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PREFACE 

International Enerav Agency 

In order to strengthen co-operation in the vital area of energy 

policy, an Agreement of an International Energy Programme was 

formulated among a number of industrialized 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 making 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. 



The Executive Committee 

Overall control of the RhD 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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. ANNEXXII 

In June 1982 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 

Stev 4: Adapt and compare exieting 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 deeign will ofted 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 systems 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 solar 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 equipment, 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 light, 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 WAC-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 

terminology, 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. 



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 complex hour by hour computer 

calculation where precise and detailed hourly values of the window 

properties are needed. It also affects the result of a simplified design 

tool 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 international agreement concerning thermal and 

solar properties of windows will strongly benefit the rational selection 

and use of windows in an energy-efficient design. 

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 t a r g e t  group f o r  such an e x t e n s i v e  r e p o r t  is n e c e s s a r i l y  l i m i t e d  t o  

e x p e r t s  i n  t h e  f i e l d  of window p h y s i c s .  

A s e p a r a t e  r e p o r t  summarizes t h e  i n f o r m a t i o n  f o r  g e n e r a l  u s e  among 

a r c h i t e c t s ,  c o n s u l t a n t s  and manufac tu re r s .  

The r e s e a r c h  p r o j e c t  Annex X I I ,  Windows and F e n e s t r a t i o n  s t a r t e d  i n  

October  1982 a t  a  f i r s t  e x p e r t s  meet ing i n  D e l f t  by d e f i n i n g  a  g e n e r a l  

workplan f o r  each  of t h e  f i v e  s t e p s  mentioned i n  t h e  P r e f a c e .  

With t h e  a c t u a l  work w i t h i n  t h e  p r o j e c t  a  g r a d u a l  s t a r t  was made i n  t h e  

c o u r s e  of 1983. E a r l y  1984 t h e  f i n a l  l i s t  of p a r t i c i p a n t s  was 

e s t a b l i s h e d  and t h e  group then  a c c e l a r a t e d  i ts  a c t i v i t i e s .  

For  S t e p  2 t h e  i n i t i a l  approach was t o  p r e s e n t  t h e  s t a t e - o f - t h e - a r t  on 

t h e  b a s i s  of comparison of r e s u l t s  on a  number of s e l e c t e d  window 

examples.  

The r e s u l t s  would c o n t a i n  t h e  v a l u e s  f o r  t h e  the rmal  and s o l a r  

p r o p e r t i e s  d e r i v e d  by t h e  p a r t i c i p a n t s  i n  a  wide v a r i e t y  o f  d i f f e r e n t  

ways. 

Soon, however, i t  became c l e a r  t h a t  a  s e p a r a t e  document was needed.  T h i s  

document shou ld  s e r v e  a s  a  k ind  of e x t e n s i v e  g l o s s a r y  of t e rms .  

F i r s t  d r a f t s  from t h e  Opera t ing  Agent were d i s c u s s e d  a t  s u c c e s s i v e  

e x p e r t s  mee t ings  and modif ied  and extended accord ing  t o  t h e  s u g g e s t i o n s  

from t h e  p a r t i c i p a n t s .  



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 more 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; 

see 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 t h e  f i n a l  y e a r  of t h e  p r o j e c t ,  t h e  d r a f t  c h a p t e r s  were completed;  

an e x t e n s i v e  s e t  of g u i d e l i n e s  was used t o  e n s u r e  u n i f o r m i t y  i n  t h e  

p r e s e n t a t i o n s .  The i n d i v i d u a l l y  w r i t t e n  s e c t i o n s  were reviewed by t h e  

e x p e r t s  group of p a r t i c i p a n t s  i n  Annex X I I ,  l i s t e d  a t  t h e  end of t h i s  

i n t r o d u c t i o n .  The f i r s t  complete  d r a f t  of t h e  p u b l i c a t i o n  was d i s c u s s e d  

a t  t h e  f i n a l  e x p e r t s  meet ing i n  October  1986 i n  B r u s s e l s .  A t  t h i s  

meet ing arrangements  were made f o r  t h e  f i n a l  e d i t i n g .  

~ o t w i ~ w  tbe miewltg pccduw, ths responsibili~ far the 
contents af ths BBCtions, hmmer. I.Bmalns w i t h  tbe itriividusl 

authors. 

The s h o r t  v e r s i o n  of t h e  r e p o r t  was e d i t e d  by t h e  Opera t ing  Agent on t h e  

b a s i s  of summaries p rov ided  by t h e  a u t h o r s  of t h e  v a r i o u s  c h a p t e r s .  

4.  ENERGY-EFFICIENT WINDOWS 

J u s t  a s  t h e  window i t s e l f  may be c o n s i d e r e d  t o  be an  a r c h i t e c t u r a l  

compromise between t h e  o c c u p a n t ' s  d e s i r e  t o  be s e p a r a t e d  and p r o t e c t e d  

from ou tdoor  environment and y e t  m a i n t a i n  c o n n e c t i o n  w i t h  and d e r i v e  

b e n e f i t  from t h e  o u t d o o r s ,  t h e  e n e r g y - e f f i c i e n t  window is a  compromise 

on an expanded p e r s p e c t i v e :  a  compromise between t h e  u s e r ' s  needs ,  t h e  

ambient ene rgy  f lows  and t h e  b u i l d i n g ' s  ene rgy  budget .  

Because ambient energy o c c u r s  i n  g r e a t  v a r i e t i e s  - s o l a r  g a i n ,  a i r  

movement, t empera tu re  d i f f e r e n c e  - each of s i g n i f i c a n t  magnitude and 

a s s o c i a t e d  w i t h  a m e n i t i e s  ( l i g h t ,  v e n t i l a t i o n ,  the rmal  comfor t )  which 

t h e  b u i l d i n g  must p rov ide  i n  any c a s e ,  t h e r e  a r e  both  o p p o r t u n i t i e s  f o r  

and c o n s t r a i n t s  on u s i n g  t h e  window t o  improve t h e  b u i l d i n g ' s  ene rgy  

budge t .  S o l a r  g a i n  i n  w i n t e r  may p rov ide  u s e f u l  h e a t  and l i g h t ,  bu t  may 

a l s o  cause  g l a r e  o r  l o c a l  o v e r h e a t i n g .  S o l a r  g a i n  i n  summer may p rov ide  

unwanted h e a t ,  b u t  may a l s o  be a  c o o l e r  l i g h t  s o u r c e  t h a n  e l e c t r i c a l  

a l t e r n a t i v e s .  



Different combinations of sources may provide new opportunities: 

ventilation may be used in a vindov system to reduce thermal losses or 

re-distribute solar heat gains. Moreover, combinations and tradeoffs may 

be inherent in a particular vindov technology: reflective glazing to 

reduce solar heating in summertime may also reduce beneficial vintertime 

heating; multiple glazing may reduce thermal losses but also desirable 

daylighting. 

Given this inherent complexity, understanding and improving fenestration 

performance require familiarity vith a broad range of phenomena. This 

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

Although thLs publication is f o e  on a w h i m  pmp.rties, the 
effect on enexgy consumption is tow=l.led upon -1y. Extensive 

studies with.fn a context of Annex XI1 on the inflwxw of w h i m  

design, size d arientation on e- consumption are repm%d 
~~parately as listed urder 2leadiqg 6 of this Intduction. 

5 .  FROM HEAT TRANSPORT PHENOMENA TO WINDOW PROPERTIES 

5.1. Introduction 

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

effect on three different types of energy transport. 

Heat transmission: the temperature difference across the vindov is the 

driving force for the transmission of heat. The transmission is in fact 

the collective noun for any combination of the folloving mechanisms: 

conduction, convection, thermal radiation and condensation/evaporation. 



Figu re  I :  The t h r e e  t ypes  of hea t  t r a n s f e r  th rough  a  window. 

S o l a r  r a d i a t i o n :  r a d i a t i o n  d i r e c t l y  from t h e  sun and/or  i n d i r e c t l y  from 

t h e  sky  and sur roundings  reaches  t h e  window and is p a r t l y  r e f l e c t e d  and 

absorbed.  The remaining p a r t  is t r a n s m i t t e d  t o  t h e  indoor space.  The 

r a d i a t i o n  absorbed i n  t h e  window is r e l e a s e d  a s  h e a t  t o  t h e  indoor  and 

outdoor  environment.  

P a r t  of t h e  t r a n s m i t t e d  s o l a r  r a d i a t i o n  is v i s i b l e  l i g h t .  

D ay l i gh t i ng  through windows is t h e r e f o r e  s t r o n g l y  r e l a t e d  t o  t h e  s o l a r  

p r o p e r t i e s  of windows. 

V e n t i l a t i o n :  through c r acks  and openings i n  t h e  window a i r  moves from 

indoor t o  outdoor  environment and v i c e  v e r s a .  In  c a se  of a  t empera ture  

d i f f e r e n c e  h e a t  o r  co ld  is t r a n s f e r r e d  wi th  t h e  a i r .  



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. 

5.2. Heat Transmission 

Heat transmission is the common name f o r  any combination of the 

following heat transfer mechanisms: conduction, convection, thermal 

radiation and condensation/evaporation. Convection not along but across 

or through window components is introduced here separately as' air 

circulation. 

a. Conduction: the amount of heat transferred by conduction through a 

solid, liquid 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 mle in a i r  or gadilled cavities bstween 

window ~ E U E ? ~  (&ion 3 2.2.1, in whia? frames (&ion 3.2.3.) atxl 
in shutters provided with insulative material (&ion 

3.6.). 

b. 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 transfer 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. 

Convgction is a major problem ama with re+ to the determinstion 

af WMCW propzties. CoRYBCtion lxdmzen p a r s  atxl at the indoor atxl 
outdoar window &aces is dtscussed in &ion 3.2.2. Free 

mnclaction behM shutters affects their efficiany as night 
insulation (&ion 3.6.). 

Frse m k i o n  is goven?ed by local tmpratuzw differems. Local 
tanperature dlffererr?es in whia?s are aften stmngly influenoed by 
the heat from ehsarM solar radiation. In &ions 4.3. atxl 4.6. it 
is shcwn h m  this influems t b  window propzties. 

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

wavelength distribution (spectrum) depends on the temperature and 

emissivity of the emitting surface. 



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 is 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.- h t  t r e e  in w i d o w s  due to thermal 
radiation. Section 3.6. shows #a ixrfluenw of thermal radiation on 

the thenfk%l transmission propdies  of wMaws. 
The radiative heat tram3e.r coefficients are not so stmngly 
temprature dependent as the fme cormective coefficients. The msin 

f ie ld of ,interaction bstween tb tkzml radiative an;l the solar 
proprties of w i d o w s  is in the treatment of &aces to change the 
Optical proprties, sections 4.3. anl 4.5. 

d. 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. 



T b  aCr circulation in window system is very difficult t o  d l .  In 
~~s the izzflueoe of air circulation on t b  t k m a l  and solar 
properties is determined. Available mults m 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 surface 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. &a& w i t h  ths risk of codensation on winiows.  

In section, 3.1. the msjar properties, mlations and problem mas w i t h  

mspct t o  hat transmission through w i d o w 5  are introduced. Section 
3.2. presents a mi= on the IR-radiative ad conluctive/co&ive 
heat transfer phenonma. Section 3.3. gives a survey on test &hc& on 
w i d o w  components ad complete window systems. 
T b  section on coIdsnsation (3.4.) is followed by two sections on 
practical w i d o w  design, where  tl.le possibilities, tke problem areas and 

actual data, w i t h  respect t o  w i d o w s  w i t h  lcw heat trammLwion, am 
presented. 



5 .3 .  S o l a r  R a d i a t i o n  

R a d i a t i o n  from t h e  sun  and /o r  d i f f u s e  r a d i a t i o n  from sky  and 

s u r r o u n d i n g s  f a l l s  on t h e  window and i s  p a r t l y  r e f l e c t e d  and absorbed .  

The r e s t  is t r a n s m i t t e d  th rough  t h e  window and r e a c h e s  t h e  i n d o o r  

s u r f a c e s  of  t h e  room a s  s h o r t  wave r a d i a t i o n  ( d i r e c t  o r  p r imary  

t r a n s m i s s i o n ) .  A s  f o r  the rmal  r a d i a t i o n ,  t h e  s u r f a c e  p r o p e r t i e s  a r e  

dependent  on wavelength  and a n g l e  of  i n c i d e n c e .  The spec t rum of  t h e  

s o l a r  r a d i a t i o n  ranges  from W and v i s i b l e  t o  t h e  n e a r  i n f r a - r e d .  

D a y l i g h t i n g  r e s u l t s  from t h e  v i s i b l e  p a r t  of  t h e  s o l a r  r a d i a t i o n  which 

e x p l a i n s  t h e  s t r o n g  r e l a t i o n  between s o l a r  and d a y l i g h t i n g  p r o p e r t i e s  of 

windows. 

A second a s p e c t  of  t h e  s o l a r  r a d i a t i o n ,  b u t  o f t e n  v e r y  s i g n i f i c a n t  f o r  

t h e  window performance,  is t h e  way absorbed s o l a r  h e a t  is r e l e a s e d  from 

t h e  window. For  i n s t a n c e ,  a  s i n g l e  g l a s s  pane a b s o r b s  abou t  12% of  t h e  

i n c i d e n t  r a d i a t i o n .  T h i s  absorbed h e a t  is r e l e a s e d  a t  bo th  s u r f a c e s  t o  

t h e  i n d o o r  and ou tdoor  environment by c o n v e c t i o n  and the rmal  r a d i a t i o n .  

So, e v e n t u a l l y  p a r t  of t h i s  h e a t  w i l l  be brought  i n t o  t h e  room 

( s e c o n d a r y  t r a n s m i s s i o n ) .  

In &ion 4.1 .  the solar p p r t i e s  af windows are introduced. A 

pmsentation o f  the solar radiation itself (4 .2 . )  is follow& by a 
review on tlie solar properties af wFodows (4 .3 . ) .  T2a3 &ion on 
meamam& techniques (4 .4 . )  gives a survey of  the various technLques 
t o  obtain v e a l  data. The final &ion (4 .5 . )  miew; tlie 
pssibilities to  %chime efficient control o f  solar b t .  



The reduction of solar radiation in most cases also leads to a reduction 

in the amount of visible light 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 mm in prticular to the daylighting pr0prtie.s of 
WMCWS (chapter 6 ) .  

5.5. Ventilation 

  he heat or cold whic :h is trans d through crac :ks and openings a ~f the 

window from inside to outside and vice 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 air infiltration 

through wFndows. W h m ? v e r  applicable the discussion is p l d  in the 

context of building ventilation where alongside energy comation, 

comfort and air quality are mjar focal pints. 
Many refemnxs are made to publications bg the AFr Infiltration Cmtm 
and 0 t h ~ ~  initiatives on ventilation within the IEA EG'D Progranme on 
Emrgy Conservation in Bui1d.it-g~ atxi Cormmurity @stars. Nevertheless, 
chapter 6 gives an extensive review on tha theory on ventilation 
(section 6.2.). on existing m2a.suremnt techniques (6.3.) and present 
s t a m  values (6.4.). 



Section 6.6. describes fib importan;le of tbe winlow leakage aspart of 
the total buildins? leakage. 

The next &&ion 6.6. m i m s  t b  psibilities to achieve aLrtiQht 

joints while &&ion 6.7. describes fib iuFluen?e of fib inl.labitants on 

the use of s winlow to control natural ventilation. 

