results obtalned in occu-
pled houses and to relate airtightness levels to practical ventilation
rates (4.).

These different topics will be discussed in the following paragraphs,




2. THEORY

Air flow through building components is influenced by a large

number of parameters : '
- climatological data :

. wind velocity

. wind direction

. outside temperature
- air tightness of the components
- inside temperature
- surroundings

However, under steady state conditions the problem is very simple to

describe physically :

- there is the potential field : a pressure difference across the

component

- there are the various different resistances within the building
component to air penetration.

The pressure difference across the building compoﬁent is discussed in

2.1. and the air flow through leakage openings is analysed in 2.2.

2.1. The pressure difference across building components [3.].

Pressure difference across components can be caused by two reasons-:
- pressure difference caused by the wind : A PH

- pressure difference caused by temperature differences : A Ps

In formula :

= +
A PT A Pw A Ps

A PT = total pressure difference.

2.1.1, deals with the wind effects, the stack effect is discussed in
2.1.2.. A literature reference with regard to the effect of fluctuating
pressures is given in 2.1.3. and a brief summary of the impact of mole-

cular diffusion in 2.1.14.
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Pressure differences across the climatic shield which are caused

by the wind are calculated according to the formula :

where

Pw is the pressure of the wind on the cuter side of the building compo-
nent (reference : atmospheric pressure) (see 2.1.1.1.)

P, is the pressure in the dwelling or room (reference : étmospheric pres-
sure). Pi 1s function of the distribution of the air leakages and the
pressure-distribution Pw around the building. It can be calculated by
applying the continuity equation : total outward flow = total inward
flow (for the whole dwelling). This definition is only valid 1if
Bi = Ge.

A lot of information can be found in the proceedings of the AIC 1984

wind pressure workshop [6.].

2.1.1.1. Wind pressure on the cuter éide. _
The wind pressure on the outer side of an element can be expressed
as follows : '
Pw = 1/2 p Cp v?
p : density of the air (kg/m?)
cp : shape factor (-) (see 2.1.1.3.)

v : wind velocity at a reference height (m/s).

By assuming p = 1.28 kg/m?, one obtains :
= . LI 2-
Pw 0.6 Cp v
2.1.1.2. The wind velocity at a certain height.

In meteorology'is the windspeed measured at the height of 10 m.

Different formulas exists to estimate the wind speed at other heights.




a) Formulas based on "Law of Prandtl"

- Law of Prandtl
- v¥ h
vi(h) = . ln\}—,'-(-)-

where :

v(h) : windspeed at height h (m/s)

h : height (m)
vE : friction speed (m/s)
= v % where 1 : shear stress (N/m?)
§ : density {(kg/m?)
: constant of Von Karman (= 0.4)
ho : equivalent height, which is a function of the roughness of

the terrain (m} (table 3.).

Table 3 : ho values for Law of Prandtil

Terrain ho
free water surface 0.2 - 0.6
uncovered terrain 0.5 -2
grass (10 cm) 2.3
(100 cm) 10 - 16
wood 50 - 100
urban area 100

For practical applications is the formula simplified to :
v=y . ¢ 1ln — (m/s)
Vier : measured windspeed : 10 m above the terrain (m/s)

c0 and zo : terrain parameters

z : height above the terrain.

Theiparameters ¢, and z are a function of the environment.

The values applied in Belgium and Denmark are given in table 4.



: .z :
Table 4 : v = Veer * %o 1ln E; {3] and {7].
Class Terrain classification co zo
I B : coastal area (5 2 km from the sea) 0.166 | 0.005
DK : "smooth"™ terrain : e.g. stretches of water| 0.17 o.M
and moor without windbreak
I1 B : rural area with individual houses and 0.20 0.07
DK : agricultural land with windbreak, farms 0.19 0.05
with gardens, etc...
111 B : ¢cities, suburbs, industrial states, woods b.23 0.30
DK : built-up area, wood 0.22 |[0.33

The differences are almost neglectful.

b) Formula of Davenport

h Q
v (h) = v (—)
g Hg

When HG and o are function of the roughness of the terrain.

Davenport proposes the values menticned in table 5.

Table 5. : Values of a and HG'(m)

o HG {m)
Flat land 0.16 270
Suburban area and small towns 0.28 390
Center of the city 0.40 420

B.R.E. [8.] and the LBL-infiltration model {9.] use the same type of

formula for estimating wind speeds :
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Building Research Station [8.]

Y _-k.n?

Y10

v10 : wind velocity 10 m above the ground in a flat and open land (m/s)
K and a : constants function of locatlon {(table 6.).

Table 6 : Constants in B.R.E.~formuia

K a
Flat and open land " 0.68 0.17
Agricultural and with small obstacles 0.52 0.20
Suburban area and small towns 0.40 0.25
Center of the c¢lity 0.31 0.33

LBL-infiltration model [9.] [10.]
The free-stream wind speed at celling height VR 1s given by :

Ry 'R
“R l15)
YR T VM
Ho Y
My M
“y [1o]

: free-stream speed at ceiling height (m/s)

v
v: : wind speed at measuring station (m/s)

He ¢ ceiling height (m)

Hy ¢ height of measurement sensor (m)

aM'TM : constants from table 7. approprlate to location of measu-

rement station

aM’YR : constants from table 7. appropriate to location of bulilding
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Table 7 : Terrain parameters for Standard Terrain Classes

Class Y a Description
I 0.10 1.30 Qcean or other body of water with at
least 5 km of unrestricted expanse
II 0.15 1.00 Flat terrain with some isolated obstacles

(e.g. buildings or trees well separated
from each other)

II1I 0.20 0.85 Rural areas with low buildings, trees
etc...

v 0.25 0.67 Urban, industrial or forest areas

v 0.35 0.47 Center of large city (e.g. Manhattan)

Wind velocitles :
a) Monthly averages
Table 8, gives as an example the measured average wind speed for 2

locations in Belgium [3], Denmark [11] and West-Germany.

Table 8
Average wind speed (m/s) for locations in Belgium (Kleine Brogel :
rural area with low buildings, Middelkerke : Coastal area), Denmark

and West-Germany.

Location JAN | FEB |MAR | APR [ MAY { JUN | JUL | AUG | SEP | OKT | NOV | DEC | AV Period
Belgium

Kleine

Brogel 3.0 3.8 3.8 (3.3}3.0)2.9}27l27|2.7]2.9]3.5|3.4)31 63 - 72
Middelkerke{ 5.7 | 6.0 |6.5|5.8 [5.215.2.l4.8 5.1 [5.0(5.3|6.3|6.1 (5.6} r63- 172
Denmark
Coastal
stations 6.51{6.1 (sl gtn3zlusiusineglszle.nls.2 6.3 *31 - 60
Inland .
stations 45145 1 4.214.213.93.813.713.6[3.7 4.0 4.114b.2 Y41 - *60
West-Ger
Wuerzburg 35 |¥1 (325 |25)|2.6)2.5 2.5 2.5 (3.1 12.5 4.1 3.1
D. Hof yrfu413.2i3.113.213.0{2.812.8¢3.2{3.7(3.8(4.,413.6

Freiburg 1.813.8|3.vj2.71|2.0|2.7]3.2|2.8]1.9|2.5|2.413.5]2.8
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b) Distribution of the wind velocity

It is important for some applications to know the time of the heating
season during which the wind speed ié higher than a certain value. '
Fig. 1 gives a graphical presentation of this information for the
Belgian situation. The three curves correspond to phe three typical

areas in Belgium for wind velocity.
{*/e) &

100 |

|1
/

. T
| 7
) e

m I
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30p=coofo

[y
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1 2 3 A 5 & 7 8 9 10 1 15 13 vB{m/s)
Fig 1 : Percentage of the heating season during which the wind velocity

is lower than the value indicated on the x-axis.
Curve 1 : coastal region - Curve 2 : the Campihe and the region between

the Samber and the Maas - Curve 3 : the rest of phe country.

N
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2.1.1.3. The shape factor or pressure coefficient
The general form of the pressure coefficlent for a polint on a
bullding is defined by the equation [12]
F - P(0O}

C =
P 0.5 p v?

where :

P(0) : usually the static pressure of the free stream without the
building (Pa)

v : reference wind (m/s).

2.1.1.3.1. Reference wind [17]. The choice of reference wind has
varied widely. Each method has its advantages and disadvantages. The
different methods are only mentioned here :
1. Wwindspeed at 10 meters
a. simultanecus mean wind
b. meteorological standard wind speed for the site.
2. windspeed at roof ridge height upstream
3. wind at ceiling height
4. gradient wind
5. local wind profile
6. a modified local reference pressure.
Fig. 2. giveslan example of the distribution of the Cp-value based on
fullscale measurements [13].

~Q.26 =847 [ .-0.18 =0.0% =010
-0t | -03 [-0.18 | -047 | ~0.40_]
-0.35 | ~0.28] =047 | -0.04 ~ 0,08
I .
=048 | -b48[ N -038 | =038 | "
-05 -0 - L il o [T cor | oot o
N 040 |0 _"ME2Z 0z | 03 hﬁ
: ?;§§§;,45 ? o ]
047 | ~087- l -050 | -04% |. -040 | -0 E
. ~ 047 -0.LI 0K
.08 0.06 - [ ~0ilt bot . ~000 sl - an
647 | 020 | 000 | o7 | -pe5. '?u;z'hﬁ |
035 | ox | w3 | on [ 0w P
038 | 027 | 6a7 | 09 .000- I

04L_| o049 | 033 ] 038 | 030"
05| A7 | 046 | 041 | o3z
0.5 | 055 | 0% | 047 | 0.34

wind s.2m/s

Fig. 2. : Cp-values based on full-scale measurements. The values measu-
red are entered on each house surface - walls, gable, roof, etc...




Practical data for estimating wind pressure coefficient are given in

the calculation techniques guide, published by the AIC ([T1.]
2.1.1.4, Pressure differences : practical values
2.1.1.4,1. Pressure differences across the whole building.

a) Average values.
If one assumes for the windward side an average C-value Cw = 0.5 and
for the 1eewardlside C1 = = 0.3, it is possible to estimate the
average pressure difference across a building.

In table 9. values are given for the Belgian situation.

Table 9. : Pressure difference across the whole building, Belgian
situation. [3] \ '
Cw - Cl = 0.8 average situation.

Average wind velocity Pressure difference
Regicn :
(m/3) for average wind
oo speed (Pa)
Coastal region ~ unprotected 5.3 14
- protected 4.3 10
Campine + Samber-Maas | - unprotected 3.2 , 5.2
) ~ protected 2.6 ‘ © 3.5
Rest of the country - unprotected b,y 10
- protected 3.6 6.6

b} Upper level.
An idea of the maximum pressure difference can be found by taking
the 99.5% level. This is the wind speed which is only 0.5 % of the
time exceeded. Results for the Belgian situation are given in table
10,
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Table 10 : Pressure differences across the whole hullding which are

only exceeded in 0.5 % of the duration of the heating season Cw - Cl

= 0.8
Air velocity Pressure difference

Reglon {m/s) (Pa)

Coastal region - unprotecte 14,2 103
- protected 11,4 67

Campine + - unprotected 9.8 4q
Samber-Maas - protected 7.9 32
Rest of the - unprotected 12.7 83
country -~ protected 10.2 53

2.1.4.2. Pressure difference across the bullding element
The pressure difference across a wall depends on the distribution
leakage of the whele building.
minimum : APH + 0
maximum H APw + pressure difference across the building.

Fig. 3. presents 2 different situations [3.]

a 4 £ b
/: d Facades a and b have an
Pa % identical air tightness
]
] P
d 5; Py
;j /|
— 7]
LSS
a % 1% b
’, % g
¢ 5 V] Facade a 1s more leaky than
% ?i facade b.
AV Py
% 7
g %

Fig. 3. [3.1]
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2.1.2. Pressure differences caused by temperature differences : AP, [3]

2.1.2.1. Airtight. room with 1 opening

Assuming a completely alrtight room with the exception of one
opening just above the floor (fig. 4.).

A

z

Fig. 4, [3.]

ee : external temperature
Bi : internal temperature
Triangle with arrows : variation of Piz - Pez
with : Piz = internal air pressure at height z

Pez = external alr pressure at height z.
Other assumptions : - steady state condition

-Ti > Te._

Under steady-state condltlions there is no airflow through the opening.
At the helght of the opening, Pio = Peo (z = 0). For a height z, one ob-
tains :
- Piz = Pio -2, Py - g

pi='density of the air at temperature T, (kg/m?)
g = gravitational acceleration (9.81 m/s?)

- =P -2z . .
Pez €0 Pe g

or, because P, = P :
! S PlO eo

APz = Piz - Pez -z (pe - pi) g -
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Conclusions :
1) a room with only one opening just above the floor is subjected to

overpressure with respect to the enviromment. C

2) the overpressure varies linearly with the height z, as illustrated
in fig. 4. '
3) an additional opening made just under the ceiling would create an air-

flow through this opening from the exterior towards the interior.
2.1.2.2. Alrtight room with two openings

a) Two identical openings, one just above the floor, the other Just
under the ceiling.
This situation will create a pressure profile as illustrated in fig. 5..
The air enters the room through the lower opening and leaves it
through the upper one.

One has : A + AP =h (pe - pi)'s (Pa)

P
lower upper

4

ee = external temperature
Bi = internal temperature

h = vertical distance between the two openings.

Fig, 5 [3.]

b) Two openings with different air resistances
Such a situation is presented in fig. 6.
- lower side : large section, small resistance
= upper side : small section, large resistance.

One obtains again : Aplower + Apupper = h (De - pi) g (Pa)
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& : &xternal temperature
internal temperature

h : vertical distance between the two openings.

Fig. 6. [3.]

2.1.2.3. Generalisation

1) In a room at a higher temperature than the surroundings the overall
driven pressure for air movement is : '
Ap = h (pe - pi) g {Pa)
Values for p are. given in table 11. [3].

Table 11 : Density of dry and saturated air (kg/m?®) [3]

Temperature p dry ailr p saturated air

{eC) {kg/m?) (kg/m?)
- 20 1.3%6 1,395
- 15 1.368 : 1.367
- 10 1.342 1.34
- 5 1.317 ‘ 1.315
0 1.293 1.290

+ 5 1.270 1.266
+ 10 1.248 : 1.242
+ 15 1.226 1.218
+ 20 1,205 1.195
+ 25 ’ 1.185 1.171
+ 30 1.165 1.146
+ 35 1.146 1.121
+ 40 1.128 1.097
+ L5 1.110 1.070




2) This pressure will create an inflow of air through the lower leakage
. openings (cracks, joints) and an outflow through the upper leakage
openings.
3) The overall pressure difference increases if the vertical distances
h increases and if the temperature difference Ti = Te increases.

I} The formula given in 1) can be transformed :

G G

i e
we Know Py = 3 and Pg = S
i e
where
- G1 and Ge : mass flow {kg/s)
- b and °e : volume flows {m®/s)
with G, = G
i e
¢ . T
_ e i
and ¢1 i
e
Ge Ti ) Te
Therefore : Ap = gh 7 ( )
e T
i
Ti ” Te
or Ap = gh P (—_T——__ ) (3)
i

2.1.2.4. Example

Assume : 15°C, Be = Q°C

B1

h =1m (window)

h =5m (one family dwelling)
h = 50m {appartment building)

Application of the formula gives :
h=1m Ap = 0.7 Pa
h=5m &p = 3.3 Pa
h =50m Ap 33 Pa.
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2.1.3. Fluctuating pressure

e e bl o

During the last few years the contribution arising from fluctuating
flow on air infiltration has been studied. A good overview of this
research in this field is given in [1]

o L i T e s o Lot B P e S S

According to [7.] and [14.] the effect of molecular diffusion in
practice is neglectible.

2.2, Air flow through leakage openings

|
If a pressure difference is applied across a leakage opening, the

induced air flow rate may be approximated by the power low equation.

¢ =C . APTN (m*s ), (m*n
, =1 y -1
¢ : flow rate {(m*s ) {(m* h )
APT : applied pressure difference (Pa)
C : leakage coefficient (m? s_1 Pa_N) {m? h‘-1 Pa_N)

N : flow exponent.