The final section 6.8. ~ ~ n m ~ ~ ~ i z e s  briefly t.b psibilities on t b  

mlcet  of special ventilation provisions, like grilLs, Bxhaust w h i m s  

a d  moch. 

6. OTHER PUBLICATIONS FROM ANNEX XI1 

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. van 

Dijk, September 1986. 

Thermal Transmission through Windows, Selected Examples to Illustrate 

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. 



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. 

Comparison of Six Simulation Codes: DEROB, DYWON, PASSIM, DOE-2.IC, 

SERI-RES, HELIOSI, ed. T. Frank and T.W. PUntener, 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 IS0 draft standard DIS 

7345/1 [l]. 

2. LIST OF GENERAL TERMINOLOGY AND SYMBOLS 

Heat: quantity of heat - 

Heat flow rate: The quantity of heat transferred 

to or from a system per unit time: 

Density of heat flow rate: Heat flow rate divided 

by area: 

symbol 

Q 

4 

q 

unit 

J 

W 

w/ma 



Thermal conductivity: Quantity defined by the 

following relation: 

- 
q = A grad T 

Thermal resistance: Temperature difference divided 

by the areal density of heat flow rate in the steady 

state condition: 

NOTE: For a plane layer for which the concept of 

thermal conductivity applies and when this property 

is constant or linear with temperature: 

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 

W/(m.K) 

(ma .K)/W 



symbol 

Thermal r e s i s t a n c e  can be r e l a t e d  e i t h e r  t o  t h e  

m a t e r i a l ,  s t r u c t u r e  of s u r f a c e .  I f  e i t h e r  TI o r  T, 

is n o t  t h e  t empera tu re  of a  s o l i d  s u r f a c e ,  bu t  t h a t  

of a  f l u i d ,  a  r e f e r e n c e  t empera tu re  must be d e f i n e d  

i n  each s p e c i f i c  c a s e  ( w i t h  r e f e r e n c e  t o  f r e e  o r  

f o r c e d  convec t ion  and r a d i a t i o n  from surrounding 

s u r f a c e s ,  e t c . ) .  

When quo t ing  v a l u e s  of thermal  r e s i s t a n c e ,  TI and T, 

must be s t a t e d .  

S u r f a c e  c o e f f i c i e n t  of h e a t  t r a n s f e r :  Densi ty  of h e a t  

f low r a t e  a t  a  s u r f a c e  i n  t h e  s t e a d y  s t a t e  d i v i d e d  by 

t h e  t empera tu re  d i f f e r e n c e  between t h a t  s u r f a c e  and 

t h e  su r roundings :  

NOTE: T h i s  assumes t h e  d e f i n i t i o n  of t h e  s u r f a c e  

th rough  which t h e  h e a t  is  t r a n s f e r r e d ,  t h e  t empera tu re  

of t h e  s u r f a c e ,  Ts, and t h e  ambient t empera tu re ,  

( w i t h  r e f e r e n c e  t o  f r e e  o r  f o r c e d  convec t ion  and 

r a d i a t i o n  from sur rounding  s u r f a c e s ,  e t c . ) .  

u n i t  



symbol unit -I- 
Thermal conductance: The reciprocal of thermal 

resistance from surface to surface under conditions 

of uniform density of heat flowrate: A 

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: U 

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 T 

Celsius temperature 9 I 'C 

Area - .  A I m a  



symbol 

Volume 

E m i s s i v i t y :  

The r a t i o  of  t h e  e m i t t e d  r a d i a n t  i n t e n s i t y  t o  t h e  

r a d i a n t  i n t e n s i t y  e m i t t e d  by a  b lack  body a t  t h e  same 

t e m p e r a t u r e  and i n  t h e  same d i r e c t i o n  o r  w i t h  t h e  

same a n g u l a r  d i s t r i b u t i o n .  

NOTE: T h i s  d e f i n i t i o n  i m p l i e s  t h a t  t h e  d i r e c t i o n  o r  

a n g u l a r  d i s t r i b u t i o n  ( e . g .  h e m i s p h e r i c a l )  must be 

d e f i n e d  i n  each  s p e c i f i c  c a s e .  

T o t a l  s o l a r  ene rgy  t r a n s m i s s i o n  c o e f f i c i e n t :  

o r :  t o t a l  s o l a r  ene rgy  t r a n s m i t t a n c e  

o r :  s o l a r  f a c t o r  

f o r  g l a z i n g :  

i n  g e n e r a l  : 

The d e n s i t y  of t r a n s m i t t e d  t o t a l  s o l a r  ene rgy  through 

a  window d i v i d e d  by t h e  i n t e n s i t y  of i n c i d e n t  s o l a r  

r a d i a t i o n .  

NOTE: For  e x p l a n a t i o n ,  s e e  c h a p t e r  I of t h e  r e p o r t .  



SUBSCRIPTS (optional): 

interior 

exterior 

surface or sky 

interior surface 

exterior surface 

convection 

radiation 

ambient or air ( ! )  

window 

glass 

frame 

3. REFERENCES 

1 1 1  ISO: DIS 734511, Thermal insulation - Vocabulary - Part 1. 
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I n  t h e  g e n e r a l  i n t r o d u c t i o n ,  c h a p t e r  1 ,  t h e  v a r i o u s  h e a t  t r a n s p o r t  

mechanisms were p r e s e n t e d  i n  b r i e f .  

For  t h e  the rmal  t r a n s m i s s i o n  th rough  windows t h e  f o l l o w i n g  q u a n t i t i e s  

p l a y  a  major r o l e :  

- The s u r f a c e - t o - s u r f a c e  the rmal  r e s i s t a n c e  of a  window (-component), 

Rw i n  maK/W,  o r  i t s  r e c i p r o c a l  v a l u e ,  t h e  conductance  A,. 

- The s u r f a c e  h e a t  t r a n s f e r  c o e f f i c i e n t s  ( i n  W/maK): 

indoor  c o n v e c t i v e  hci I sum: h i  = hci + h r i  
r a d i a t i v e  h r i  

ou tdoor  c o n v e c t i v e  

hce ] sum: he - hce + hre 
r a d i a t i v e  

h r e  

Sometimes t h e  r e c i p r o c a l  v a l u e s  a r e  used ,  t h e  s u r f a c e  f i l m  r e s i s t a n c e s  

Ri, e t c .  

- The t o t a l  h e a t  t r a n s m i s s i o n  qw th rough  t h e  window can  be d e s c r i b e d  

w i t h  e q u a t i o n :  

qw = Aw . Uw . (€Ji - Be) (W) ( 1 )  



where : 

9w 
is the steady state heat transmission caused by the 

temperature difference (Bi - Be); 

*w 
is the window area (ma); 

Bi, Be 
are the indoor and outdoor environmental temperatures ('C). 

The coefficient Uw is 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: 

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 illustrated for double glazing: the window resistance is 

composed of the (small) resistances by conduction through the panes and 

the parallel resistances for radiative and convective heat transfer 

across the cavity. 



i 

cavity 
~uter inner 
pane 
(1) 

pane 
( 2 )  

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

In fact, the environmental temperatures Bi and 8, 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. 



Oi 

-pane pane 
blinds 

e :  outside 
i: inside 
r: radiation (thermal) 
c: convection 
v: ventilation 

Fiaure 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: 

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

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

air movement, geometry of the room; 



- c a v i t y :  

c a v i t y  c o n d i t i o n s :  s u r f a c e  t e m p e r a t u r e s  and t e m p e r a t u r e  d i f f e r e n c e .  

Obviously ,  t h e  p r o p e r t i e s  of t h e  window components themse lves  p l a y  a  

major  r o l e ,  such a s :  

- e m i s s i v i t y  of pane o r  o t h e r  s u r f a c e s ;  

- c a v i t y  d i s t a n c e s ;  

- s h u t t e r s :  the rmal  r e s i s t a n c e ,  a i r  t i g h t n e s s ;  

- f rames:  compos i t ion ,  the rmal  b r i d g e s .  

I n  t h i s  c h a p t e r  3  t h e  the rmal  t r a n s m i s s i o n  p r o p e r t i e s  of windows a r e  

i n t r o d u c e d .  

I n  s e c t i o n  3 .2 .  t h e  h e a t  t r a n s f e r  mechanisms a r e  p r e s e n t e d .  The s e c t i o n s  

3 .2 .1 .  and 3 .2 .2 .  c o n t a i n  b a s i c  t h e o r e t i c a l  c o n s i d e r a t i o n s  and 

comparison of  e x i s t i n g  e m p i r i c a l  formulae  f o r  t h e  r a d i a t i v e  and 

c o n v e c t i v e  h e a t  t r a n s f e r  c o e f f i c i e n t s .  

S e c t i o n  3 . 2 . 3 .  g i v e s  a  p r e s e n t a t i o n  on the rmal  b r i d g e s ;  i n  t h e  f i r s t  

p a r t  c a l c u l a t i o n  methods and e v a l u a t i o n  t e c h n i q u e s  a r e  i n t r o d u c e d ,  i n  

t h e  second p a r t  c a s e  s t u d i e s  a r e  d i s c u s s e d .  

S e c t i o n  3 .3 .  p r e s e n t s  v a r i o u s  measurement t e c h n i q u e s ,  t o  o b t a i n  b a s i c  

window (component) p r o p e r t i e s  ( 3 . 3 1 .  o r  t h e  v a l u e s  f o r  the rmal  

r e s i s t a n c e  a n d / o r  U-value (3 .3 .2 .  and 3 . 3 . 3 . ) .  The d i s c u s s i o n s  p r e s e n t e d  

i n  t h i s  s e c t i o n  g i v e  a  c l e a r  i l l u s t r a t i o n  t h a t  it i s  impor tan t  t o  

a c c u r a t e l y  d e f i n e  and s t a t e  t h e  t e s t  c o n d i t i o n s .  



S e c t i o n  3 . 4 .  g i v e s  a  short  but c l e a r  presentat ion  on t h e  r i s k  o f  

condensat ion on window s u r f a c e s  and t h e  ways t o  e l i m i n a t e  the  r i s k .  

P r a c t i c a l  s o l u t i o n s  t o  diminish heat  l o s s e s  through windows are 

presented i n  s e c t i o n s  3 . 5 .  and 3 . 6 .  These s e c t i o n s  a l s o  c o n t a i n  graphs 

and t a b l e s  wi th  a c t u a l  data from c a l c u l a t i o n s  o r  t e s t s .  



LIST OF CONTENTS 

LIST OF SYMBOLS 

1. INTRODUCTION 

3.2. Thermal transmission 

3.2.1. Thermal radiative heat transfer 

J.B. Gay, N. Morel 

Ecole Polytechnique Fedkale 

Groupe de Recherches en Energie Solaire 

CH - 1015 LAUSANNE (Switzerland) 

Th. Frank, T.W. PUntener 

EMPA 

Ueberlandstrasse 129 

CH - 8600 DUBENDORF (Switzerland) 

2. RADIATION TO THE SKY 

2.1. Sky temperature 

2.2. Sky emissivity 

3. RADIATION TO THE SURROUNDING 

4. RADIATIVE EXCHANGES BETWEEN TWO PANES 

5. RADIATIVE COUPLING BETWEEN WINDOW AND INSIDE 
5.1. Inside surfaces at uniform temperature 

5.2. Inside surfaces at different temperatures 

6. CONCLUSIONS 

7. REFERENCES 



LIST OF SYMBOLS 

: Radiative heat flow 

A : Area 

qs 
: Long wave irradiance from the sky 

E : Surface emissivity 
. . 

0 
-8 

: Boltzmann constant (55.67 x 10 ) 

T : Absolute temperature 

0 : Celcius temperature 

H~ : Horizontal global solar radiation 

%IF : Horizontal diffuse solar radiation 

C~ 
: Cloud cover fraction (1/10) 

E : Effective emittance 

hr : Radiative heat transfer coefficient 

F : View factor of the sky from the window s 

Fi+j : Form factor (from surface i to j) 

a : Global heat transfer coefficient 

G : Equivalent conductance 

Indices 

6 : sky 

w : window 

g : glass 

R : radiometer 

e : exterior 

i : interior 

a : ambient 

dp : dew point 



1. INTRODUCTION 

When considering the thermal radiative heat transfer of a vindov. 

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

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

b) The radiation betveen the external glazing surface and the 

surroundings 

C) The radiation betveen tvo parallel glazing surfaces (for 

double or multilayer vindovs) 

d) The radiation betveen the internal glazing surface and the 

room surfaces 

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



2. RADIATION TO THE SKY 

Neglecting second order terms the net radiative exchange between 

the external glazing surface and the sky may be vritten as follows : 

where : F = view factor of the sky f r w  the window 
s 

E = emissivity of the external glazing surface 
g 
T = absolute temperature of the external glazing surface 

S 

q s  
= long wave irradiance from the sky to the glazing surface 

In order to cwpute q the values of two parameters are required: 
s * 

the sky temperature and the sky emissivity. Since these parameters are 

unknown, one of the following approaches is generally adopted : 

a) The sky is considered as a black body (E = 1) at a given 
S 

equivalent sky temperature (T ) .  The net.radiation between 
S 

the glazing surface and the sky can then be expressed as : 

b) The sky temperature is assumed to be the same as the ambient 

temperature (Ts 

This emissivity 

a Ta) , and a sky emissivity (E ) is used. 
S 

is defined as the ratio of the sky radiance 

T being the absolute air temperature near the ground. 
a 

Then : 

One notices that both approaches are equivalent. 



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 vavelength. 

Figure 2 : Solar radiation and atmospheric counter-radiation 
on a horizontal surfaceelement.Mid1atitude vinter 6 
600 m above sea level, ambient air temperature - 3 C. 
elevation 20 O. 

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 vith 

a radiometer (for exemple a PIR pyrgeometer from Eppley 

Laboratory). 

The calibration constant given by the manufacturer is 

defined as : 



vhere : TR = Radiometer absolute temperature [ K ]  

T = Sky absolute temperature [ K ]  
S 2 

k = Calibration constant of the radiometer [ ~ / m  m ~ ]  

V = Output voltage of the radiometer [mvl 

Rearranging equation (5) gives : 

However such a measurement is' not generally available. 

b) Empirical relations : 

Several empirical relations have been proposed to relate the 

sky temperature to the outdoor air temperature (T,). 

Swinbank has proposed [ 11 : 

and more recently Whillier [ 2 ] gave the relation : 

Both these relations are very crude hovever and do not account 

for the effect of the sky cloudiness. 

C) Correlation methods : 

As the sky temperature is strongly correlated to the sky 

cloudiness, Ineichen et a1 [ 3 3 have made an attempt to cor- 

relate the sky temperature vith tvo measured quantities : the 

ambient temperature and the normalized diffuse solar radiation 

By plotting A@ = 4 4 
'a 

- es = a (Ta - Ts) versus z = (l-l$IF/HG) 

a rather good correlation vas found vith the folloving para- 

meters : 



HDIF and H are averaged daily values for the horizontal 
G 

diffuse and global solar radiation. 

d) Practical comparison of the presented algorithms : 

In order to compare and evaluate the algorithms, the sky tempe- 

rature vas computed for tvo typical periods (each one present- 

ing cloudy and clear days) and compared vith measurements. 

Figures 3 and 4 present the horizontal global and diffuse ra- 

diation together vith the measured air and sky temperature for 

the tvo typical periods : one in vinter (Feb. 8th to Feb. 12th) 

and one in summer (July 2nd to July 6th). 