C and N are determined by the shape and size of the opening. The
exponent N varies with the flow regime as follows :

laminar : N =1

turbulent : N = 0.5

Unfortunately, the dimensions and velocities found under ¢rdinary condi-
tions are such that one can only say that there exists a concave
function that can be approximated by the form given above with Some
compromise N between 0.5 and 1 [15). The C— and N-values are

determined from measurement results.
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2.3. The estimation of alr flows in buildings

The two reasons for pressure differences are in practice always
observed together. Due to the non-linear relationship between pressure
difference and air flow (see 2.2.) it is not possible to add the air
flows obtained in the two separate systems.

Several mathematical models have been developed for estimating air
flows. A comparison of 10 of these models is described in the AIC
Technical Note 10 [16]. [63 - 74]

Table 12 shows the results which were obtained when applicating these

models on 3 specific buildings for a lot of climatclogical situations.
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Table 12 : Comparison of calculated and measured air change rate [16]

Model , Swiss data set Canadian data set UK data set
1. BSRIA 100 49 -
63" 807
2. NRC? 100 43 -
NRC* 56 86 87
3. IMG-TNO 83 - -

4, OscarFaber® - - : -

5. British Gas® - R 78 1 &7

British Gas’ - 76 80
6. NBRI 83 78 |-
7. 1GT 100 76 _ 67
8. LBL 100 81 80
9. BRE 89 73 87
10. Reevesetal® 100 57 33

. ‘Exposed’ wind directions only. Calculation restricted.
Stack effect only.

. BS55925 pressure coefficients.

NRC pressure coefficients.

Component leakages only modelled.

. Without turbulent correction.

. With turbulent correction.

D N oA L=

. First infiltration measurement of data set used as input data.
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The figures give the percentage of calculations of which the difference
between the calculated values and the measured values is less than 25%.
One can conclude that these models are able to give a rather good estima-
tion of the air flows in bulldings.

2.4, Energy loss due to ventilation and seasonal energy demand

2.4.1. The energy losses due to ventilation can be eatimated by
applying the next formula :

¢, =P C &0 (81 - ee) (W)
where :
@, ¢ heat flow rate due to ventilation (W) .
p : density of the incoming air (kg/m?®)
¢ : specific heat capacity of the incoming air (J/kgm?®)
8 internal air temperature (°¢C)
Be external air temperature (°C)
O% 1R air flow rate of fresh external air (m*/s).

For practical purposes this formula can be simplified assuming
p = 1.23 kg/m?® {@& = 15°C)
C = 1000 J/kgK

and expressing the air flow rate in m*/h : ¢AIR'

Then : 1.230
¢, = 37600 ¢AIR (B1 - Be) (W)

= 0.34 1R (e1 - ee) (W)
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2.4.2. The seasonal heating demand Qv can also be estimated.

Qv =p.C ee,k) {(wh)

* —
L E 24 (e1

where : Z = summation over the whole heating season day per day K.
For practical purposes this formula can be simplified :

Qv = 0.34 °AIR . 0.024 . DD (kWh)

where DD = number of degree days.

2.4.3. The above mentioned formula is valid if there is no cooling demand.
If one wants to take also cooling into account, another formula should

be used. ’

The ASHRAE proposal SP 110 uses the definition "infiltration

degree-days" which include heating and cooling periods. A good
description of this method i3 given in [18].
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3. MEASUREMENT TECHNIQUES [4]

3.1. Laboratory testing

Tables

overview of standards concerning airtightness of windows.

{international standards) and

{national standards) give .an

The comments

with regard to the measurement techniques are copied from the paper of

Mr. P. Jackman [4].

Table 13 : International standards for window airtightness.

Standard

Organisation ne Year Title
International Organisa- | IS0 6613 1980 Windows and door helight
tion for Standardisation windows-air permeabllity

t.est
European Committee for EN 42 1975 Methods for testing

standardisation

windows: air permeability
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Table 14 : National standards for window airtightness -

Country Standardj Year | . Title - description
nr

Belgium NBNB25-204 ( 1977 Method of testing windows : air perme-
ability tests

Denmark  |DS (EN 42) | 1976 Methods of testing windows : air perme-
ability test

Germany DIN (EN42) 1} 1976 Methods of testing windows : air perme-
» ' : ability test :

Italy EN 42 11976 Methods of testing windows : air perme-
_ ability test -
Norway NS 3206 1974 Methods of testing windows : air tight-
ness

Netherlands | NEN 3660 1975 Windows : Air permeability, water
' : tightness, rigidity and strength method

. of test _
New-Zealand | NZS 4211 1979 Speclfication for performance of windows
_ (appendix 9)
Sweden S8 818126 | 1983 Windows and doors-airtightness-testing
Swit§erland 7 ' '
UK BS 5368 1976 | Methods of testing windows : Part 1
Air permeabllity test
BS 4315 1968 Methods of test for resistance to air

and water penetration : Part 1 :
Windows and structural glasket-glazed
systems

USA ASTM E283 1973 -Standard test method for rate of air
- { leakage through exterior windows,
curtain walls an doors

The two international standards EN 42 and IS0 6613 are virtually identical
and as most of the European member countries have adopted these as the
basis for thelr national standards, there is a substantially common

approach to the air leakage teating of windows.
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Specifically, the standards of Belgium (NBN B25-204), Denmark (DS/EN
42), Netherlanda (NEN 3660), Norway (NS 3206), Sweden (SS 81 81 26), UK
(BS 5368) and West Germany (DIN EN 42) are either identical to or
closely related to the international versions. ‘The windows under test
is installed over the opening of a chamber by which controlled pressures

are applied across the window assembly.

Before the main testing commences, extraneous air leakage from the cham~
ber 1s measured and preferably eliminated. In addition, three pressure
pulses are applied - each of 3 seconds duration and up to at least 500
Pa. The window is then opened and closed five times and finally
secured in the closed position. Pressure is applied in stages of 50,
100, 150, 200, 300 and 100 Pa intervals thereafter up to the maximum
test preasure difference. Then the pressure is reduced to the same
levels in reverse order, Of these standards, the Swedish version is
unique in also specifying tests with pressure differences in the
opposite direction., The international and other national standards
include the reversal of pressure as an option.

The remaining standards while not so clearly akin to the international
standards, specify a very similar test procedure though without the
initial pressure pulsations,

The New Zealand (NZS 4211), UK (BS 4315) and USA (ASTM E283-73) standards
are specific in requiring the extraneous leakage from the test chamber
to be substracted from the leakage rate measured with the window in
place.

The maximum test pressures specified range from 1000 Pa in BS 4315 (UK)
to 75 Pa in ASTM Standard E283~-73 (USA) if no other pressure difference
is designated.
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3.2, On-site testing

The one standard specifically related to -component alr leakage testing
on site is ASTM\E783-81. It describes a procedure for determining the
alr leakage characteristics of exterior windows and doors but it is
stated that the method may also be adapted for other leakage routes in
the building structure. The test involves sealing a substantially
airtight enclosure to cover the internal or external face of the window
of door and maintaining a specified pressure difference across the
component by supplying air to, or exhausting air from, the enclosure.
The required air flow rate is measured and recorded as the leakage
through the component. The measurement and correction for extraneous

leakage through the test enclosure 1s also detailed.
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4, REVIEW OF PRESENT STANDARD VALUES [4]

4.1. Introduction

A detalled overview of standards and requirements with regard to
airtightness is given in the AIC Technical Note 14 : "A review of buil-
ding airtightness and ventilation standards". [19]

A more condensed overview was presented by Mr. P. Jackman, head
of the AIC, at the 5th AIC Conference "The implementation and
effectiveness of air infiltration standards in buildings". (4]

The major part of this paragraph is a copy of his paper with regard

to the airtightness of windows.

4,2, Airtightness requirements for buildings : overview., [4]

Belgium : STS 52.0
External joinery - general principles
INL Draft 1983

Canada : Measures for energy conservation in new bulldings
Assoclate Committee on the National Building Code
National Research Council of Canada, n°® 16574,
Ottawa, 1978

Netherlands : NEN 3661
' Windows : Alr permeability, water tightness,
rigidity and strength
Requirements
Netherlands Standards Institute (NNI), 1975

New Zealand : NZS 4231 : 1979
Specification for performance of windows
Standards Association of New Zealand, 1979




Norway :

Sweden :

Switzerland :

United
Kingdom :

United
States of

America :

West Germany:
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Chapter 54. Termal insulation and alrtightness
{revised 1980)

Bullding Regulations of 1st August 1969

Royal Ministry of Local Government and Labour

Chapter 33. SBN 1980. Thermal insulation and
airtightness

Swedish Building Code with Comments

National Suedish Board of Physical Planning and
Building (1981) '

SIS 81 81 03
Windows. Classification with regard to function
Swedish Standards Commission, 1977

SIA 1801
Thermal insulation of buildings Iin winter

Swiss Engineering and Architectural Association, 1980

BS 6375 : Part 1 : 1983

Performance of windows. Part 1 : Classification for
weathertightness

British Standards Institution, 1983

ASHRAE Standard 90-80
Energy conservation in new building design

The American Society of Heating, Refrigerating

and Air-conditioning Engineers Inc., 1980

DIN 18055
Windows : Alr permeability of joints and driving

rain (water tightness) protection. Requirements

" and testing

German Standards Institute (DIN), 198%1.



L,3. Whole building. Currently Norway and Sweden are the only countries

that have recommendations for the airtightness of whole buildings.
Tabulated summaries of the Norwegian and Swedish requirements
are given below :

Norwegian Building Regulations

Building type Airchange rate/hr at 50 Pa
Single family dwellings b
Buildings up to 2 floors 3
Buildings exceeding 2 floors 1,5

Swedish Building Code

Building type Airchange rate/hr at 50 Pa

Freestanding single-family houses
and linked houses 3

Other residential buildings of
not more than 2 storeys 2

Residential buildings of 3 or
more storeys 1

The Swedish specifications are the more stringent.

4.4, Windows. The standards of several countries specify the maximum allowable
leakage of windows with some grading according to application. In others, a
leakage classification system i3 detalled but with no reference to acceptability
for particular uses.

The following list summarises the requirements or classifications given

in the relevant standards.
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Belgium : Standard STS 52.0

Maximum rate of leakage at 100 Pa for

different grades of window

'WIndow classificaticn.

PA2 PA2B PA3
Exposure level - height of building -
in which window is situated (m) 0-10 10-18 >18
Air leakage m?/h per meter 6 3 2
{dm®/s m) (1.67) (0.83) (0.56)

Canada : Measures for energy conservation in new

buildings

Air leakage of windows is not to exceed 0.755

dm®/s per meter of joint at a 75 Pa pressure differential.
Netherlanda : Standard NEN 3661

Tesat pressures for different window categories for

which air leakage must not exceed 5 dm?/s m.

Height of building in which Exposure Pressure
window is situated (m) difference Pa

15 Normal 150G

ugo Normal 200

100 Normal 250

15 Coast 300

1T} Coast 350

100 Coast Qo




New Zealand

- 34 -

Standards NZS 4211

The rate of leakage at all test pressure differences
up to 150 Pa shall not exceed those in the Table below.

et e Yok g . S P b S i o o B ot o e

Grade dm®*/s per meter of dm?®/s per m? of
‘ opening joint of total window area
A 0,6 2
B 2,0 8
C 4,0 17
Norway : Norwegian Building Regulations - Chapter 54
Windows shall be sufficiently airtight so that air leakage
at a pressure difference of 50 Pa does not exceed
1.T m*h m? (0.47 dm®/s m?)
Sweden : Standard SBN 1980

The maximum air leakage of windows is specified as follows :

Pressure difference

Leakage rate m®/h m? (dm®/s m?) for winﬁows

Pa in building height (number of floors)
1 -2 3-8 > 8
50 1.7 (0.47) 1.7 (0.47) 1.7 (0.47)
300 5.6 (1.56) 5.6 {1.56) ] 5.6 {1.56)
500 - - 7.9 (2.19)




Switzerland :

- where
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Standard SIS 81 81 03 (1977)

- wrn e o

Windows are classified as A, B or C and the permissible air
leakage (q) for windows in each class is determined by the

equation :

q - kp?/?

q.= air leakage in m*/h per m? of window area.

-k = a coefficient (0.2 for Class A and 0.125 for
classes B and C)

P = DPressure difference in Pa between inner and ocuter

surfaces of window.

The lines corresponding to these classes have been plotted in
Figure 8. ‘

The values quoted above from SBN 1980 coincide with classes B
and C.

Standard SIA 180/1

Maximum leakage:rates'for'the various classes of windows.

Class
A B C D
Test pressure difference (Pa) 150 300 600 >600
Height of building (m) < 8 B-20 20 - 100 -
Allowable coefficient of air
permeability (m®/n m Pa2/3) 0.4l 0.22 0.22 0.22
(dm*/s m Pa/3) (0.12) (0.06) (0.06) | (0.06)




UK : Standard BS 6375 Part 1

Four categorles are specifled with the following test pres-
sure classifications. The acceptable rates of air leakage are
expressed graphically and are shown on Figure 7.

Class Test pressure
I 150
II 200

III 300
Iv ‘ 600

The standard also specifies that the alr leakage through fixed
lights shall not exceed 1 m*/h (0.28 dm®/s) per meter
length of the visible perimeter of the glass when tested at the

same pressure as for opening lights.

USA : ASHRAE Standard 90-80

Leakage rate of windows at 75 Pa pressure difference to be no
more than 0.77 dm®/s per meter of sash joint.
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West Germany : Standard DIN 18055
The classification of windows is as follows :
Window classification
A B C D

~ Test pressure (Pa) up to 150 300 600 unspe-

- | ' cified

Height of building (m) up to 8 20 100

The air leakage requirements are presented graphically and
these have been reproduced in Figure 7.

Most standards specify the leakages in relation to unit length of the
opening joint while a few specify them in terms of unit window area.

Thus direct comparison of all the standards is not possible.

However, comparison has been made in each of the two forms by plotting
the allowable leakage values on Figures 7. and 8. The plot of leakage
expressed

per meter of joint length show, surprisingly, that the highest classi-
fications are to be found in countries having relatively mild climates,
i.e. Belgium, New Zealand and UK. The high Scandinavian standards are
evident in the other figure where they are compared with the New

Zealand classifications which are expressed in both forms.



6. - 38 -
Figure 7. : Window air leakage rates - per m joint length
Pressure
difference
(Pa)
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USA= United States of America
10 - -
0.1 0.2 0.4 06 0810 - 2 4 5 8 10
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Figure 8 : Window alr leakage rates - per m®> window area

Pressure
difference
(Pa)
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Air leakage (dm3/s per m2)
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All these standards assume N = 2/3. Therefore, 1t is possible to
express these driteria by giving 1 figure,

Table 15 gives the air flows for A P = 50 Pa. This is a usefull
value while the building airtightness is in maﬁy countries expressed as

a ventilation rate for A P = 50 Pa.

Table 15 : Window air leakage rates (m®/h) at 50 Pa.

per m joint length per m? window area
Belgium 1.3 - 3.8
Canada 2.1
Netherlands 4.5 - B.7 _
New Zealand 1.0 - 6.9 3.5 - 2.9
Norway 1.7
Sweden 1.7 - 2.7
Switzerland 3.0 - 6.0
UK 1.3 -17.6
USA 2.1
West—Germany 3-6

Fig. 9 gives a visual overview of the requirements. They are all
presented as allowable leakage rates per meter joint length. The
requirements expressed per m* window area are transformed to meter

joint length by assuming 3 to 4 m joint length per m? window area.

Fig. 9 : Overview of the requirements for window leakage.

;] VP TIIIIS.

CAN |

N
Nz L7777 77 7277 7777 77 72

L 7

S W

en 77777773

G8 VI IIGIII SN ST TSI TIIID,
usa 1

o Er77777777]

T T T
1 2 3 ‘ s ) ? ’ 9 m¥nm tor S0fa




- 41 -
-
b -
4 -
L]
. 3l R
i
oy I .
(4] E
=
o R *
S <
b “d‘
"y
ud
1k Jadp
.rﬂ“w
ot
N r...g.-ﬂ-ﬂ‘
“Wg‘-ﬂl’““"
..orl“""“’w L 1 1 4
<] PO EIJ L I;I ‘; g [
w n T u o E
Fig. 10 - Measured air leakage at 50 Pa [20]
Table 16 - Air leakage rates as a function of profile.
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5. THE LEAKAGE OF WINDOWS WITH RESPECT TO THE TOTAL BUILDING LEAKAGE

5.1. Measured window leakages in practice

Standard values give an indication of good quality levels. Laboratory
and on site measurements give a better idea of the achieved alrtightness.
Firstly the results of laboratory measurements are given and afterwards

in situ measurements.

e ot v o v e . o ¥ ot e T

P. Verougstraete [20] has analysed 100 laboratory measurements which

have been carried out at the Belglan Bulding Research Institute.