The measurements vere performed by the University of Geneva [ 3 1  

It is noticable that there are significant differences betveen 
0 

air and sky temperatures, vhich sometime exceed 25 C. 

The graph of temperature vs. time may be used to compare the 

different algorithms.0ne 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 
- 
T - ? and this heat loss is the quantity vhich is of greatest 
g s 
interest. 

Therefore, ve vill give both the graph of temperature versus 

time and the mean value for every algorithm discussed next. 



Figure 3 : Global and diffuse Figure 4 : Measured air and 
horizontal solar radiation. sky temperature. 

Swinbank and Whillier models 

Figures 5 and 6 compare the empirical relations of Swinbank and 

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

follovs : 

It can be seen that the Svinbank relation systematically under- 

estimates the sky temperature vhile the Whillier relation overesti- 

mates it. 

Winter 

S u m e r  

0 
a 

[ OC 1 

4.0 

19.3 

Svinbank 

- 18.6 
2.8 

Whillier 

- 2.0 

13.3 

Measured 

- 9.3 
7.6 



Figure 5 : Sky temperature using 
the Svinbank relation. 

Figure 6 : Sky temperature using 
the Whillier relation. 

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 [ 31 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). 



Figure 7 : Sky temperature 
computed vith the 
global horizontal and 
the measured diffuse 
radiation. 

Figure 8 : Sky temperature compu- 
ted vith the global ho- 
rizontal and the Liu 
and Jordan diffuse ra- 
diation. 

The average values for the considered periods are as follows : 

The results show that the use of the computed diffuse component 

Winter 

Sunrmer . 

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. 

[ OC 1 

4.0 

19.3 
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value 

- 9.3 
7.6 

using the measured 
diffuse radiation 

- 7.8 
8.5 

using the computed 
diffuse radiation 

- 5.6 
8.8 



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 ((3 see fig. 9) and to the 
dp * 

cloud cover fraction (C  ). 
F 

For clear sky conditions : 

For cloudy sky conditions, Unsworth and Monteith 1 8 1  proposed 

the following relation : 

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 stations. 

Figure 9 : Correlation between the clear sky emissivity and the 
dewpoint temperature. 



3 .  RADIATION TO THE SURROUNDING 

A vindov. as does any vertical surface, also exchanges heat by 

radiation vith the ground and the surrounding. It is generally assumed 

that the temperature of the environment is the same as the outdoor 

temperature near the ground (T ) .  a 
The thermal irradiance to the environment excluding sky may then - 

be expressed as : 

Adding the sky and the ground components, the folloving expression 

is obtained for the global thermal irradience (@ ) : 
tot 

Total radiation to the outside 

Adding the sky and the ground components, the folloving 

expression is obtained for the global thermal irradiance : 

Using typical values for vinter conditions and a viev 

factor of 4, the folloving average radiative transfer coefficient 

is obtained : 

One notices that 314  of this value are due to the radiative 

transfer to the sky. 



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 
0 

angle approaches 90 . 

Angle of emission 

Figure 10 : Directional total emittance of window glass (3mm) 
and PET films (0.1 and 0.03 mm) at 2930 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 anweighted average emissivity of 0.85. 

The net radiative heat balance between the two parallel surfaces 

can then be given by 

e r e  : E L +  5-  1 )-I = effective emittance 
1 2  

c .  = average emissivity of surface i [ - I  
1 



T. 0 surface temperature of surface i [ K ]  
1 

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

the follwing approximation can be made. 

0 
-3 

= A 4 a ET (T1 - T2) = A hr (T1 - T2) 
net B 

[ W ]  (16) 

-3 
T1 + T 

Where : h = 4 a ET [ w / m 2 ~ 1  and = 
2 

r 2 K1 (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 shovn 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 um)). 

Heat mirrors can be classified under two broad categories : 

1) single layer materials (In203 : Sn, SnO . F. Cd2 : Sn0 4...) 
2 '  

and 

2) multilayer metal-based films (SiO / ~ g ,  Zns/Cu/Zns. 
2 

Ti02/Ag/Ti02 . . . . . . ) 
The coatings can be physically deposited on the glass by a varie- 

ty of methods including physical vapor deposition (vacuum evaporation, 

sputtering [ 261 or chemical procedures (imersion, 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 - E ) .  



Figure 11 demonstrates the advantages of a "heat mirror", it 

shows the variation of the radiative heat transfer coefficient (h ) 
r 

as a function of the surfaces emissivities. 

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 : rl = r2 
(dotted line) 



L 'ADIATIVE COUPLING BETUEEN WINDOW AND INSIDE 
/ 

In a real situation, the exact computation of radiative coupling 

1- ween vindow (inside pane) and inside surfaces is a rather complica- 
L - 

-ted 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 : 

4 4 
@ = 0 (T. - T.). 
i+ j 1 

1-E. 1-E 1 
2 +i + 
€..A. A A..F 
1 1  1 j r i+j 

Where ci. E are the emissivity of surfaces i and j respectively, 
j 

Ai, A. the areas', 
and Fi+~ 

is the form factor, which accounts for geo- 
J 

metrical position of both surfaces ( [ 28 1 , [ 29 1 ). 

The form factor is given by : 



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

Most construction materials (bricks, mortar, wood, etc. .... ) 
have an emissivity of 0.8 - 0.9, and may be considered as grey sur- 
faces emitting and reflecting isotropically, for infrared radiation. 

The only remaining 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) looking 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: 

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-E. near to zero, so the expression reduces to : 
1 



'i-w 
The equivalent conductance (i.e. the ratio - ) may be written : 

Ti-Tv 

T. + Tv 
(with 7 = 

1 

2 ) 

For E -0.85 and 7 = 290 K, the following radiative transfer coef- 
V 

ficient is obtained : 

The contribution of the radiation coupling is therefore important. 
2 

The usual calculation, using a. = 8[w/m K](radiation + convection) in- 
1 

troduces a coupling only to the inside air, vhen in reality the most 

important part of this coupling, i.e. the radiative part, takes place 

vith inside surfaces, vhich 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 : 

@ 
G .  = 

2 2 
= o(Ti + T.)(Ti + T.) . 1 (24) 

1 T.-T 
1 j 

3 I . " 1-E. 1-E. 1 
-3 

- 4 o T  E .A. 
'+-+ 
1 1  1 1 AiFi+j 

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

thods and combination of elementary cases (see for example [ 291 , 
pp 223), or using a numerical computer code 1301 . 



6. CONCLUSIONS 

A large fraction of the heat losses through windows is dominated 

by radiative exchanges. This has practical coneequences 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 r window. 

- As soon as detailed calculations are required, radiative and 
convective exchanges have to be considered separately. 

- ~ttention 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- 

~irical 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 

I n  product , information the  U-value of g laz ings  i s  given, t a k i n g  i n t o  

account a  standardized value f o r  the combined (convect ive and r a d i a t i v e )  

heat t r a n s f e r  c o e f f i c i e n t  he. IS0 [ 5 ]  recommends h e  = 23 w / ~ ' K ;  

assuming a  meteoro logica l  wind speed o f  3  t o  4  m/s, wh i l e  ASHRAE [ 6 ]  

recommends t o  make a  d i s t i n c t i o n  f o r  w in te r  and summer design cond i t i ons  

he = 34 w/$K and he = 23 w / ~ ' K  respec t ive ly .  

The U-values g iven i n  product i n fo rma t i on  are a lso  o f t e n  used t o  

determine the  capac i ty  o f  the hea t i ng  p l a n t  and f o r  g l o b a l  energy 

analyses. 

For more d e t a i l e d  c a l c u l a t i o n s  based upon hou r l y  weather data, e i t h e r  

measured on s i t e  (above the  r o o f )  o r  a t  a  meteoro logica l  s t a t i o n  i n  t he  

v i c i n i t y ,  t he  combined he can be d i v i ded  i n t o  a  convect ive p a r t  

he,, and a  r a d i a t i v e  p a r t  he,,. 

How t o  deal  w i t h  he,, i s  descr ibed i n  chapter 3 . 2 . 1 .  T h e o r e t i c a l l y  t h e  

convect ive heat t r a n s f e r  c o e f f i c i e n t  he,, i s  dependent upon the a i r  

f l ow  v e l o c i t y  near t h e  wa l l .  

Only a  few f u l l  sca le experiments t o  quan t i f y  the convect ive component 

o f  the ex te rna l  sur face energy balance are known from l i t e r a t u r e .  

Two o f  these experiments are descr ibed here. 

The r e s u l t s  o f  t he  experiments I t o  e t  a1 [I] c a r r i e d  ou t  a t  a  s i x  s to rey  

b u i l d i n g  w i t h  an open L  shaped p lan  s i t u a t e d  i n  Tokyo have gained 

i n t e r n a t i o n a l  recogn i t ion .  From t h i s  work t he  ASHRAE Task Group [I] has 

der ived  an a lgo r i t hm t o  c a l c u l a t e  t he  convect ive heat t r a n s f e r  

c o e f f i c i e n t  he,, t a k i n g  i n t o  account t he  meteoro logica l  windspeed 

vm. 



The fo l l ow ing  measurements have been c a r r i e d  out:  

- wind speed and wind d i r e c t i o n  a t  a  he igh t  of 8 m above the  roof; 

- a i r  f low v e l o c i t i e s  a t  30 cm from the  w a l l  a t  cen t re  p a r t  and edge 

p a r t  p o s i t i o n s  accord ing t o  f i g u r e  1; 

- convect ive heat t r a n s f e r  i n  t he  same p o s i t i o n s  by means o f  two heat  

f l u x  sensor panels s i de  by side, maintained a t  s l i g h t l y  d i f f e r e n t  

temperatures. 

CENTER EDGE 

F igu re  1: P o s i t i o n s  and symbols o f  the measurement done a t  t he  n o r t h  
w a l l  sur face of the t e s t  bu i l d i ng .  



The conclusions re re :  

1. the  a i r  f low v e l o c i t y  near the  surface was 1/3 - 1/5 t imes the wind 

speed when t h e  surface i s  windward and 1/18 - 1/11 when i t  i s  

leeward; 

2. the  convect ive heat t rans fer  i s  more c lose l y  r e l a t e d  t o  the a i r  f l o w  

v e l o c i t y  near the  sur face than t o  the  wind speed; 

3. the  t e s t  r e s u l t s  from an a c t u a l  b u i l d i n g  d i d  not agree w i t h  t h e  

convent ional  r e l a t i o n s  between convect ive heat t r a n s f e r  c o e f f i c i e n t  

and a i r  f low v e l o c i t y ,  i f  the  wind speed was used ins tead o f  a i r  f l ow  

v e l o c i t y  along the  surface; 

4. the  r e l a t i o n  between wind speed and convect ive heat t rans fer  can be 

broken down i n t o  two c h a r a c t e r i s t i c  parts:  

a. r e l a t i o n  between wind speed and a i r  f low v e l o c i t y  near t h e  

surface; 

b. r e l a t i o n  between the  convect ive heat t rans fe r  c o e f f i c i e n t  and t h e  

a i r  f low v e l o c i t y  near the  surface; 

When the wind speed i s  low or  when the surface i s  leeward, t h e  

convect ive heat t r a n s f e r  c o e f f i c i e n t  o f t e n  tu rns  out t o  be as low as 

about 6 w / ~ K .  

Kimura 121 der ived from the  experiments an a lgor i thm f o r  computer 

ca l cu la t i on :  

I npu t  V = wind speed i n  general (m/s), here the  meteorological  wind 

speed Vm i s  taken; 

a  = wind d i r e c t i o n  (angle measured clockwise from nor th )  

(degrees) ; 

b = wal1,azimuth ( ~ o s i t i v e  degrees westward from south and 

negat ive eastward). 

Output Vs = a i r  v e l o c i t y  near the  outs ide sur face (m/s); 

h  = convect ive heat t rans fe r  c o e f f i c i e n t  (W/II?K) 
e,c 



C a l c u l a t i o n  sequence 

(1)  Ca lcu la te  wind d i r e c t i o n  r e l a t i v e  t o  t he  w a l l  sur face  y 

(2) Ca lcu la te  a i r  v e l o c i t y  near t h e  ou ts ide  sur face  V s  

( i )  I f  t he  sur face  i s  windward: 

f o r  Vm > 2 V = 0.25 V 
S m 

f o r  V m  < 2 V = 0.5. 
S 

( i i )  I f  t he  sur face  i s  leeward: 

(3)  Ca l cu la te  convect ive heat  t r a n s f e r  c o e f f i c i e n t  he,, 

As an example: windspeed 4 m/s, 

h  = 9.1 W/$K windward s i d e  
e,c 

h  = 6.3 W / ~ K  leeward side. 
e,c 

Th is  p l o t t e d  back t o  t he  r e s u l t s  o f  the experiments i n d i c a t e s  t h a t  t h e  

a lgo r i t hm i s  v a l i d  f o r  t h e  center  p a r t s  on the  t h i r d  and f o u r t h  f l o o r  o f  

t he  b u i l d i n g  i n  f i g u r e  1, a l though f o r  the leeward s i d e  and calm 

cond i t i ons  (V, < 3  m/s) a  lower value f o r  he,, can be der ived  than 

was found w i t h  t he  experiments (he,, = 6 w/m2K). 



The, ASHRAE Task Group 111 took the  same algor i thms as Kimura t o  . . 

c a l c u l a t e  Vs from Vm bu t  der ived f o r  he,., he, c l  = 18.6 

~ ~ 0 . 6 5 .  

According t o  Rubin 131, Lokmanhekim, der ived the fo l l ow ing  formulas from 

I t o ' s  experiments: 

helc = 8.07 v ~ ~ . ~ ~ ~  windward s ide  

he,c = 18.64 (0.3 + 0.05 v ~ ) ~ . ~ ~ ~  leeward s ide  

These formulas lead t o  the same r e s u l t s  as the ASHRAE approach and g i ve  

f o r  .Vm = 4  m/s: 

helc = 18.7' W / & K  windward s ide  

= 12.3 W/&K leeward. s ide  he,c 

These values are more i n  accordance w i t h  the r e s u l t s  o f  I t o ' s  

measurements f o r  the too f l o o r .  

Sharples 181 c a r r i e d  out measurements on the no r th  faqade o f  the 18 

storey A r to  Tower a t  S h e f f i e l d  Un ive rs i t y ,  U.K., based upon the same 

p r i n c i p l e s  as the IT0 experiments. Sharples der ived r e l a t i o n s h i p s  

between he,, and the meteorological  wind speed Vm, the  wind speed 

above the r o o f  Vr and the a i r  v e l o c i t y  near the w a l l  Vs f o r  the 

center  p a r t s  o f  the 6th, 14 th  and 18th f l o o r  and f o r  the edge p a r t  o f  

the 18th f l o o r .  The a lgor i thm he der ived from the experiments f o r  the 

worst case (18th f l o o r  edge s i t e )  takes the  form: 

windward sur face V s  = 1.8 Vm + 0.2 m/s 

leeward sur face Vs = 0.2 Vm + 1.7 m/s 

f o r  e i t h e r  sur face he,, = 1.7 V s  + 5.1 w/&K. 
For V, : 4 m/s, t h i s  a lgor i thm leads to: 

windward sur face he,c = 17.7 W/&K 

leeward sur face he,c = 9.4 W/II?K. 



These figures are somewhat lower than those found by the ASHRAE 

algorithm. 

For the 6th floor center part even lower values (he,, = 6 w/$K) than 

can by derived by the Kimura algorithm were found. 