Fig. 10. shows the measured air leakage for a pressure difference of %0 Pa.
The curves according to STS are also presented.

The air leakage as a function of profile and window type 1s given in

table 16.

Major conclusions :

- 90 % of the tested window have an air leakage lower than 1.9 m®/hm at
50 Pa which is required for a building with a total height less than
18 m. Even 15% have an alr leakage below 0.13'm’/hm at 50 Pa which is
less than 1/10 of the allowed leakage rate for buildings higher than
18 m. l
This clearly indicates that windows with an extreme airtightness can
be bullt.

- A certaln tendency of air leakage as function of profile and window
type can be observed., However, the limited sample number makes a

generalisatlion rather dangerous.

5.1.2. On-site measurements

As opposed to laboratory measurements, 2 typeq of leakages are observed

in practice ;:

~ air which passes through the cracks between the movable and the fixed
parts of the windows {the sash perimeter) and which can be subject to

weatherstrip application
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- alir which passes through the cracks between the frame and the surroun-

ding wall.

Van Gunst [43] has measured in 1959 the airtightness of more than.100
windows in experimental dwellings in the Netherlands., Sixteen
different types were represented. Only the leakage through the cracks
between the movable and the fixed part was measured.

His results are summarized in table 17.

Table 17 : ¢_.,.-values [43]

50

Average Min. Max

Wooden frames _
. 8imple frame : single glazing 15.5 1.2 34
double glazing 4.9 1.6 6
. double frames 12,2 4.3 19
Steel frames 6.1 1.4 8
Total 1.7 1.2 3y

The major part of these windows don't fulfill at the present Dutch

requirements [¢5 : 4,5 to 8.7 m*/nhm]. Even the average value is

0
higher than the value allowed for the small buildings in well protected

areas.

Knoll and De Gids [21] have reported results of measurements on 21

window systems in Dutch houses.

Their results can be summarized as follows

-~ In contradictibn with the Dutch NEN‘8661 the leakage between ffame
and surrounding wall is important. On the average : about 40 % éf
the leakage through the cracks_between movable and fixed part (per
meter length). .



-~ A large variation was found : The following air flows at 50 Pa (N -
2/3) were derived :
cracks frame/wall : between 0.2 and 15 m*/hm {1 to 65)
cracks fixed/movable : between 1.6 and 36 m®/hm (1 to 20).
4O % of the tested windows don't fulfill the required standard.
- A unique variation of the air tightness as a function of the season

doesn't exlist.

o n e b b o P o o e

As one could expect indicate on the one side laboratory measurements
that the standard values for window airtightness are relatively easy to
achieve .and that even a ten times higher airtightness is possible.

On the other hand in situ measurements show us that :

a) the existing housing stock contains windows with a large variation
of alrtightness. A lot of windows do not arrive at the required
airtightness.

b) the cracks between frame and wall contribute in many cases to an

important increase of the air leakage.

5.2. Bullding airtightnesas

A good Indication of the airtightness of bullding envelopes can be obtained
from the preassurisation test method. Several countries have standards for
the pressurisation test method (Sweden, Norway, United States}, while
Canada has a draft standard and the Netherlands' standard is in prepara-
tion.
The procedure differs somewhat from one country to another, so that the-
results are not fully comparable :
1) Canada includes the basement in the house volume even though it 1s
not heated. The rest of the countries uses heated volumes.
2) When pressure testing a building in Canada, Norway or Sweden occurs,
the ventilation system 1s sealed of to get the leakage of the

enveloppe.
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The United States, United Kingdom, the Netherlands and Belgium prefer
not to make any modifications to the dwelling.
Several countries have results for a large number of dwellings.
Table 18 resumes the results.
Table 18
' Localisation Sample| Average and
Country Type Ref. | gize Ftandard deviation ™M1T | Max
Belgium Namur 5.23 | 39 n=10.9 s =7.3 3 35
all types ‘ )
Canada Saskatoon 5.24 | 176 [< 1945 n=10.4/ 4.2 33
residences 1945-1960 n= 4.6 2 12
1960-1980 n= 3.6 16 10
airtight n= 1.5 0.3 4.7
Netherland] Amerafoort 130 |n = 12 s = 4,6 3 33
dwellings .
Norway Randomly 5.25 61 |n=u4.7 s =1.,5 2.1 B.0
detached dwellings
Randomly flats 3% {n=1.3 s=0.4 0.5 1.8
Sweden Different types | 5.26 91 <1920 : n = 11.6
1921-1940 n= 7.8
1941-1960 n= 6.1
] 1961-1975 n= 5.7
United all types 60-80 | 5.27 19 |n=13.9 s = 3.4 8 20
Kingdom
United St.|randomly 5.28 1 204 |n = 22.5 > 50
New Zeal. | 3 cities 5.29 81 tn = 9.7 30

The average heated volume is between 250 and

lowing air flows at 50 Pa :

5 O
- United States : n = 20 ac/h =~ Oy = 5.000 .. 10.000 m?*/h
(including HVAC)
- Belgium ]
- Netherlands _
- New Zealand 0 = 10 ac/h + ocq = 2.500 .. 4.000 m¥/h

- Can, * SW,

older dwellings

Norway

400 m®. This gives the fol-
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~ Canada new houses

- Sweden

n = 2,5ae/h > o, = 500 .. 1.500 m*/n

- Norway 50
new dwellings

5.3. Contribution of the window leakage in the total building leakage

In 1.2, was indicated that the standard value for the air leakage
of windows at 50 Pa varies between 0.5 and 10 m*/hm. The total length
6f the cracks between the movable and the fixed window parts in most
houses is less then 100 m, in a lot of cases even less than 50 m. This
means .that the total leakagé rate through the window cracks is for
windows aécording to the standard between 50 and 1000 m*/h at 50 Pa. A
compariscon with the values for the total house Iindicate that the window
leakage through new windows is on the average not the major path of air

infiltration in houses.

A simple calculation for a Norwegian single family dwelling built accor-
ding the standards leads to the same conclusion :
- building :

. requirement (4.3.) !

n50 sin

. for a volume between 200 and 400 m® ;

: ¢50 < 800 ... 1600 m®/h

- windows :
$1.7T m®/hm?
3
/
+ ¢50 3 51 m*h
. relative contribution of the windows

5 51
TEEO.-.B_OE or'3...7%

On site measurements reveal the same conclusion : the Air Infiltration
Centre has published the Technical Note AIC 16 [30], in which informa-
tion on leakage distributions measured in situ, taken from papers in
the Air Infiltration Centre's bibliographic database AIRBASE, is

. requirement (4.4.) ¢50

. window area s 30 m?

summarised.
A summary of these results with regard to window (and door) leakage is
given in table 19 and fig. 11.
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leakage (%).

20

Tabel 19 : Contrib. of windows and/or doors in tot. building
Ref. Windows % Doors % Windows + doors.
yn 20, 22, 19, 2k
- ] 24, 22
i5 6 16, 4
46 12 5
47 27
48 40
49 18
50 89, 33
51 , 5
52 15, 22 46 - 73
53 20
54 11
55 1L, 7
56 17, 23
57 25
58 10, 14 11, 10
59 37
60 15
61 5-10
62 s, so0, 11, 33 22, 20, 23, 38

32, 20, 16 18, 15, 3
Fig. 11 : Contrib. of windows and/or doors 1ln tot.
% 3
100W Windows 1 Doors I Windows +
| } Doors
] 1 |
80 A i i
] | 1
l |
60 | | | _
o 11 |
[ %1
s 111 !
Ay 40 | [
| [
i |
| |
| |
| )

building leakage (%).