This shows that he,, 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 fayade location. 

Figures for lower floors than the sixth are not available. 

In literature (e.9. 4, see figure 2 )  results from wind tunnel 

experiments can be found which confirms that the local conditions near 

the fa~ade strongly vary with position on the fayade, 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 meteorological wind speed. However, although 

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 one must be aware 

that the values for the convective heat transfer coefficients for 

differently situated parts of the fayade 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 

fayade can lead to an overestimation of the heat transmission through a 

single glazing of about 10% and for a double glazing of about 6%. 



constant ve l0C l ty  I boundary l a y e r  

Figure 2: Comparison of pressure c o e f f i c i e n t s  on a cube for constant 
ve loc i ty  and boundary layer flow ( a f t e r  Hamilton). 



2. CALCULATION OF THE CONDUCTIVE AND CONVECTIVE HEAT TRANSFER I N  GAPS OF 

MULTIPLE GLAZINGS 

The conductance h i n  a gap between two p a r a l l e l  panes i s  g iven  by t h e  

r e l a t i o n  h = X / w  Nu, where 

X = thermal c o n d u c t i v i t y  of the gas o r  gasmixture of the gap 

i n  W/mK; 

w = the w id th  of the gap i n  m; 

Nu- = Nussel t  number Nu = h.wh ; (1)  

h = heat t r a n s f e r  c o e f f i c i e n t  i n  w / ~ ? K .  

The Nussel t  number depends on the occur r ing  flow regime. Three flow 

regimes e x i s t .  

- 
1. pure conduct ion Nu = 1 

2. t r a n s i t i o n  

3. boundary l aye r .  

Which flow regime occurs i s  according t o  Eckhart  and Carlson 191 

dependent on the  Grashof number G r w  on the  aspect r a t i o  Ax. 

The Grashoff number G r w  i s  g iven  by: 

g = g r a v i t a t i o n a l  acce le ra t ion ,  9.81 m / 2  
p 5 c o e f f i c i e n t  of thermal  expansion, K-I 

p = dens i ty  i n  kg/rn3 

p = dynamic v i s c o s i t y  i n  kg/m.s 

A e  = temperature d i f fe rence across the reg ion  i n  K 

w = gap w id th  i n  m 

A i s  the aspect r a t i o ,  the r a t i o  between the  he igh t  and the  
X 

width. 



TABLE 1: Some heat transfer relations for vertical gaps. 

relation nunber / author 

1. Jacob 

2. Ck Graaf and 
Van der Held 

4. Eckert and Carlsson 

5. Jannot and Hazeas 

6. Mynett and Duxbury 

7. Yin, Hung, Cheng 

0. Randall 

9. Glaser 

0. Schinkel 

1. Elshirbiny, 
Raitbby, tbllands 

2. &ens 

RELATION 

0.25 A;O.lll 
Ru E 0.18 Gr 

Ru = 0.065 Gr o.333A~o.111 

0.37 Ru = 0.0436 
h = 0.036 Ra 

Ru = 0.0424 Ra 
0.37 

NU - 0.43 Ra0.16 

Nu = 0.0354 Ra 0.37 

0.3 Axo.l 
iiu = 0.132 Ra 

su = 0.0835 Ra 
0.315 

0.263 -0.21 
iiu 2 0.216 Ra AX 

0.269 -0.13 
Ru = 0.210 Ra Ax 
- 
Nu, = 0.096 Ra 

0.29 

0.333Ax-0.111 
Au r 0.11 Ra 

0.29 
Ru = 0.106 Ra 

Ru = [Nu1, Nu2, N3] 
max 

Ru = 0.035 RE 0.30 

remarks 

data of Mull and Reiher 

(caloric) 

caloric 
for Ra >2.4*105 data 
of Mull and Reiher [ 2 ]  

derived f r m  De Graaf 

and Van der Held 

interferometric 

interFerometric 

interferometric 

caloric 

interferometric 

data from Linke 

caloric 

caloric, derived frum 
Robinson,Powlitch,DiII 

REF. 



Thus the  conductance i n  the  gap i s  dependent on: p rope r t i es  o f  the gas 

i n  the  gap, t h e  temperature l e v e l ,  the  temperature d i f f e r e n c e  and the 

dimensions. 

According t o  many authors t h e  convect ive heat t r a n s f e r  between panes can 

be described by a  r e l a t i o n  as 

Ru = ~ . ( G ~ . P ~ ) ~ . A , c  (3)  

where Pr = P rand t l  number = cp/A (4 

where cp = s p e c i f i c  heat a t  constant pressure i n  J/kg.K 

The product Gr.Pr i s  a l so  c a l l e d  the  Rayleigh number. 

I n  t a b l e  1  a  review i s  g iven o f  Gu-~a  r e l a t i o n s  f o r  v e r t i c a l  gaps,which 

authors der ived from measurements e i t h e r  c a l o r i c  o r  i n te r - fe romet r i c .  

As can be seen most o f  the experiments have been c a r r i e d  out  a t  low 

aspect r a t i o s  comparing w i t h  the  aspect r a t i o s  f o r  normal m u l t i p l e  

glazings. A t  a  he igh t  o f  the  g laz ing  o f  1  m and a  w id th  o f  the gap 

between 6  mm and 24 mm Ax v a r i e s  between 167 and 42. Some authors f i n d  

a  dependency ,on t h e  Ax w i t h  c  i n  (2) o f  -0.10 t o t  -0.29, and some do 

not  (Oe Graaf and Van der Held 1 121 , Jannot and Mazeas 1131 ). 

For normal g laz ings  i n  a  w in te r  s i t u a t i o n  a  Ra-number greater  than 10 5 

on ly  occurs w i t h  heavy gases l i k e  SF6. 

I t  i s  important  t o  se lec t  a  se t  o f  r e l a t i o n s  t h a t  cover a l l  p r a c t i c a l  

s i t u a t i o n s .  That means a l s o  t h e  s i t u a t i o n s  w i t h  low e m i s s i v i t y  coat ings, 

where t h e  gasconductance i s  o f  main importance and t h e  same i n  

combination w i t h  o ther  gases than a i r  o r  gasmixtures. 

As a l l  the r e l a t i o n s  i n  t a b l e  1  were der ived from experiments i t  i s  

i n t e r e s t i n g  t o  compare c a l c u l a t i o n s  w i t h  measurements on r e a l  g laz ings  

e i t h e r  w i t h  the  ho t  p l a t e  method o r  w i t h  the  ho t  box method. 

Rubin 131 showed t h a t  h i s  r e l a t i o n s  are i n  good correspondence w i t h  the  

hot-box measurements he c a r r i e d  out  w i t h  normal non-coated g laz ings  and 

a i r  spaces (see f i g u r e  3). 

Glaser 1171 measured w i t h  the  ho t  p l a t e  apparatus a lso  g laz ings  w i t h  low 

e m i s s i v i t y  coat ings  and g a s f i l l i n g s .  
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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 Glaser on glazings with air space and a 

low emissivity E = 0.065 are compared with calculations using some 

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



The c a l c u l a t i o n s  w i t h  Nu = 1 (so no convect ion) r e s u l t  i n  a somewhat 

lower U-value than the measurements. The cause i s  not yet c l e a r  but  the  

shape o f  the curve i s  o f  v i t a l  importance. 

The r e l a t i o n s  o f  Glaser, Yin Wung Chen and Randal l  r e s u l t  i n  a h igher  

U-value than the others. 

The r e l a t i o n s  o f  Jacob g i ve  the same shape of the curve as the 

measurements. The r e l a t i o n  o f  Owens g ives the lowest U-value and a shape 

o f  the  curve t h a t  can be compared w i t h  the measurements. It i s  a l so  

c l e a r  t h a t  a l l  the  r e l a t i o n s  i n d i c a t e  t h a t  convect ion i s  occurr ing,  see 

Nu = 1. 

I n  a recent  study Mrs E. Keizer-Boogh, 1251 ca lcu la ted  i n  a t h e o r e t i c a l  

way l o c a l  Nu-numbers i n  gaps w i t h  a i r  and w i t h  argon. She a l so  found a 

good corresponding course w i t h  the measurements. From t h i s  study Nu-Ra 

r e l a t i o n s  have not  been der ived yet.  

I n  f i g u r e  5 the  same has been g iven f o r  the  gas SF6. Now i t  can be seen 

t h a t  the  r e s u l t s  o f  the  measurements are lower than the  ca l cu la ted  

r e s u l t s  w i t h  the  Glaser r e l a t i o n  and h igher  than w i t h  the Owens and 

Jacob r e l a t i o n s .  The Owens and Rubin r e l a t i o n s  g i ve  the same shape as 

the  measurements. The Jacob r e l a t i o n  g ives  a remarkable d i f ference.  

I n  the  c a l c u l a t i o n s  f i g u r e s  2 and 3 are based on, the e f f e c t  of the 

i n f r a r e d  absorpt ion o f  the  gas f i l l i n g s  has been neglected. That can 

c e r t a i n l y  be done f o r  gases as a i r  and argon. However, i t  i s  known t h a t  

sulphur hexa f l uo r ide  SF6 has a s t rong absorpt ion band i n  the  important  

wave l eng th  reg ion  o f  10 pm t o  11 pm. On the one hand the absorpt ion 

causes a l e s s  r a d i a n t  heat  exchange, on t h e  o ther  hand t h e  

onset o f  convect ion s t a r t s  e a r l i e r  and h igher  N;-numbers occur. 

Which e f f e c t  p r e v a i l s  depends on the  temperature d i f f e r e n c e  between the  

panes and the  temperature l e v e l .  
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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 15O C, 4 mm, height 0.77 m 
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I n  f i g u r e  5 i t  can be seen t h a t  the d e v i a t i o n  between the measurements 

o f  Glaser and the  Owens r e l a t i o n  i s  r e l a t i v e l y  small. This cou ld  

i n d i c a t e  t h a t  the e f f e c t  on the  convect ion i s  s l i g h t l y  l a r g e r  than the  

e f f e c t  on the  r a d i a n t  heat exchange. 

The computation o f  t he  rad ian t  heat exchange i n  a m u l t i p l e  g l a z i n g  w i t h  

an i n f r a r e d  absorbing gas can be based on the same i d e a l i z e d  and 

approximated model as w i t h  a non-absorbing gas, bu t  i s  considerably  

complicated. 

To descr ibe the  convect ive heat t r a n s f e r  i n  gas w i t h  an i.r. absorb ing 

gas f u r t h e r  research i s  needed. 

For t h i s  moment t he  conclus ion can be drawn t h a t  f o r  a l l  p r a c t i c a l  

s i t u a t i o n s  the  r e l a t i o n  o f  Owens corresponds best  w i t h  known 

measurements. The Rubin r e l a t i o n s  on ly  f i t  w i t h  the h igh  Ra-numbers and 

t h e  Jacob r e l a t i o n  on ly  f i t s  w i t h  Ra < 20.000. The use o f  the Owens and 

Rubin r e l a t i o n s  has the advantage t h a t  f o r  t h i s  area o f  t he  g l a z i n g  the  

i n f l u e n c e  o f  t he  Ax can be neglected. 

The Owens r e l a t i o n  i s  a l s o  recommended by IS0 1261. 

I n  f i g u r e  6 U-values are g iven ca l cu la ted  w i t h  the Owens r e l a t i o n  as a 

f u n c t i o n  o f  the gap-width f o r  t he  same g laz ings  as i n  f i g u r e  2 f o r  two 

set  o f  cond i t ions :  

- hot  p l a t e  cond i t ions ,  ou t  pane 5 C, i nner  pane 15 O C; 

- hot  box cond i t ions ;  temperatures o f  the outdoor and indoor  environment 

- l o 0  C and +20 O C. 

The ho t  p l a t e  conditions can be considered as an average w i n t e r  

s i t u a t i o n  o f  a moderate c l imate ,  t he  hot  box cond i t i ons  as design 

cond i t i ons  f o r  a moderate c l ima te  and average w in te r  s i t u a t i o n  f o r  

co lde r  c l imates.  
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Figure 5: Comparison of measured and calculated U-values, hot plate 
conditions 
outer pane 5 O  C, 4 mm, height 0.77 m 
inner pane 15O C, 4 mm, height 0.77 m 

E~~ = 0.84, E~~ = 0.065 



I t  can be seen t h a t  w i t h  a gap w id th  o f  about 10 mm bo th  se ts  o f  

c o n d i t i o n s  r e s u l t  i n  an equal U-value. That conf i rms the  statements o f  

some researchers w i t h i n  t he  E.C. be ing t h a t  w i t h  o rd ina ry  normal double 

g laz ing ,  a i r  f i l l e d  gap, w id th  12 mm, they cou ld  no t  f i n d  a s i g n i f i c a n t  

d i f f e r e n c e  between the  U-value measured w i t h  t he  ho t  box and w i t h  t h e  

ho t  p l a t e  method. 

F igure  0 i n d i c a t e s  t h a t  f o r  co lder  c l imates,  gap widths between about 12 

mm and 20 mm g i v e  t h e  lowest U-values. 

For moderate c l ima tes  the gap w id th  should be about 20 mm t o  get  t h e  

lowest  U-value. 

Owens der ived  1261 a l s o  Nu-Ra r e l a t i o n s  f o r  h o r i z o n t a l  and angled 

g l a z i n g  from the  measurements o f  Robertson, Pow l i t ch  and D i l l  1211, 

which a re  recommended by IS0 151 i n  t he  f o l l o w i n g  way. When t h e  

d i r e c t i o n  o f  t he  heat f l ow  i s  upward t h e  heat t r a n s f e r  by convect ion i s  

enhanced and the  f o l l o w i n g  r e l a t i o n s  can be taken: 

h o r i z o n t a l  gaps Nu = 0.16 ~ a '  

gaps a t  05 Nu = 0.10 ~ a ~ - ~ ~  

When t h e  d i r e c t i o n  o f  t he  heat f low i s  downward t h e  convect ion can be 

considered as suppressed f o r  p r a c t i c a l  cases and Nu = 1 can be taken. 
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Figure  6: Ca lcu la ted  U-values (N; = 0.035 R ~ O . ~ ' )  as f unc t i on  o f  the 
gap width, 

Eh l  = 0.84, Eh2 = 0.065, he r 23 w/m2K, hi : 8 w/m2K, 
a i r .  
Hot p l a t e  cond i t ions :  outer  pane 5 O C ,  i nner  pane 15 OC. 
Hot box cond i t ions :  temperature o f  t he  outdoor and indoor  
environment -10 C and +20 C, respec t ive ly .  



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. 

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

conductivity. 

where xi, Hi and hi are the molefraction, the molar mass and the 

thermal conductivity of the ith component respectively. 

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

Bird, Stewart and Lightfoot [22] also give semi-empirical approximations 

for h and p o! mixtures. 

Wilke [23] mentioned 'that these relations are sufficiently accurate for 

mixtures of non-polaric gasses at normal atmospheric pressures and 

temperatures above 100 K. 

where : 

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 B5. 



4. PHYSICAL PROPERTIES OF GASES 

For three gases commonly used in multiple glazings, the physical 

properties are given in table 2. These values are derived from 1241. 

Table 2: Physical properties of gases. 

Air M = 28.96 g/mole 

tem erature 
in8C I P in kg/m3 p in kg/ms A in W/mK I Id I Io2 I Pr - 

- 10°C 1.326 
o0 c 1.277 

+ 10°c 1.232 
+ 20° C 1.189 

Argon M = 39.96 g/mol 

p =density 

p = dynamic viscosity 
A = heat conductivity 
Pr = Prandtl number cp/A 

cp = specific heat at constant pressure. 



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

I N  VERTICAL POSITION 

Heat t r a n s f e r  by f r e e  convect ion can be descr ibed w i t h  t he  r e l a t i o n :  

Nu = C (Gr Pr)"  

where: 

Nu = hc lh.; 
h  = convect ive heat t r a n s f e r  c o e f f i c i e n t  i n  W/II?K; 

C 

1 = l e n g t h  i n  m; 

A = thermal c o n d u c t i v i t y  o f  t he  a i r  i n  w / ~ ? K ;  

G r  : Grashofnumber. 

g  = g r a v i t a t i o n a l  acce l l e ra t i on ,  9.81 m/s2 ; 
1 p = c o e f f i c i e n t  o f  thermal expansion i n  K- ; 

p = dens i ty  i n  kg/m3; 

p  = dynamic v i s c o s i t y  i n  kg/m.s; 

A 0  : temperature d i f f e rence  between the  sur face  and the  f l u i d  i n  K ;  

Pr = P r a n d t l  number; 

Pr = C ph.; 
P  

C = s p e c i f i c  heat a t  constant  pressure i n  J/kgK. 
P 

The product GrPr i s  a l s o  c a l l e d  the  Rale igh number. 

I n  p r a c t i c a l  s i t u a t i o n s  w i t h  g laz ings  a  l am ina i r  f low can be assumed, 

then n  = 1/4 and C 1: 0,555 [ 271. 



For s t i l l  a i r  a t  temperatures o f  about 20°C and temperature d i f f e rences  

between the  sur face o f  the g l a z i n g  and the  . a i r  up t o  about 10 O ,  

r e l a t i o n  (1)  can be t rans fe r red  to :  

where hc = convect ive heat t r a n s f e r  c o e f f i c i e n t  i n  W / ~ K  

H = he igh t  i n  m. 

Th is  r e l a t i o n  can be found i n  many handbooks and many researchers use 

i t  i n  computer c a l c u l a t i o n s  t o  c a l c u l a t e  heat loads, etc.  

An example: normal double g l a z i n g  2 x 6 mm, a i r  space 12 mm, he igh t  1 

m, ou ts ide  temperature -10 O C ,  room temperature 20 O C ,  k = 2,9 W/&K 

(he = 23 w/rr?K, hi = 8 w/m2K). Then the temperature o f  the i nne r  

pane w i l l  be 9 O C .  According t o  r e l a t i o n  (3) hc = 1,42 (11)0,25 = 
2,58 w / ~ K .  

ASHRAE 161 g ives  for  hc w i t h  v e r t i c a l  g laz ings  a r e l a t i o n  independent 

o f  the he igh t  f o r  g lass temperatures o f  -10 O C  up t o  55 O C  and 

temperature d i f f e rences  g lass -a i r  o f  3OC t o  30°C. 

I n  t he  above mentioned example t h i s  means hc = ~,G-'w/IT?K, which 

r e s u l t s  i n  a 3% h igher  U-value than w i t h  hc = 2,58 w/$K. 

I n  case o f  a g laz ing  w i t h  U = 1,4 W/$K t he  r e l a t i o n  (4) w i l l  cause a 

6% h igher  U-value than r e l a t i o n  (3). 

IS0 153 assumes a value f o r  f r e e  convect ion o f  hc = 3,O w/&K, 
independent o f  t he  he igh t  and independent o f  t he  temperature l e v e l  and 

temperature d i f f e r e n c e  g lass-a i r .  



VDI 1291 recommends a  r e l a t i o n '  f o r  t he  f r e e  convect ion on v e r t i c a l  

p laces  t h a t  C h u r c h i l l ,  Humbert and Chu 171 der ived  For t he  r e s u l t s  o f  

many authors: 

I n  t he  example t h i s  r e s u l t s  i n  hc = 3,32 w/~I?K. 

Caemmerer 1311 used a  r e l a t i o n  f o r  c a l c u l a t i o n  o f  convect ive heat 

t r a n s f e r  a t  s u n l i t  panes i n  a  s o l a r  ca lo r imeter  box. 

hc = 3,48 + 0,09 A T  w/m2K (6 )  

However, Caemmerer does no t  mention what t he  r e l a t i o n  was based upon. 

Kol lmar and L iese  [28 ]  use the r e l a t i o n  

h  = 1 , 9 7 b T )  
C 

0 9 2 5  w / ~ K ,  

which leads i n  t h e  example t o  hc = 3 , 5 9  w/$K. 

The r e l a t i o n  should be v a l i d  f o r  v e r t i c a l  w a l l s  and r a d i a t i v e  heat ing. 

The conclus ions t h a t  can be drawn are: 

- the  r e l a t i o n s  recommended by ASHRAE, IS0 and VDI l ead  t o  a  h igher  

convect ive heat  t r a n s f e r  than t h e  r e l a t i o n  found i n  handbooks and 

used by a  number o f  researchers and I n s t i t u t e s ;  

- some authors g i v e  r e l a t i o n s  t h a t  r e s u l t  i n  a  h igher  convec t ive  heat  

t r a n s f e r  than the  r e l a t i o n s  o f  ASHRAE, IS0 and VDI. 

Desp i te  the many u n c e r t a i n t i e s  i t  i s  recommended t h a t  f o r  d e t a i l e d  

c a l c u l a t i o n s  t o  take  r e l a t i o n  (3) f o r  s i t u a t i o n s  where one can assume 

r e a l  s t i l l  a i r  ( sma l l  rooms, smal l  he igh ts  o f  g laz ing) .  For s i t u a t i o n s  

" s t i l l  a i r "  i n  rooms w i t h  normal s i zes  (no rad ia to rs ,  i n d u c t i o n  u n i t s ,  

etc.) one can take  r e l a t i o n  (4). 

Rad ia to rs  etc .  p laced below the  window increase the  convect ive heat 

t r a n s f e r .  
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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 

impos'sible 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-dimensional and ~hree-dimensional 

Heat Transfer 

To know the temperature field in and the heat flow through a certain 

object exposed to specified boundary conditions, a differential equation 

must be solved. For practical applications, such as encountered in 

building physics, no analytical solutions are available. Numerical 

methods, such as the finite element method or the finitedifference 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 solutions of this system 

are the approximative temperatures in the characteristic points of the 

partition. The more detailed the partition is, the better the approximation. 

So, 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 



finite difference method [l]. 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 calculat ingchetemperature field in a certain object, the following 

data must be known : 

- the geometry of the object. 
- the thermal conductivities (A) oftheoccurring materials. In this 

context it i s  assumed that the materials are isotropic and that A is 

independent of temperature. Further, because only conduction is taken 

into account in the described method, equivalent thermal conductivities 

are to be derivedforoccurring. air holes. 

- the boundary conditions : 
- adiabatic boundary condition; this boundary condition occurs in . .. 

;r:. : . . 
practice at axes of symmetry and at cross-sections where the heat 

flow is one-dimensional (i.e. sufficiently away 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'nt a linear process, a linear relationship normally 
. . 

suffices in practice ( q = h ( Ts - Ta ) ) 

- known surface temperature (or known internal temperature) .(.Dir.ichlet,i: , 

boundary condition); this boundary condition occurs rarely 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 1: 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 is arbitrary.) 

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

' '  linearity of the temperature field within a triangle. By this, the 

temperature in any point of the triangle area can be expressed as a .. . :.. ' : . ic ."  1 
linea; function of the temperatures in the three angular points. 

- Arobnd 'each node a closed..line is constructed in thought. This line 

bisects each of the adjacent sides. Outside the object this line 

coiniidences with the boundary. Taking into account the assumption 

above and the law of Fourier ( q = X grad T ) ,  the line integral of the 

heat flow over this line can be calculated as a function of the adjacent 

node temperatures. The law of conservation of energy states that this 

line integral 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 equations with n unknown temperatures 

I 
is formed. The solution of this system can be obtained using different 



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 [ & I .  
- 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 streamlines are 

represented in figure 2. 

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



1.3. Evaluation of Thermal Bridges 

1.3.1. Introduction 

In fact the drawinss 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 thernal 

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). In the example 

above 20.5 Wlm 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 global heat loss calculations. Two concepts are useful 
2 

for this purpose: the mean thermal transmittance (U [Wlm K]) and 
m 

the linear thermal transmittance (U1 [wlm~]). 

1.3.2. The mean thermal transmittance 
2 

The mean thermal transmittance'U [Wlm K] of a wall with one or 
m 

more thermal bridges, is the total heat loss through this wall, 

assuming a unit temperature difference over it, divided by the 



characteristic area of the wall : 

In example 1, the total heat loss Q amounts 20.5.W for a length tb 
of 1 m (perpendicular to the section), the assumed temperature 

difference &3ie is 20'C and the characteristic area is 1 m2 (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 _ 
2 

m 
1.03 Wlm K. 

The Urn-value 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 define the characteristic area of the considered 

part (e.g. in the case of corners, window edges, etc.). In theory 

the characteristic area may bechosenarbitrarily 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 [WlmKl of a thermal bridge is 1 
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. 

In example 1 the first part of equation (2) amounts 20.5/(1x20)W/m~ 

= 1.03 W/mK. Knowing the U-values of the two wall parts 
2 2 (U-cavity wall = 0.49 W/m K and U-column = 3.26 Wlm K), the second 

part of equation (2), 1.e. the one-dimensional heat loss, can be 



calculated : 0.49 x 0.85 + 3 . 2 6  x 0.15 WlmK = 0.94 WlmK. The 

difference between these two parts amounts 0.08 WlmK, being the 

U1-value of this thermal bridge. 

The advantage of the U -value against the um-va1ue is that for 
1 

global heat loss calculations the normal one-dimensional heat loss 

calculation method remains valid, provided that a supplement is 

added, namely the product of the U -values of occurring thermal 
1 

bridges and their respectively lengths. On the other hand, 

the way in which one-dimeniional calculations are to be executed is 

not always determined unambiguously. In such cases the U -value 
1 

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

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

U -value is preferred. m 

2. CASE STUDIES 

2.1. Introduction 

The scope of this chapter is to provide 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, though 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 Glazinx 

A type of double glazing is shown in 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 



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 its thermal 
2 

resistance (0.17 m KIWI; this is a simplification. 
2 2 - boundary conditions : 8 = O'C h = 23 W/m K 8. = 20'C hi = 8 W/m K 

e e L 

adiabatic conditions at the leftandrightboundary. 

Figure 3: The edge effect in double glazing. 



The results of the calculation are presented by an isothermals plot 

(figure 3.2.) and by a streemlines plot (figure 3.3.). From this last 

drawing it can be seen that the total heat loss amounts 6.06 ~ / m  or 

0.30 W/mK. So, the considered width being 0.08 m, the mean thermal trans- 
2 

mittance amounts 3.79 W/m K. one-dimensional calculation neglects the 
2 

edge effect : the U-value of the undisturbed glazing amounts 2.86 w/m K; 

the shown part this would mean 0.23 W/mK. A simple substraction 

(0.30 - 0-23) gives the neglected supplement or the U -value: 0.07 w/~K. 
1 

For panes with different dimensions the error ofan one-dimensional 

calculation can be easily derived using the U -value : 1 
- 1 m x 1 m : 1-dim. : 2.86 W/K 

I 
incl. edge eff. : (2.86 + 4x.0'7) W/K = 3.16 W/K (;lo%) 

- 1 m x -5 m : 1-dim. : 1.43 W/K 

incl. edge eff. : (1.43 + 3x.07) W/K = 1.65 W/K (+la) 

- .5 m x .5 m : 1-dim. : 0.71 W/K 

incl. edge eff. : (0.71 + 2x.07) W/K = 0.86 W/K (+21%) 

- .25 m x .25 m : 1-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 be 

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 c0vered.b~ the window frame; this 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 further 

calculations but also by some reasoning it can be shown that : 



- 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/~K) by another metal 

(with a lower thermal conductivity) has a negligible influence on the 

edge effect; (in, the example above, a replacement by stainless steel 

(A = 29 WlmK) willcausea drop of the heat loss from 6.06 W/m to only 

5.99 w/m). Only a.materia1 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 g i v m  in the dame 

figure. ;sothermals .and, streamlines. are shown' in figures 4.2. 6 4.3.. 

To calculate inU -value wfth a practical meaning, equation (2) is 
1 

applied considering the U-values and' widths of window frame and 

glazing in the second part of it. Note that U is simply defined 
f . . 

on the basis of width, without shape effect. We find: 

U1 = 8.91 1 ( 1 x 20 ) - ( 1.35 x 0.046 + 3.19 x 0.1 ) = 0.06 W/mK 

This U1-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 U1-value is 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 useful1 when calculating 
1 

the U -values of windows (glazing + frame). For that purpose the m 
following equation must be applied : 

Results of calculations for the same* frame under the same boundary 

conditions are given in 16, page 1051; the highest difference for 

the obtained temperatures and fluxes is lower than 4%, showing the 

reliability of numerical methods. 



Figure 4.1.: Wooden window frame with double glazing : data 

Figure 4.2.: Wooden window frame with double glazing : isothermals 



Figure 4.3.: Wooden window frame with double glazing : streamlines 

Figure 5.1.: Aluminium frame wlthout thermal barrier : data 



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 glazing 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 hfigures 

5.2. and 5.3.. The streamlines plot is unclear because all the 

streamlines go'through 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 oftheframeis not obvious 

because of the expected important short-circuit effect. In this case 

it is better to calculate the mean thermal transmittance of the profile. 

Applying equation (1) (Qtb = 7.15 W, A = 1 m x .04 m, ABie = 20°C), 
2 

C 

we find : Umf=11.9 W/m K. Because there is no important two- 

dimensional heat flow in theglazing,we do'nt need to calculate an 

U -value (or a U -value) for it. When calculating U -values ofwindows m 1 m 
(glazing + frame), the following equation can now be applied : 

A comparison with formula (3) shows clearly that the U -value 
mf 

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 U p r o c e e d s f r o m a c o o l i n g f i n e f f e c t a f f e c t e d  by the 
mf 

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 Qtb = 9.02W 
2 

and Umf = 15.0 W/m K. It is obvious that alsothe assumed values of 

the surface coefficients have an important effect on the calculated 

"mf 
-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. 



Figure 5 . 2 . :  Aluminium frame without thermal barrier : isothermals 

Figure 5 . 3 . i  Aluminium frame without thetmal barrier : streamlines 



2.3.3. Aluminium window frame with thermal barrier 

An aluminium frame with thermal barrier is shown in figure 6.1.. In 

Ell] this profile is presented as component in one out of four window 

examples 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 conditions were assumed: 

- A : aluminium : 230 W/mK pvc : 0.20 U/mK rubber : 0.17 W/mK 

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

S1 : 0.041 W/mK 52 : 0.11 w/mK S3, 54 : 0.081 w/~K. 

The A-values of the cavities S1-S4 have been derived from a 
2 thermal resistance R = 0.37 m K/W (value for a cavity with 

on both sides an emissivity of 0.1).*) 
2 2 - 0 = O'C , h = 23 W/m K 0. = 20°C h = 8 W/m K. 

e e 1 i 

Figure 6.1. S 6.2.: Aluminium frame with thermal barrier : data 

*) Emissivity e = 0.1 is a rough assumption only; for profiles with 
treated surfaces the emissivity will be higher. 