6. - 48 -~

6. PRACTICAL EXECUTION OF JOINTS BETWEEN WINDOW PRAMES AND WALLS -
WEATHERSTRIPS [22]

6.1. Introduction

There are a number of possibilities in order to obtain joints
which are well airtight,
Several techniques are described in "Air Infiltration control in
Housing" (Swedish Council for building research and AIC) [22].
These techniques are mostly based on the Swedish tradition.
Nevertheless they give a good indlcation of the possibilities and
limitations.
The parts which deal with windows are represented hereafter.
They are an integral reproduction of the Information in the handbook

"Alr infiltration control in housing”.

6.2. Joints between window (door) frame and wall [22]

There are many different solutions for joints between window or
door frames and walls [31], [32]. Some of these solutions are discus-
sed in the following, and the advantages and disadvantages of the respec-~
tive methods are given. In this handbook we only describe the problems
concerning airtightness and thermal insulation in the joints.

SEALING WITH MINERAL WOOL STRIPS BETWEEN FRAME AND WALL

The joint is covered with a batten and/or adjacent plaster.

.

ouT IN

Fig. 12. : Mineral wool strip sealing [é2]
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The joint will be neither air = nor vapour-tight. A certain degree of
‘airtightness can, however, be achieved with caulking, particulariy if
mineral wool Is used. Hard caulking demands extra anchorage of the

frame to stop it bulging outwards. ‘ .

Current Swedish requirements for energy management are usually fulfllled.
The method does have an advantage in that temporary dampness if the joint
is not catastrophic since drying out take place relatively unhindered.

INTERNAL SEALING WITH MASTIC AND MINERAL WOOL CAULKING

wooden batteny Mineral wool Mostic
packing

:1510mm

ouT - iN

Wooden Mineral wool Bottoming Mastic
batten—_ pocking strip

e

lﬂJlﬂl :115:5rnf

ouT IN

Fig. 13 : Two methods for jointing with mastic. [22]

To facilitate good sealing, it is recommended that the joint dimensicn
is 15 + 5 mm and the joint is sealed with mastic. The actual airtight-
ness 1s achlieved with the mastic¢ which forms an elastic, tight join if

the appropriate mastic is used.



The intended purposes of the mastic are diffusion sealing and airtight~
ness. In some cases, the wall's corresponding layers are jdined - often
an air/vapour barrier. The best method is to bake the film into the
Joint. Mastic must close tight and adhere well to the wall and frame
without separating as a result of movement between the frame and the
‘wall. Particular attention is paid to joints in corners where wedges
and attachment devices might remain.

The purpose of the bottoming strip is to provide a rear barrier to the
mastic in the joint., The bottoming strip is selected so that it sits
tight even If the joint width is 15 + 5 = 20 mm. Two 3izes of bottoming

strip should be avallable during installation work.

Caulking i3 done with mineral wool and is stopped about 15 mm from the
edge of the Joint. The prime function of qaulking 1s thermal insulation.
Correctly applied caulking provides good lnsulation.

Alrtightness i1s significant in a Joint without any other sealing but,
when compared with mastic, 1s of minor importance to the total
alrtightness. .

The inner moulding is used for aesthetic reasons and to cover and
protect the mastic.

The outer gap leads to the outside alr. Its mest important function is
to facllitate drylng the air. The outer moulding 1s intended to provide
protection against driving rain. )

For the joint to function as intended, it is assumed that stated joint

tolerances are maintained.

JOINTING WITH POLYURETHANE FOAM

Wooden . Expanded
batten polyurethane

::I:>7:nm

ouT IN

Fig. 14 : How a polyurethane foam joint should be made. [22]
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The joint width should not be less than 7 mm, bearing in mind the appli-
cation of‘the foam. ) .

The joint has very good’thermal insulat;bn propérties compared with

frame timber and adjacent wall material. The Joint is normally
sufficiently diffusion tight and airtight even when joints are

relatively wide (> 20 mm). _ . )

In unfavourable cases, the jointing foam can prolong the drying time of
timber that is too moist. Foam should be applied to reasonably dry timber.

It is not easy to adjust window frames when foam has been applied.

JOINTING WITH GLASS FIBRE ENCLOSED IN THIN PLASTIC FILM

Wooden Minerol wool ~Gloss fibre enclosed
batten packing in thin plastic film

Fig. 15 : Airtightness achieved with glass fibre enclosed in thin
plastic film. [22]

Thermal insulation in joints is provided by mineral wool. The actual
airtightness (and diffusion seal) is achieved through the plastic film
around the internal mineral wool strip.

Good airtightness is achieved for joints between 10 and 20 mm. Point

leakage often occurs at window corners and around wedges.

JOINTING WITH TUBULAR STRIP, ANGULAR STRIP, ETC.

Mineral wael EPDM tube
packing

__J10-20mm

ouTt IN

Fig. 16 : Tubular strip. [22]
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Joint sealing between frame and wall by using profiles of EPDM rubber
to provide the actual airtightening in the joint. The gap should be
between 10 and 20 mm. At least two different mouulding sizeg are
required for installation, bearing in mind different tolerances, To
achieve good airtightness, both frame and adjacent wall should be very
smooth. The tube should not be stretched too much during installation.
Plastic films in timber walls would be joined to the tubular moulding

in the joint. Mineral wool provides thermal insulation in the joint.
JOINTING USING PLASTIC FILM

A technique has been developed in Canada where a plastic film strip is
applied to the window frame with staples and using glass fibreltape and
mastie. This plastic film strip iIs joined by overlapping and edge
sealing to the plastic film in the wall., It is necessary to fit the
plastic strip against the frame before it 1s installed in the wall. See
figure 17.




- 53 =

Insulating sheo_thinga‘ -

Doubte or
triple giozing

/L y/4

7 q/'\ | ¢

Coulk with acoustical seaiont
ond staple over glass fibre tope

150 um {6 mil) vapour barrier

./ -

WGl;bourd | Interior 1rim‘
Coulk with acoustical sealant Cb

and stapie with gloss fibre

tape

Note :

Attach vapour barrier strip to window casing before being

inserted into rough opening. Allow sufficient material at

corners to fold vapour barrier.

Figure 17 : Air/vapour barrier installation at window (Canadian example)



" 6.3. Weatherstrip for windows and doors [22]
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Weatherstrips 1in the modern sense of the term have a relatively short
history in building technology. The strips were first made of spun
wool or cotton fibre. They bear a close ressemblance to a soft string
and often have a diameter of & mm. Nowadays they are also made of
'synthetic fibres and may have a core of foamed plastic¢ or porous
rubber. Self-adhessive weatherstrips of foamed plastic and foam strips
were also used in the early days.

Naturally, these types of strips caused an appreciable improvement in
airtightness at the time, However, it is a common characteristic of
fibre strips and foam strips that they are permeable to air and must
therefore be extensively compressed to perform as intended. Foam
strips are nowadays mainly sold as dust excluders and are placed
between the casement in double glazed windows.

The modern types of strips are made of impermeable materials and have a
profile of such design that they can be deformed relatively easily so
that the door or window iIs easy to close while providing a satisfactory
seal. The strip must at all times endeavour to regain their original
shapes (i.e. they must be resilient). Strips of this type often have a
tubular or angular profile. Different types of strips are shown in
figure 15.

Tubular strips are made in profile heights of about 5 mm upwards, and
angle strips about 7 mm upwards. The materials most commonly used are
synthetic rubber (EPDM and chloroprene) and plasticized PVC. EPDM
probably has the greatest share of the market. Silicone rubber is also
used, but this material is considerably more expensive than those
mentioned above énd is therefore used to a less extent.

Expanded strips, i.e. porous rubber strips with closed pores, are also
relatively new on the market. These strips must not be compressed more
than 30 %, or the pores may rupture. They are made in heights ranging

from 3 mm upwards.
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Tubular strip (0 -strip) with toe for mounting in a
groove. It is pressed tnto the groove

Tubular strip {0 strip) for mountiﬁg on a flat surface.
Self-adhesive, or mounted by stapling, natling or gluing

Angle strip (V strip) with toe for mounting in a groove.
It is pressed tnto the groove

Angle strip (V strip) for mounting on a flat surface.
Mounted by stapling, nailing or gluing
Tubular strip (D strip) with toe for mounting in a

groove., It is pressed into the groove

Expanded strip for mounting on a flat surface. Self-
adhestve

SRS

Foam strip for mounting on a flat surface. Self-
adhestve

Fibre strip for mounting on a flat surface. Mounted
by nailing or stapling

Figure 18, : Types of weatherstrips for windows and doors. [22]

\——_ —
Studies of airtightness of windows have been made by Hbglund & Wdggren

[33]. In determ;ning the leakage of air through windows the guarded pres-
sure box method was used., The measurements were made in wood windows
which had a design in conformity with the appropriate Swedish standard.
Both double-glazed and triple-glazed windows were used. The weather-
strips were placed where the casement abuts on the frame. The gap for
the weatherstrips varied from about 2 mm to over 4 mm.
The results are summarized in figure 19, The types which best satisfied
the airtightness requirements in the Swedish Building Code were strips
of tubular or angular profile. A properly chosen expanded strip could
also provide satisfactory airtightness. In most cases foam and fibre
strips did not satisfy thé requirements stated in the regulations. »
The results also showed that it was extremely important for mounting to
be done with care. A Rood result was easier to reach with tubular

strips than with angular strips.
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. 3, 2
!g\ur leakage. m</m“h oo strips m
Fibrestrips & 7 1

g 3 Req. in Swedish Building Code
4 Expanded strips il

’ 8

6 4

5 .

4 Ahgular strips =

3

2 Tubular strips Q_

1 4

0

0 100 200 300 400 500 600 Po
Pressure difference

Figure 13 : Summary of test results for weatherstrips in windows. [22]

Structural solutions

Gaps betwéen frames often can be detected by inspecting the opening and

closing action and weatherstrips. Gaps can also be detected by using a

candle or smoke, or by applying thermography. Detection is facillated

1f the room 1s subjected to negative pressure.

Resealing of windows and doors should include the following steps

a) Inspect the windows and doors. Do they require repainting or the
putty replacing ?

b} Check that the casement/door can be cleosed and.opened easily and
adjust were necessary _

¢) Check that the window/door furniture works properly and adjust and
lubricate where necessary

d)} Check that the air gap between the casements of all double windows/doors
has not been rendered ineffective as a result of repalnting ete.. A
gap of 1-2 mm s required. If the gap between the casements is grea-
ter than 2 mm, 2 previous dust-tight strips can be fitted in order
to reduce the air circulation between the panes thereby achieving

certain savings in energy.
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e) Alwajs paint exposed wood surfaces (surfacea which lack finishing
coat, glazing paint, etc...} before reapplying putty and fitting
weatherstripping

f) Select suitable strips dimensions bearing in mind the width of the
gap between the casement/door and frame. The size of the gap when
the window/door 1is closed can be measured by using Plasticine pres-
sed onto a few places on the rebate in the frame.

g) Select the weatherstripping. When selecting strips for use between
the casement and the door, the gap width measured in f) must be
conaidered. When selecting weatherstrips, strips of silicone rubber
and EPDM rubber have exhibited the best sealing and ageing properties.
Tubular strips'provide the best seal but angular strips are also
effective. Angular strips are recommended for doors where a low
closing pressure is required,

h) The way in which weatherstrips are fitted is important for their
correct function. Speclal attention must be pald to the corners

where gaps often occur.

6.4, Retrofits in existing buildings [22]

Alr leakage in ¢lder buildings has often Dbeen found to be unnecesserily
high, considering the requirements for alr quality for both heating and
air conditioning {34]. _

Considerable energy savings are possible in many cases using relatively
cheap and simple sealing measures. As example of this is the "House
Doctor's Program" carried out in the United States. Another exaﬁple

is glven in table 20 which shows that energy consumption is lower in
houses in which good quality weatherstripping has been fitted to windows
(351, [36].

Since there are few data on true energy savings that result from carrying
out sealing measures, this chapter only discusses the measure themselves

without consldering thelr cost-effectiveness.
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Problems that arise from inadequate ventilation muat always be considered
when sealing measures are used in a building. In houses with natural
ventilation, air Is supplied partly through leaks in the structure and
partly through openable ventilation provisions. This limits how far
sealing measures can be taken without having to install special supply
air devices.

In houses with mechanical exhaust ventilation, the influence of the fan
has a dominating effect on the amount of ventlilation. Flow through'the
fan 1s not changed significantly as the building envelope is further
sealed. However, the negative pressure in the house does increase,
This also-limits how tight the building shell can be made.

Further sealing does not provide any more enérgy savings. There may be
other valid raisoné, apart from energy savings, for sealing the building,
e.g. draughts in cccupied areas, desired ventilation distribution, see
figure [37]. |

Houses with balanced exhaust and supply ventilation should, however, be
made as tight as possible to avold unnecessarily ventilation. This is
particularly lmportant if energy recovery using a heat exchanger fitted
to the exhaust air is to be optimized.

The main principle for sealing existing bulldings must be to ensure
that sufficient but not excesaive ventilation 1s achieved and that the
supply air enterg the bullding where it causes the least draught, cold
downdraught or other discomfort. If these c¢riteria are fulfilled the
airtightness of the house can be improved to the extent that 13 economi-
cally and technically feasible.
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Average energy consumption and heated volume with standard

deviations after retrofit for existing single-family houses

in Sweden with different types of weatherstrips in windows.

Almost all of the houses have natural ventilation. [22]

‘?rincipal type of Number Energy consumption | Heated volume per
weatherstrips between of houses after measures dwelling

window-frames and "| surveyed being undertaken m?

casement litre oll/dwelling
Average | Standard | Average Standard
deviation deviation

Weatherstrips T

non-existent 23 4220 2726 26 215
Fecamstrips surrounded
with fibre 7 4o71 1114 473 -
Fibre strips (wool or

cotton} 93 3877 1075 454 -
Foamstrips(foamplastics

with open pores) 107 3802 1152 66 158
Tubular strips

(synthetic rubber) 124 3761 1069 415 14y
Angular strips . _

(synthetic rubber) 51 3624 977 46Y 152
Expanded strips (porous
rubber with closed
pores) 211 3541 1047 418 -
Fixed windows

(not openable) 1 3294 1165 409 142
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Common points where air leakage occurs (apart from the wall, ceiling
and floor structures themselves) are jolints between building sectlions

and penetrations in structures feor installatlons, ete..

=

Flow through constont
and equol in both coses

;!

Flow frame/casement

No or bad weatherstripping
New weatherstripping

Fiow frame/wall

Other leakage flows
{connectians)

4 4 L
a) Before sealing b) After sealing

Flgure 20 : Flow change in an exhaust air ventilated house when windows
are fitted Qith new weatherstripping. The relatively
constant total flow is redistributed in proportion to the
previousness of the different leakage locations. ﬁind
forces are often of subordinate importance as the driving

force of the air leakage. [22]

Joints between different building sections and between different
materials are usually weak points with respect to air leakage. In
buildings made of brick or concrete, for example, air leakage is often
greatest around windows and doors and at joints between bullding
elements.

(...)
Moisture should alsc be carefully considered when selecting tightness

measures.
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Windows and doors

. . P -

Methods for sealing between window and door frames in new houses have
been described earlier. Different types of wéatherstripping, and
methods of fitting these to doors and windows, are discussed in detail.
Such methods are also sometimes applicable when improving existing
buildings. Careful consideration of material choice 13 necessary since
many windows and doors in existing buildings have not been designed for
the installation of weatherstripping.
Different types of weatherstripping in windows seem to affect energy
consumpticon in different ways.
Investigations in single-family héuses have shown that expanded angular
aﬁd tubular strips of synthetic rubber (EPDM) result in lower energy con-
sumption than when weatherstripping of foam and/or fibre is used [35]
{see table 20). These results were confirmed by significance tests on
the date given in the table,
There was an obvious difference in energy consumptibn between houses
where weatherstrips did not exist and houses where fixed windows (not
openable) were installed, though there were few houses with fixed
windows.
Ther result correspond well to the results of an earller investigation
where the efficlency of different types of weatherstrips, in terms of
air leakage, has been evaluated in laboratory tests [38].
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7. INHABITANTS BEHAVIOUR WITH REGARD TO THE USE OF WINDOWS

‘As mentioned in the introduction inhabitants behaviour is the topic of
IEA annex 8 "Human behaviour with regard to ventilation [39]. This
working group will finish their activities in 1986 and the final reports
will be published early 1987. Therefore this paragraph discusses only

a few toplcs :

- what is the effect of window opening on the ventilation rate and the

energy consumption ?

the use of windows

the influence ©f occupancy on the ventilation rate.