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 1 4 . 2 3  Wlm; applying equation ( 1 )  we find : 
2  

'mf 
= 5.2 Wlm K. 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 : 



- t h e  s h o r t e s t  d i s t a n c e  between t h e  two aluminium p a r t s ;  

- t h e  c o n t a c t  a r e a  between t h e  b reak  and t h e  aluminium (compare Fhe 

number of  s t r e a m l i n e s  th rough  d i f f e r e n t  t he rma l  b r e a k s  i r 1 f i ~ u r e 6 . 4 . ) ;  

- t h e  A-value o f  t h e  b r e a k - m a t e r i a l  ( n o t  i l l u s t r a t e d ,  b u t  l o g i c a l ) .  

By t h i s  t h e  U - v a l u e  of  aluminium f rames  w i t h  the rma l  b a r r i e r m a i n l y  
mf 

w i l l  be a f f e c t e d  by t h e  the rma l  q u a l i t y  of  t h e  the rma l  . b reaks .  (Which 

however does  no tmeans  t h a t  t h e  t h e h e a t  f l o w  th rough  t h e  c a v i t i e s  i s  n e g l i g i b l e :  

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

F i g u r e  7.: Thermal r e s i s t a n c e  of t he rma l  b r e a k s  

2.3.4. P l a s t i c  window f rame w i t h  m e t a l  p a r t  

I f  p l a s t i c . w i n d o w  f rames  c o n t a i n  no  m e t a l  p r o f i l e s ,  t h e  e x p e c t e d  

mean the rma l  t r a n s m i t t a n c e  w i l l  be  comparable  w i t h  t h a t  of  e .g.  

wooden f r a m e s ,  because  of  t h e  comparable  t h e r m a l  c o n d u c t i v i t i e s .  

I f  m e t a l  p r o f i l e s  a r e  b u i l t  i n  ( t o  p r o v i d e  a  h i g h e r  s t r e n g t h )  t h e y  

can  c a u s e  a s h o r t - c i r c u i t  e f f e c t ,  by which t h e  U - v a l u e  w i l l  r i s e .  
m 

T h i s  i s  i l l u s t r a t e d  i n  f i g u r e  8 : a  s t e e l  s e c t i o n  i s  s e t t e d  i n  

p o l y u r e t h a n e  foam. The c a l c u l a t e d  s t r e a m l i n e s  and t h e  deduced 

the rma l  r e s i s t a n c e  show t h a t  t h e  the rma l  r e s i s t a n c e  i s  s u b s t a n t i a l l y  

de t e rmined  by t h e  c o v e r i n g  t h i c k n e s s  of  t h e  p l a s t i c  (and of c o u r s e  

by t h e  A-value of t h e  p l a s t i c ) ;  t h e  e f f e c t i v e  the rma l  r e s i s t a n c e  i s  
2 

0.37 m KIW, w h i l e  t h e  the rma l  r e s i s t a n c e  w i t h o u t  t h e  m e t a l  p a r t  
2 

shou ld  be 0.80 nl K I W .  
AS a n  i l l u s t r a t i o n ,  t h e  a n a l y s i s  of a  p l a s t i c  f rame w i t h  m e t a l  h e a r t  

2 
i s  g i v e n  i n  f i g u r e  9. A Umf-value of 2.14 W l m  K can  be d e r i v e d .  I t  

must be emphasized t h a t  t h i s  r a t h e r  low v a l u e  r e s u l t s  from t h e  f a c t  



that, firstly the covering thickness is rather high, and secondly 

the thermal conductivity of the plastic is rather low (0.05 WlmK). 

So, in n o  case the obtained U -value may be generalized. 
mf 

? 4 crn 

DATA 
-- 

ISOTHERMALS STREAMLINES 

Figure 8.: Steel section in polyurethane frame 

Figure 9.1.: Plastic window frame with metal heart 



. .~.  

' ~ i ~ u r e  9.2.: Plastic wiLdow frame with metal heart : isothermals 
. . , . 

Figure 9.3.: Plastic window frame with metal heart : streamlines 



2.4. Heat Transfer through Window Edges 

At the connection 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 outer leaf in the horizontal 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 furthercalculation of U or U it can be seen from the stream- 
1 m' 

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 purpose 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 firstinstance has consequences on the wall 

construction, thoughitcenresultin some changes in profile technology. 

In genera1,theisolation of a window profile (assuming adiabatic sides), 

when studying the thermal characteristics of it (cfr. previous chapter), 

is an allowed supposition. In figure 11 for example, there is only a 

small heat exchange between the window frame and the wall. On this subject, 

n study of optimal connections is given in [el. The position of the 

window (outside, middle, inside) is studied in [91. Further considerations 

on surface heat transfer coefficients and on thermal bridges in general 

can be found in [lo]. 



Figure 10.: Window in a cavity wall : axonometry 



Figure 11.: lintel above a window in an insulated cavity wall : 

data, isothermals and streamlines 



Figure 12.: Isothermals in upper and under quadrant 
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LIST OF SYMBOLS 

A Wavelength i n  pm 

p l  (A) The near-normal specular s p e c t r a l  re f lec tance,  

be ing  t h e  specular r e f l e c t e d  f r a c t i o n  o f  t h e  

r a d i a t i o n  o f  wavelength A ,  i n c i d e n t i n g  near t o  t h e  

normal axis.  

The near normal s p e c t r a l  hemispherical  re f l ec tance  

be ing  t h e  i n  t h e  hemisphere r e f l e c t e d  f r a c t i o n  o f  

r a d i a t i o n  o f  wavelength A ,  i n c i d e n t i n g  near t o  t h e  

normal axis.  

E (ee, 0 )  The d i r e c t i o n a l  t o t a l  emit tance being the  r a t i o  o f  

t h e  t o t a l  ( a l l  wavelengths) emi t ted  r a d i a n t  

i n t e n s i t y  i n  t h e  d i r e c t i o n  e e  of a sur face a t  

temperature 0 (K) t o  t h e  rad ian t  i n t e n s i t y  emi t ted  

by a b lack  body a t  t h e  same temperature and i n  t h e  

same d i r e c t i o n  $.. 

The hemispher ica l  t o t a l  emit tance be ing  t h e  r a t i o  o f  the  

t o t a l  ( a l l  wavelengths) emit tance i n  the  hemisphere by a 

aur face a t  temperature 0 (K) snd the  t o t a l  emit tance i n  

the  hemisphere of a b lack  body a t  t h e  same temperature. 

Stephan Bolzmann constant 5,67 x lo-' w / ~ ~ K ~ .  

Area i n  n? . 

The ne t  e l e c t r i c  power f o r  heat ing  i n  W. 

The detec tor  response f o r  the  r e f l e c t e d  r a d i a t i o n  

by t h e  sample and i n c i d e n t i n g  on the  de tec tor  i n  

mV . 

The detec tor  response f o r  r e f l e c t e d  r a d i a t i o n  from 

t h e  reference sample (go ld  f r e s h l y  evaporated on 

an o p t i c a l l y  smooth g lass  substrate)  i n c i d e n t i n g  

on t h e  de tec tor  mV. 



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 [ I ]  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 4 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 pm up to 40 pm. 



S. Source (NiCr) S1. Entrance slit 

U. Uirrora S2. Exit  lit 

C. ,Chopper TC. Thermocouple 

F. Filter wheel A2. 1002 T adjust 

G. Gratings SC. Sample compartment 

5 .  Attenustor 

Figure  1: Op t i ca l  diagram o f  a  double beam i n f r a - r e d  spectrophoto- 
meter. 

b. Spect ra l  specular i n f r a - r e d  re f l ec tance  

To i d e n t i f y  the  types o f  coa t i ng  and t o  measure the  l a y e r  thickness, 

t h e  s p e c t r a l  specular re f l ec tance  can be measured w i t h  an 

1.R.-spectrophotometer as mentioned under a. and a  spec ia l  attachment 

as shown i n  f i g u r e  2. 

sample - 
sample beam 

mirror 

F igu re  2: Specular r e f l e c t i n g  u n i t  f o r  use w i t h  an i n f r a - r e d  spectro- 
~ho tomete r .  



The angle o f  inc idence i s  f i x e d  a t  Z O O .  Only t h e  specular component 

o f  the r e f l e c t e d  beam comes i n t o  the  monochromator and w i l l  be 

detected. 

The p r i n c i p l e  o f  measurement i s  as fo l lows:  f i r s t  a sample w i t h  go ld  

f r e s h l y  evaporated on an o p t i c a l l y  smooth g lass subs t ra te  i s  l a i d  on 

t h e  support ing p l a t e  ( f i g u r e  2 ) .  The scanning over the whole wave 

l eng th  range occurs automat ica l ly .  Then the  gold sample i s  replaced 

by the  sample t o  be inves t iga ted ,  fo l lowed by a second scanning. By 

d i v i d i n g  the  two detec tor  responses from the recorder and m u l t i p l y i n g  

by the  average near-normal specular re f l ec tance  o f  gold (= 0.975), we 

o b t a i n  the near-normal specular re f l ec tance  o f  the  sample f o r  each 

wave length.  

The temperature dependency o f  the  i n f r a - r e d  re f l ec tance  o f  a 

s e l e c t i v e  sur face i s  sometimes desired; there fore ,  the  sample can be 

attached t o  a heat ing  u n i t .  

I c. Near-normal hemispherical  spec t ra l  re f l ec tance  

Espec ia l l y  f o r  non-smooth surfaces i t  i s  o f  importance t o  measure t h e  

hemispherical  s p e c t r a l  re f l ec tance  i n  the i n f r a - r e d  region. I n  f i g u r e  

3 a schematic view o f  an apparatus f o r  t h i s  purpose i s  given. The 

apparatus i s  based on the  p r i n c i p l e  o f  an i n t e g r a t i n g  sphere as a lso  

used i n  combination w i t h  spectrophotometer. 



Entrance alir 

h i t  slit 

Clobar source 

Grating 

Wavelength drum 
(vheel) 

Wavelength dial 

Sample holder with 
smmple 

pyre-electric de- 
tector + preampl. 

Voltage mupply 

lock-in 
amplifier 

chopper. 
20 Hz 

Regulated p w a r  
.upply 

Screen 

Recorder or digital 
voltmeter 

F igu re  3: Schematic view o f  an i n t e g r a t i n g  sphere re f l ec tome te r  + 
spectrometer f o r  t h e  i n f r a r e d  region.  

I n  t h i s  case a h i g h l y  d i f f u s e  and h i g h l y  r e f l e c t i n g  i n n e r  sur face  o f  

t he  sphere i s  obta ined by a vacuum evaporated go ld  l a y e r  o f  about 0.1 

pm thickness. 

The i n n e r  diameter o f  t he  aluminium sphere i s  0.10 m. There are t h r e e  

openings i n  t h e  sphere, t h e  entrance p o r t ,  t h e  de tec to r  p o r t  and t h e  

sample po r t .  

The sample i s  p o s i t i o n e d  i n  such a way t h a t  t h e  normal makes a f i x e d  

angle o f  20° w i t h  t h e  i n c i d e n t  beam. 

The sample ho lder  con ta ins  a hea t i ng  element, surrounded by a water 

cooled jacket .  I t  i s  poss ib le  t o  heat t he  sample sur faces up t o  400 

O C. A Freshly  evaporated go ld  coa t i ng  on a smooth g lass  subs t ra te  i s  

measured f i r s t .  



The average near-normal hemispher ica l  r e f l ec tance  o f  go ld  i s  assumed 

t o  be 0.075 t 0.005. Then the  go ld  sample i s  replaced by the sample 

under i n v e s t i g a t i o n  and again the de tec to r  response i s  recorded. 

Out o f  the equation: 

t he  near-normal hemispher ica l  r e f l ec tance  p l ( h  ) i s  cal 'culated. 

According t o  t he  K i r c h h o f f ' s  law f o r  opaque samples, the normal 

s p e c t r a l  emit tance ( c l ( h )  can be der ived  from p l ( h )  wi th :  

d. Attenuated t o t a l  r e f l e c t a n c e  method 

This method has been developed as a means t o  i d e n t i f y  m u l t i - l a y e r  

p a i n t s  and p l a s t i c  f i l m s  w i t h  a weak absorptance i n  t he  IR-range 131, 

141. 
The most important component o f  t he  ATR-attachment i s  a hemi- 

c y l i n d r i c a l  c r y s t a l  o r  pr ism w i t h  a h i g h  r e f r a c t i v e  index. On t h e  

f l a t  s ide  the  t e s t  sample i s  appl ied. To ta l  r e f l e c t i o n  i s  occur ing 

w i t h  an angle o f  inc idence on the i n t e r f a c e  grea ter  than the  c r i t i c a l  

angle i n  the wave l e n g t h  reg ion  where the sample has no absorpt ion, 

wh i l e  i n  t he  absorp t ion  band regions the r e f l e c t i o n  i s  at tenuated. 

3. MEASURING TECHNIQUES FOR OVERALL PROPERTIES I N  THE INFRA-RED WAVE 

LENGTH REGION 

a. Measurement o f  t he  d i r e c t i o n a l  t o t a l  emit tance 

a.1 For quick measurements o f  the t o t a l  emit tance a t  d i f f e r e n t  e m i t t i n g  

angles and a t  d i f f e r e n t  temperatures c(ee,  T), I r v i n g  e t  a1 [ 2 ]  

designed a very s u i t a b l e  and r e l a t i v e l y  accurate apparatus. This  

method has the  advantage t h a t  t he  hemispherical t o t a l  emi t tance c (T )  

can be obta ined by the  i n t e g r a t i o n  o f  the c(ee, T) over a l l  

e m i t t i n g  angles. 

A diagram of t he  equipment i s  shown i n  f i g u r e  4. 



e . Emitting angle 
l 

1. Sample 

2.  Heating un i t  (canthal  wire 10 n) 
and Crmel-Alumel theruacouplss 

3. Water cooled jacket .  5'~. 

4 .  Water cooled diaphragn. 0 0.010 m 

5. Bolemeter + elec t ronicn 

6. Detector head with Gc-lens 

I 
7.  Voltage aupply 

8. Calvanmeter 

i 
9 .  Rotating d i s c  with h o b  and gradu- 

a t i n s  d i s c ,  outs ide  the  jacket  

10. Outer houri- f i l l e d  with dry  a i r  

11. Temperature con t ro l l e r  and recorder 

Figure 4: Schematic view of the equipment for measuring the directional 
total emittance. 



The sample i s  attached w i t h  a heat t r a n s f e r  compound or  screwed t o  a . , 

hea t ing  box, which i a  tu rnab le  round an a x i s  a l o n g  the  sample 

sur face and through the  centre. The angle i s  Q e  ad jus tab le  from 

outs ide  w i t h  a r o t a t i n g  d i sc  from 15 , -  75 O .  The temperature o f  

t h e  upper sur face o f  the heat ing  box can be c o n t r o l l e d  from about 60 

O C t o  400 O C .  

The heat ing  box i s  surrounded by a. b lack-painted cooled jacket ,  

f i r s t l y ,  i n  order t o  reduce r e f l e c t i o n s  from t h e  w a l l  t o  the  sample 

and, secondly, t o  keep the  ambient temperature constant.  The j acke t  
, . 

i s  cooled w i t h  water t o  5 O C .  Also, the  upper p a r t  o f  the outer  

housing o f  t h e  detector  o f  the  diaphragm are, cooled t o  the  same 

temperature. 

'TO avoid condensation on the  cooled wa l l ,  and t o  reduce CC$ or  water 

vapour absorpt ion, dry a i r  ( d r i e d  w i t h  a i l i c a g e l )  i s  blown i n t o  the  

outer  b i g  box. 

The detec tor  box conta ins a bolometer, e l e c t r o n i c  chopper and 
2 a m p l i f i e r .  The output  s i g n a l  i s  a DC-current (0 - 2.10- A) and i s  

l e d  t o  a galvanometer. The detector  head i s  exchangable; i t  conta ins 

i n  our s i t u a t i o n  a Ge-lens w i t h  a.r.-coating. With t h i s  l ens  only  a 

spot of 4 . 1 0 ~  m o f  the  sample surface, i n  perpendicular p o s i t i o n  

( f i g u r e  5), i s  "seen" by the  de tec tor  surface. 

The s p e c t r a l  s e n s i t i v i t y  o f  the detector  i s  from 2 pm t o  20 pm. 

, sample 

Figure  5: Envelope o f  the  r a d i a t i o n  beam f r o m t h e  sample sur face 
reaching t h e  detector  head. 



Equation: 

If i t  i s  assumed t h a t  the i nne r  w a l l  of the coo l i ng  jacke t  w i t h  

temperature T (K) i s  black, t he  t o t a l  energy f l u x  dens i ty  G coming 

from the  d i r e c t i o n  of t he  sample surface of temperature Ts(K) 

rece ived by the  de tec to r  surface i s  g iven  by: 

i n  which F i s  t he  view f a c t o r  between the  sample area and t h e  

de tec to r  area, a i s  t he  s tephan-~ol tzmann constant, e(Qe, T,) i s  

the d i r e c t i o n a l  t o t a l  emi t tance o f  t he  sample w i t h  Q e  as the  angle 

between the  normal on the  cent re  o f  the sample and the  connect ing 

l i n e  from the  cent re  o f  t he  de tec to r  area t o  the cen t re  o f  t h e  

sample, p(Qe,  Ts) i s  t he  hemispher ica l  d i r e c t i o n a l  t o t a l  

r e f l e c t a n c e  o f  t he  sample w i t h  temperature T,, and Tw i s  the 

temperature o f  t he  cooled jacke t .  If the  de tec to r  i s  c a l i b r a t e d  w i t h  

a b lack  body r a d i a t o r ,  then the  energy f l u x  dens i ty  from the  sample 

f a l l i n g  on the  de tec to r ,  as seen by the de tec to r  as coming from a 

b l a c k  sur face  w i t h  temperature T x ,  t he  emi t ted  energy f l u x  

dens i t y  i s :  

on the b a s i s  o f  t h i s  idea, G = G ' ,  so t h a t  

By t a k i n g  

r(ee.Ts) = 1 - p ( e e ,  Ts), we can w r i t e r  be, Ts) as: 



This w i l l  be t he  bas ic  equat ion f o r  the measurements i f  we assume 

t h a t  t he  de tec to r  response i s  ( l i n e a r l y )  p r o p o r t i o n a l  t o  t he  

i n t e n s i t y  o f  the r a d i a t i o n  received. 

The de tec to r  has t o  be c a l i b r a t e d  f o r  instance w i t h  an oven i n  

which the  i nne r  w a l l  i s  c o n t r o l l e d  and i s  un i fo rm a l l  'over t he  

wa l l .  

a.2 Lohrengel [ 5 ]  descr ibes an accurate method t o  measure the d i r e c t i o n -  

a l  t o t a l  emittance. Herewith t he  r a d i a t i o n  from a heated sample 

i s  compared w i t h  t he  r a d i a t i o n  from a we l l -de f ined  b lack  body a t  t h e  

same temperature. The detector ,  the sample and the  b lack  body are 

p laced i n  vacuum, each o f  them surrounded by a b lack  r s d i a t i o n  

sh ie ld .  The sur face  temperature o f  t he  sample i s  measured i n d i r e c t l y  

us ing  the  heat c o n d u c t i v i t y  o f  the sample. 

b. Measurement o f  t h e  hemispher ica l  t o t a l  emit tance 

Besides t h e  p o s s i b i l i t y  o f  c a l c u l a t i n g  t h e  hemispher ica l  t o t a l  
emi t tance by i n t e g r a t i n g  the  measured d i r e c t i o n a l  t o t a l  values over 

a l l  e m i t t i n g  angles i t  can be des i rab le  t o  have an apparatus' t o  

measure t h e  hemispher ica l  t o t a l  emit tance d i r e c t l y .  

I n  f i g u r e  6 t he  p r i n c i p l e  o f  such an apparatus i s  given. The 

apparatus i s  based on a c a l o r i c  method. 

liquid N 

1. Inner heating box 

2. Outer heating jacket 

3. Sample 

I. High-vacuu. r o w  

5. Liquid nitrogen cooled jacket 

6. Soap stone (insulation) 

7. Flange 

8. High-vacuu. detector (ionisation 
manometer) 

9. To vacuum system 

Figure  6: Diagram o f  t h e  vacuum chamber w i t h  sample heater,  hea t ing  
j acke t  and c o o l i n g  jacket .  



The sample i s  at tached by a heat t r a n s f e r  compound t o  the smal l  

i n n e r  hea t i ng  box, which i s  e l e c t r i c a l l y  heated. The i n p u t  power i s  

measured. A second hea t i ng  j acke t  p a r t l y  surrounds the  inner  box and 

works as a s h i e l d  i n  order  t o  prevent r a d i a t i o n  losses downwards and 

sideways. The two hea t i ng  elements are fed  separate ly .  

Free convect ion i s  suppressed by evacuat ing the  whole vacuum 

c y l i n d e r  t o  about 1.33.10~ Pa. The sample sur face i s ,  a t  t h e  

tops ide,  d i r e c t l y  surrounded by a j acke t  cooled w i t h  l i q u i d  n i t r o g e n  

(Tw = 77.3 K), so t h a t  e f f e c t i v e  r a d i a t i n g  can take  place. The 

i n n e r  w a l l  o f  t he  c o o l i n g  j acke t  i s  coated w i t h  b lack  copper ox ide 

supp l ied  by chemical immersion. The hemispher ica l  t o t a l  emit tance o f  

t h i s  coat ing, as measured w i t h  t he  d i r e c t i o n a l  apparatus i s  0.67 a t  

80°C. 

The approximated equat ion t o  be used t o  determine the  hemispher ica l  

t o t a l  emi t tance o f  t he  sample w i t h  temperature Ts(K) i s :  

i n  which P e l  i s  the ne t  e l e c t r i c  power ( W ) ,  As i s  the sample 

area (n? ), A, i s  t he  area (m2)  o f  the inner  w a l l  o f  the c o o l i n g  

j a c k e t  as "seen" by the sample area, Tw i s  the temperature (K) o f  

t h e  cooled wa l l ,  c W  i s  the hemispher ica l  t o t a l  emit tance o f  the 

cooled w a l l  and a i s  t he  Stephan-Boltman constant.  

This  equat ion i s  based on the r a d i a n t  exchange between two gray 

bodies, i f  one body (here the sample) i s  enclosed by the  o ther  

(here the cooled j acke t )  and i f  As << A, as i s  f u l f i l l e d  i n  our 

case. 



REFERENCES 

111 M. van der L e i j ,  'Spec t ra l  s e l e c t i v e  sur faces f o r  t h e  thermal 

conversion o f  so la r  energy', d i s s e r t a t i o n  Technical  U n i v e r s i t y  

D e l f t ,  t he  Netherlands; D e l f t  U n i v e r s i t y  Press, 1979. 

121 I r v i n g ,  T.F. e t  a l l  Solar Energy, 2 (1958) 13. 

131 K a r l  Heinz Reicher t ,  Anwendung der ATR-Methode zur  i n f r a r o t  

spektroskopischen Untersuchung van Mehrschicht Ans t r i ch f i lmen;  

Farbe und Lack, n r .  1, 1966. 

143 Shimadzu Seisakusho Ltd,  Koyoto Japan; 

Attenuated T o t a l  Ref lectance Apparatus. 

151 J. Lohrengel; Temperatur- und Winkelabhangigkeit des Gesamte 

missiongrades s lech te r  Warmeleiter i m  Temperatur be re i ch  von 

-60 O C b i s  250 O C; d i s s e r t a t i o n  Technical Un i ve rs i t y ,  Aachen, 

1969. 



3.3.2. Test methods for steady-state thennal transmission 

H. Erhorn 

R. Stricker 

M. Szennan 

Fraunhofer Institute of Building Physics 

Department of Heat and Climate 

(Director: Prof.Dr.-Ing. habil K.A. Gertis) 

Nobelstrasse 12  

D-7000 STUTTGART 80 

FEDERAL REPUBLIC OF GERMANY 

LIST OF CONTENTS 

LIST OF SYMBOLS 

1. INTRODUCTION 

2. DETERMINATION OF THERMAL TRANSMITTANCE. U-VALUE 

3. COMPILATION OF APPLIED TEST METHODS 

4. PRINCIPLES OF MEASUREMENT AND DETERMINATION PROCEDURES 

4.1. Guarded hot vlate 

4.2. Guarded/calibrated hot box 

5. TYPE AND STATUS OF TEST METHODS APPLIED WITHIN THE ANNEX XI1 

PARTICIPATING COUNTRIES 



LIST OF CONTENTS CTD 

6. LIST OF PROBLEM AREAS ACCORDING TO VARIOUS STANDARDS *) 13 

6.1. Concerning the determination procedure 13 

6.2. Concerning ambient conditions 18 

6.3. Concerning test conditions 22 

6.4. Conclusions 24 

7. AN INTERNATIONAL AGREEMENT: 

IS0 ACTIVITIES CONCERNING STANDARDIZATION 

REFERENCES 

*) This chapter is based on a detailed contribution by H.A.L. van Dijk 

(TPD, the Netherlands). 



L I S T  OF SYMBOLS - - - . . - . - - -- 

R ( a r e a l  ) thennal  r e s i s t a n c e  

$ h e a t  f l o w  r a t e  

T thermodynami c  tempera tu re  

A area 

n  number o f  t e s t  specimen 

q ( a r e a l )  d e n s i t y  o f  hea t  f l o w  r a t e  

h s u r f a c e  f i l m  c o e f f i c i e n t  

U ( a r e a l  ) thenna l  t r a n s m i t t a n c e  

t e s t  specimen 

window 

s u r f  ace 

frame 

g l a z i n g  

h o t  s i d e  o f  specimen 

c o l d  s i d e  o f  specimen 

i n t e r i o r  

e x t e r i o r  

a i r  

sum o f  s u r f a c e  area o f  h o t  box w a l l s  ( " s k i n " )  

environment 

t o t a l  

p r o j e c t e d  



F o r  t h e  d e t e r m i n a t i o n  o f  thermal  t r a n s m i t t a n c e ,  U-value,  s e v e r a l  t e s t  me- 

thods  may be a p p l i e d  which a r e  based on d i f f e r e n t  t ypes  o f  boundary cond i -  

t i o n s .  The o b j e c t i v e  o f  t h i s  chap te r  i s  t o  c a n p i l e  how t h e  c o u n t r i e s  

p a r t i c i p a t i n g  i n  Annex X I 1  hand le  t h e  s u b j e c t .  Problem areas a r e  l i s t e d  t o  

g i v e  a  survey o f  t h e  p resen t  s t a t e  o f  t h e  a r t .  A d d i t i o n a l  i n f o r m a t i o n  i n  

r e l a t i o n  t o  t h i s  area i s  a v a i l a b l e  f rom c h a p t e r  3.3.3. and t h e  Annex X I 1  

r e p o r t  : Thermal Transmiss ion Through Windows; Se lec ted  Examples t o  11 l u s t r a -  

t e  t h e  Need f o r  a  More Standard ized Approach [ 3 ] .  

2.  DETERMINATION OF THERMAL TRANSMITTANCE (U-VALUE) - -- - - - - - -. - - - - - -- - - - - - - 

The thermal  t r a n s m i t t a n c e  [ u ]  can be determined d i r e c t l y  b y  measur ing t h e  

env i ronmenta l  temperatures  on t h e  h o t  lTen,hj and c o l d  [T,,,,] s i d e  o f  a  

t e s t  specimen i n  c a n b i n a t i o n  w i t h  t h e  recorded hea t  f l u x  pass ing  th rough  

t h e  specimen l q j .  The measurements can o n l y  b e  e f f e c t e d  i n  a  h o t  box 

t e s t  apparatus .  

Canp i led  t o  an equa t ion :  

A p p l y i n g  t h e  o t h e r  method, t h e  thermal  r e s i s t a n c e  [ R ]  i s  ob ta ined  a t  f i r s t  

b y  measur ing t h e  s u r f a c e  temperatures  o f  t h e  t e s t  specimen on t h e  h o t  

[ T ~ , s , h j  and c o l d  [ T T , ~ , c j  s i d e  i n  comb ina t ion  w i t h  t h e  recorded h e a t  f l u x  

p a s s i n g  t h e  specimen [ q j .  Therefore ,  b o t h  h o t  p l a t e  and h o t  box apparatus  

can' b e  appl i e d .  

Canp i led  t o  an equa t ion :  



Based on measur ing t h e  thermal  r e s i s t a n c e  [R] ,  t h e  d e t e r m i n a t i o n  o f  t h e  

thermal  t r a n s m i t t a n c e ,  U-value [u] ,  w i l l  be  accanpl ished by means of f i x e d  

s u r f a c e  c o e f f i c i e n t s  [hh, h c ]  o n t h e  h o t  and c o l d  su r faces  o f  t h e  t e s t  

specimen. 

Canp i led  t o  an equa t ion :  

- I  
U = 1 / ( R +  hh + h c - ' )  

S tandard ized  va lues  o f  s u r f a c e  f i l m  c o e f f i c i e n t s  a r e  t h e  same i n  Belgium 

(NBN ~ 6 2 - 0 0 2 )  and t h e  Nether lands (NEN 1068).  i n s i d e / o u t s i d e  = 8/23 
2 

[W/(m - K ) ] ,  whereas i n  Norway (NS 3031, 3  u t g .  Oct 8 6 )  and Germany 

(DIN 4 lO8) ,  i n s i d e / o u t s i d e  = 7.69125 [ W / ( ~ Z . K ) ]  i s  s p e c i f i e d .  

I n  t h e  USA, s u r f a c e  f i l m  c o e f f i c i e n t s  a r e  n o t  s t a n d a r d i z e d  (see p. 1 2 ) .  

Measured va lues  can b e  ob ta ined  b y  s imu l taneous ly  r e c o r d i n g  s u r f a c e  and 

env i ronmenta l  temperatures on b o t h  s i d e s  o f  a  t e s t  specimen. I n  t h e ' l a t t e r  

case, however, t h e  r e s u l t s  a r e  c o n s i d e r a b l y  i n f l u e n c e d  by t h e  c o n f i g u r a t i  on 

o f  t h e  a c t u a l  t e s t  apparatus.  I n  t h i s  case, c a n p a r a b i l i t y  o f  t e s t  r e s u l t s  

w i l l  o n l y  b e  p o s s i b l e  i f  measurements have been c a r r i e d  out  on t h e  same t e s t  

apparatus (see  s e c t i o n  6.1 b :  Problem Areas).  