T.1. The effect of window opening on the ventilation rate and the energy
consumption

T7.1.1. Introduction

A detailed study has been carried out in 1980 by ing. J.C. Phaff, ing.
W.F. De Gids, J.A. Ton, P. Van de Ree, L.L.M. Van Schijndel (40]. This

paragraph resumes their conclﬁsions.

- e e e o e e e e e i e e M

The aim was to obtain data concerning the ventilation rate, the induced
energy cqnsumption"and the internal climate if one window 1s opened in

a bedroom.

The measurements have been carried out in three buildings situated in 3
different locations in the Netherlands. About 40 measurements were done
for different temperature differences (5, 15°C) and wind velocities

(15..10 m/8). The rooms were not heated during the measurements.

The following range of magnitude was measured :
air velocity in window opening : 0.1 - 0.5 m/s
ventilation rate :0.2-25h"
energy losses due to ventilation : 200 - 3000 W.

Remark : The room volume varied between 23 and 53 m?’.
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The influence of temperature difference and wind velocity for a room of
25 m?* and an open window of 0.5 m? on the ventilation rate and the

energy losses are given in tables 21 and 22.

Wind velocity Temperature difference (°C)
(m/s) 0 5 10 15
0 3.5 6 7.5 9
2 b5 6.5 9 9.5
3 6.5 8 9.5 10.5
8- 10 1 12 13

Table 21 : Ventillation rate (ac/h) for a 25 m® room with an open window

(0.5 m?).
Wind velocity Temperature diffgrence (°C)
(m/s) 0 5 10 15
0 - 260 660 1165
2 - 275 690 1200
5 - 355 - . 820 1375
8 - 470 1025 1655

Table 22 : Ventilation losses (W) for a 25 m’ room with an open window
(0.5 m?)

The seascnal energy demand can also be estimated (Dutch conditions : wind

velocity : 5 m/s, temperature difference 12 .. 15°C). Table 23 glves an

indication of the energy demand for two 25 md*-rooms with an open window of

0.5 m?,

Heatling demand
Situation Windows KWh/ year
1 closed 100 .. 600
2 3 hours a day open 1500 .. 2000
3 25 min. a day open ©300 .. 800

Table 23 : Estimated heating demand for two 25 m® - rooms with window
(0.5 m?)
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T.2. The use of windows

Reseérch with regard to the use of windows have been carried out by se-

veral researchers. It is alsc one of the topics under inveatigation in

the IEA-annex 8 working group.

Lyberg [41] and De Gids, Phaff, Van Dongen and Van Schijndel [42] came

to the same type of conclusion.

"The weekly mean of the number of open windows is strongly correlated

with the mean outside temperature”.

However, the formula they derived is not the same :

Lyberg t H.AT = Cte 1.8 .. 2.6 {nyperbolic)

De Gids and Cie : H= A + B T (linear function) (A = 10, B = 0,65).

with : H
T

percentage of open windows (0 .. 1)

external temperature {(°C)

AT = the temperature difference between inside and outside (°C)
A qualitative comparison is given in fig. 21, Basically, there is no
fundamental difference for the region where the measurements of De Gids
have been carried out (- 5 .. 10°C). The rather important differences
for T > 15°C is probably caused by the assumption T1 = 20°C which isn't
realistic for Te > 15°C.
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Fig. 21 - Comparison between the formula of De Gids [42] and Lyberg [4t].

Assumption for the Lyberg-formula Ti = 20°C.
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7.3. The influence of occupancy on the ventilation rate

Kvisgaard, Collet and Kure [7) have measured ventilation rates in 25
dwellings during periods varying between 3 and 18 days. All the dwel-
lings were situated in Denmark whose housing mass is among the most
tightly sealed in Europe. ‘

This research resulted in the following conclusions :

. a) the occupants' behaviour has a very considerable influence on the
total air change rate. On average, the air-change rate is 3-U4 times
higher than the basic air-change rate. An absolute figure for the
behaviour influence is possible by expressing the effect as an abso-
lute increase of the ventilation rate. . ‘

This is done in table 24. Results for the natural ventilated dwel-

1ings (14) and the mechanically ventilated ones (8) are given separa-

tely.
"y PMECH "~ MoraL OCCUPANCY
Average s Averagé s Averagé 8 Averg. s
Natural 0.19 0.08 - - 0.51 g.25 | 0.32(0.26
Mechanical 0.17 0.09 ) 0.63 0.20 ]| 0.9 0.30 | 0.341]0.23

Table 24 : Summary of results of measured ventilation rates (ac/h)

Remarks :

- the ventilation rate Npeon @8 been estimated intuitively with the
aid of the figures in [7.]

- the column "OCCUPANCY" respresents the influence of the effect of

occupancy.

This table leads us to the constatation that - on the average - the
occupants increase the ventilation rate with 0.3 ac/h.
However the individual results vary largely as illustrated in fig. 19.
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b} There 1s a very large scatter in the results for the table air-change

rate.

This is showed in table 25,

Natural and
ventilated

Mechanical
ventilated

Total air change rate (ac/h)

0-0.25

0.25-0.50

0.50-0.75

0.75-1.00

> 1.00

Table 25 : Distribution of measured total air change rate.

This table indlcates that :

-

7.4,

This

of human behaviour with regard to. ventilation",.

more than 50 % of the natural ventilated dwellings did not arrive

during the measurement period at the recommended air-change rate

in Denmark of 0.5 h-

All the mechanical ventilated dwellings have a ventilation rate

above this recommendation.

Conclusion

chapter has briefly described some results obtained in the field

It clearly indicates

that the occupants play an important role with regard to the ventilation

of their homes.

This becomes more and more lmportant while the air-

tightness of the buildings is improving rapidly in a lot of countries.

Another aspect of the inhabitants behaviour

been analysed in this chapter nor the changed behaviour due to the
energy crisis with regard to window use, heating patterns,...

in a lot of countries indicates that a reduced ventilation pattern

: draught stripping has not

Prdctice

together with the presence of thermal bridges are probably the 2 most

important reasons for the large number of condensation and mould growth

problems of the last decennium.

More information concerning this subject will be given in the IEA-annex

8 publications :

Human behaviour with regard to ventilation.
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8. WINDOWS IN RELATION WITH VENTILATION PROVISIONS

There is in a number of countries tendency to construct buildings with
an airtight envelope. The required ventilation levels are achieved by
adding ventilation provisions : ventilation grills, ventilation chimneys,

exhausted ventilation system, balanced ventlilation system.
In a number of c¢ases these provisiona are integrated in the window
design.

Two examples are given as illustration.

a) Ventilation grills integrated in the window

i T .

20mm,

!
N
-

150 mm -
min, 110

150 mm

P
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a.2. Model with thermal barrier

A A o e

Fig. 23 shows a grill with 2 special features :
a) thermal barrier to reduce the heat losses and the condensation

risks

b) the glass can be directly mounted in the grill (for renovation
purposes). ‘
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In cases with a high external noise level, ventilation grills are
in many cases undesired given the low acoustic insulation.

However improved versions exist as illustrated in fig. 24
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b) Windows as part of the mechanlcal exhaust system

Several systems are developed which use the glazing system as a
first heating exchanger in order to obtain a lower heating demand.
This can of course be combined with a second heat exchanger if a

further heat exchange with the incoming air is desired.

Two possibilities are fllustrated in fig. 25 and fig. 26
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Fig, 25 - Windows as part of the mechanical exhaust system.
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1. Double isolating glass
2. Single hardened and coloured glass
3. Sunshading
4. Single moving ot Temoving glass
5. Fleor
6. Selfsuporting fireproof panel
7. Fireproof material
8. Suspended ceiling
9, Extraction conduct of vicious air
"10. Insulation panel
11. Output of vicious air

12.
13.

14,

15,
16.

i8.

Fig. 26 - Windows as part of

Suction of fresh air

Luminous element on extraction
conducts

Air conditioning installation
Input fresh air

Indication of vicious air in
hollow space of the curtain facade

. Heat exchanger for eventual energy-

recuperation
S0lid panel

the mechanical exhaust system.
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