3. COMPILATION OF APPLIED TEST METHODS 

E s s e n t i a l l y  , t h e r e  a r e  f o u r  measurement procedures ' i n  cannon p r a c t i c e  con- 

c e r n i n g  t h e  t e s t i n g  o f  window systems, u s i n g t w o  t y p e s  o f  t e s t  apparatus,  

namely 

- guarded h o t  p l a t e  

- g u a r d e d / c a l i b r a t e d  h o t  box. 

I n  Table  1, t h e  v a r i o u s  t e s t  procedures a r e  c a n p i l e d  g i v i n g  t h e  p o s s i b l e  

c a n b i n a t i  ons o f  measurement s p e c i f i c a t i o n  and t e s t  apparatus.  



Table 1: D i f f e r e n t  Test Procedures 

apparatus quantity measured I I heat flux measured temperatures 
measured I 

1 a. 

1 b. idem idem 

heat input on hot side 
("calorimetric") 

2 a. hot box I I thermal resistance 
or U-value 

hot plate hot and cold 
surfaces 

idem 

. thermal resistance 
(parallel flat 
surfaces only) 

heal flux sensors I idem 

heat flux sensors 
on surface 

heal input o n  hot side 
("calorimetric") 

The h o t  box method i s  used f o r  t e s t i n g  b o t h  t h e  comp le te  window system and 

i t s  i n d i v i d u a l  canponents. Thermal r e s i s t a n c e  o f  g l a z i n g  u n i t s  n o r m a l l y  w i l l  

be  determined by t h e  guarded h o t  p l a t e  method. 

hot and cold 
surfaces or 

(either guarded or hot and cold 
calibrated) ambient 

temperature 



4. PRINCIPLES OF MEASUREMENT AND DETERMINATION PROCEDURES 

4.1 Guarded Hot P l a t e  

a. Heat f l u x  measured by way o f  heat i n p u t  on ho t  s i d e  ( " c a l o r i m e t r i c " )  

The thermal  r e s i s t a n c e  [R] o f  a p la te-shaped t e s t  specimen w i l l  be 

determined by means o f  t h r e e  parameters measured under cons tan t  con- 

d i t i o n s :  

- A u n i d i r e c t i o n a l  cons tan t  heat  f l o w  [ o ]  pass ing  a sample which i s  p l a c -  

ed between a h o t  and a c o l d  p l a t e .  A u n i d i r e c t i o n a l  cons tan t  heat  f l o w  

i s  ensured by a guard s e c t i o n  su r round ing  t e s t  specimen and h o t  p l a t e  

separated by a narrow gap. The guard s e c t i o n  c o n s i s t s  o f  a r i n g  h e a t e r  

and guard m a t e r i a l  t o  avo id ,  resp.  t o  m in im ize ,  s ideward hea t  losses.  

- Temperature d i f f e r e n c e  o f  t h e  specimen average s u r f a c e  temperatures on 

h o t  and c o l d  s i d e  [TT ,S,h - TT ,S,c]. 

- M e t e r i n g  area, i.e. s u r f a c e  area o f  t h e  t e s t  specimen c o n t a c t i n g  t h e  

h o t  and c o l d  p l a t e  [A]. 

Compiled t o  an equa t ion :  

Using:  two  specimen apparatus n = 2 

one specimen apparatus n = 1 

I n  F i g u r e  1, a schemat ic drawing o f  a guarded two specimen h o t  p l a t e  

apparatus i s  shown. The heat f l o w  i s  measured by average power s u p p l i e d  

t o  t h e  c e n t r a l  s e c t i o n  o f  t h e  h e a t i n g  u n i t  ( h o t  p l a t e )  [+I. 



C o l d  p l a t e  
Test spec imen  I r o t  p la te  

( N a r r o w  gap 
G u a r d  r i n g  

G u a r d  m a t e r i a l  

F i g u r e  1: Schematic d raw ing  o f  a guarded two  specimen h o t  p l a t e  -- 
apparatus  

h .  Heat  f l u x  measured h y  - way_of hea t  f l u x  sensors on s u r f a c e  

Two parameters have t o  he measured under c o n s t a n t  c o n d i t i o n s  t o  he 

a b l e  t o  de te rm ine  t h e  thermal  r e s i s t a n c e  [ R J  o f  a  t e s t  specimen: 

- The d e n s i t y  o f  t h e  u n i d i r e c t i o n a l  c o n s t a n t  hea t  f l o w  1qJ p a s s i n g  a  

sample can h e  recorded d i r e c t l y  hy  hea t  f l u x  sensors which a r e  p laced  

on t h e  t e s t  specimen i n  such a  way t h a t  a  r e p r e s e n t a t i v e  hea t  t r a n s f e r  

a rea  i s  s i z e d .  

- Temperature d i f f e r e n c e  o f  t h e  specimen average s u r f a c e  tempera tu res  on 

h o t  and c o l d  s i d e  [ T T , s , ~  - TT,S,C]. 

Canp i led  t o  an equa t ion :  



4.2 G u a r d e d I C a l i b r a t e d  Hot Box 

The d e t e r m i n a t i o n  of t h e  a r e a l  the rma l  , r e s i s t a n c e  L R J  i s  hased on t h e  

f o l l o w i n g  c o n d i t i o n s :  

A c o n s t a n t  q u a n t i t y  of heat  passes a  sample t h a t  i s  mounted i n  a  p a r t i t i o n  

w a l l  between two  rooms w i t h  d i f f e r e n t  a i r ,  resp.  e n v i  ronmental  t empera tu res ,  

t h e  a r e a l  d e n s i t y  of t h e  h e a t  f l o w  r a t e  LqJ n o t  h e i n g  reco rded  d i r e c t l y ,  h u t  

b y  means of t h e  hea t  supp ly  i n t o  a  h o t  box which i s  mounted t o  t h e  h o t  s i d e  

of t h e  t e s t  specimen (see  F i g u r e  2 ) .  A hea t  source w i t h i n  t h e  h o t  box en- 

su res  tempera tu re  c o n t r o l .  

F i g u r e  2: Schematic d raw ing  of a  measur ing equipment 
on t h e  b a s i s  of a  guarded h o t  box 

where: TH a i r  t empera tu re  w i t h i n  h o t  box and o u t s i d e  h o t  box w a l l s  
TC a i r  t empera tu re  on t h e  c o l d  s i d e  o f  t e s t  specimen 

1 t e s t  specimen 
2 c o l d  box 
3 thermal  i n s u l a t i o n  
4 h o t  hox 
5 e l e c t r i c  h e a t i n g  
6 s c r e e n i n g  d e v i c e  
7 mask ( = i n s u l a t i n g  m a t e r i a l  , the rma l  r e s i s t a n c e  known) 



Guarded Hot Box 

Prov ided  t h a t  t h e  s u r f a c e  temperatures  o f  both  s i d e s  o f  t h e  w a l l s  fo rm ing  

t h e  ho t  box w i l l  be r e g u l a t e d  i n  such a  way t h a t  t h e  heat t r a n s f e r  th rough  

t h e  ho t  box w a l l s  i s  n e g l i g i b l e ,  t h e  heat  q u a n t i t y  produced w i t h i n  t h e  box 

[ $ ]  i s  guaranteed t o  pass o n l y  areas o f  t h e  t e s t  specimen [ A ]  and the  

s u r r o u n d i n g  mask. A f t e r  c o r r e c t i o n  f o r  t h e  f l o w  th rough  t h e  mask, t h e  

d e n s i t y  o f  t h e  hea t  f l o w  r a t e  th rough  t h e  t e s t  specimen [ q ]  may then  be 

o b t a i n e d  by way o f  

and t h e  thermal  r e s i s t a n c e  [ R ]  by way o f  

o r ,  i f  t h e  env i ronmenta l  temperatures  a r e  recorded on bo th  s ides  o f  t h e  t e s t  

specimen [Ten,h , Ten,c],' t h e  thermal  t r a n s m i t t a n c e  [U]  can be determined 

d i r e c t l y  by 

C a l i b r a t e d  Hot Box 

I f  t h e  s u r f a c e  temperature  d i f f e r e n c e s  o f  t h e  h o t  box w a l l s  [ T s K , ~  - T s K , ~ ]  

a r e  no t  n e g l i g i b l e ,  i t  i s  necessary t o  s u b t r a c t  t h e  s k i n  l osses  [ $ S K I  f r o m  

t h e  hea t  q u a n t i t y  produced i n  t h e  h o t  box [ $ ]  i n  o r d e r  t o  get  t h e  net heat  

q u a n t i t y  pass ing  a  window system under t e s t .  A h o t  box s k i n  l o s s  c o e f f i c i e n t  

[qSK-ASK] can be d e r i v e d  when i n s e r t i n g  a  homogeneous t e s t  specimen w i t h  

known thermal  c o n d u c t i v i t y  i n  p l a c e  o f  a  t e s t  window. 

Compiled t o  equa t ions :  



Hot Box Supp l ied  w i t h  Heat F l u x  Sensors 

I n s t e a d  o f  measur ing t h e  h e a t  supp ly  i n t o  t h e  h o t  box,  t h e  d e n s i t y  o f  t h e  

h e a t  . f l ow  LqJ pass ing  a  t e s t  specimen may a l s o  b e  reco rded  d i r e c t l y  by  means 

o f  h e a t  f l u x  sensors which a r e  p laced  on t h e  specimen su r face  i n  r e p r e s e n t a -  

t i v e  h e a t  t r a n s f e r  areas. 

Again,  c o n s i d e r i n g  t h e  d i f f e r e n c e  i n  t h e  specimen average s u r f a c e  tempe- 

r a t u r e s  on t h e  ho t  and c o l d  s i d e  LTT,S,h - TT,S,c J, l e a d s  t o  t h e  e q u a t i o n  

I n  F i g u r e  3, a  schemat ic drawing of a  measur ing arrangement on t h e  b a s i s  of 

h e a t  f l u x  sensors  i s  presented.  

Seclion of lest  specimen Section A-0 

A 
4 

F i g u r e  3 :  Schematic drawing of a  measur ing arrangement 
on t h e  b a s i s  o f  h e a t  f l u x  sensors  

where:  TH a i r  t empera tu re  warm s i d e  
TC a i r  t empera tu re  c o l d  s i d e  

1 t e s t  specimen 
2 c o l d  s i d e  
3 warm s i d e  
4 thermal  i n s u l a t i o n  
5 hea t  f l u x  sensors 



5. -- TYPE AND STATUS OF TEST METHODS APPLIED WITHIN THE ANNEX X I 1  

PARTICIPATING COUNTRIES 

A synops is  o f  t h e  i n t e r n a t i o n a l  a p p l i c a t i o n  o f  t h e  v a r i o u s  t e s t  methods i s  

c a n p i l e d  i n  Tab le  2 .  

T a b l e  2:  Test  methods f o r  window systems concern ing  -- 
s t e a d y - s t a t e  hea t  t r a n s f e r  and s t a t u s  o f  t e s t  c o n d i t i o n s  

nations 

B 

D 

i 

NL 

N 

CH 

UK 

USA 

Test methods for window systems 

complete window system I glazing unit I frame 

hot box hot plate, hot box hot box 

guarded 1 calibrated 1 heal flux / caiori- I heat flux / guarded 
sensor metric sensor' 

IBN B 62.204 

DIN 52619 
part 1 

I 

NS 3161 

BSI 874 

I 

BSI 874 

Label of Standard 

DIN 52619 
part 1 

IBN B 62-201 

DIN 52619 
pan 2 

NS 3161 
(hot box) 

I 
(hot box) 

BSI 874 
part 3 

(hot box) 

I 

DIN 52619 
part 3 

I 

i : individually; no1 standardized 

: two methods; one similar to ASTM-C 518-76 (hol plate with heat flux sensor) 
the olher referring lo  ASTM-STP 855. 

1s : determined as dlfference from measured U-value window and calculated 
glazing U-value according to [I]. 



The s t a t u s  o f  t e s t  c o n d i t i o n s ,  i.e. whether s t a n d a r d i z e d  o r  i n d i v i d u a l l y  

chosen, i s  i n d i c a t e d  as w e l l  as a  survey i s  g i v e n  s p e c i f y i n g  t h e  v a r i o u s  

comb ina t ions  o f  methods and t e s t  apparatus  and what methods a r e  used fo r .  

t e s t i n g  window components ( g l a z i n g  u n i t  , frame) o r l a n d  t h e  complete window 

system. Such a  survey cannot ,  however, account f o r  s p e c i a l  aspects  o f  t h e  

s p e c i f i c  s i t u a t i o n  w i t h i n  t h e  i n d i v i d u a l  Annex X I 1  c o u n t r i e s .  There fo re ,  t h e  

s t a t e  of t h e  a r t  w i l l  be p o i n t e d  o u t  c o u n t r y  by coun t ry .  

- Belg ium 

I n  Belgium, g l a z i n g  u n i t s  and comple te  window systems a r e  t e s t e d  accord-  

i n g  t o  n a t i o n a l  s tandards ,  b u t  no t  t h e  f rame as a  s i n g l e  component. 

Labe l  o f  N a t i o n a l  Standard - and Type o f  Tes t  Method 

G l a z i n g  U n i t  - 
NBN 8.62.201: Guarded Hot P l a t e  

Complete Window System: - 
NBN 8.62.204: Guarded Hot Box 

- Federa l  R e p u b l i c  o f  German1 -- 

I n  Germany, a  s e t  o f  n a t i o n a l  s tandards i s  a v a i l a b l e  f o r  t e s t i n g  compo- 

nen ts  and comple te  window systems, as w e l l .  There a r e  two o p t i o n s  f o r  

d e t e r m i n i n g  t h e  a r e a l  thermal  r e s i s t a n c e  o f  t h e  comple te  window system: 

1 )  by means of a  guarded ho t  box 

2 )  by means of heat  f l u x  sensors i n  a  h o t  box arrangement. 

Labe l  of N a t i o n a l  Standard and Type o f  -- Tes t  Method 

G l a z i n g  U n i t  

DIN 52 619, P a r t  2 :  C a l o r i m e t r i c  Hot P l a t e  o r  Heat F l u x  Sensor 

Frame -- 
DIN 52 619, P a r t  3: Guarded Hot Box 

Comple te  Window System: 

DIN 52 619, P a r t  1 ( -A ) :  Guarded Hot Box 
DIN 52 619, P a r t  1 ( -B ) :  Heat F l u x  Sensor 

I t a k  - 
No s t a n d a r d  



- Ne ther lands  --- 
Measurements a r e  g e n e r a l l y  n o t  s tandard ized ,  complete window systems and 

frames a re  t e s t e d  i n d i v i d u a l l y  by t h e  guarded h o t  box method. Test  methods 

f o r  g l a z i n g  u n i t s  a re  s i m i l a r  t o  US s tandards:  ASTM-C 518-76; hea t  f l u x  

sensors i n  a  h o t  p l a t e  apparatus  r e f e r r i n g  t o  ASTM-STP 855: " B u i ? d i n g  app- 

l i c a t i o n s  o f  hea t  f l u x  t ransducers ,  f o r  g u i d e l i n e s  on t h e  a p p l i c a t i o n  o f  

heat  f l u x  sensors".  

- Norway 

I n  Norway, t h e  h o t  p l a t e  method i s  u s u a l l y  n o t  accepted. Hot box .measure- 

ments o f  g l a z i n g  u n i t  and complete window system a r e  s tandard ized  accord- 

i n g  t o  Scandinav ian codes. U-values o f  frames a re  determined as t h e  

d i f f e r e n c e  between U-values measured f o r  t h e  complete window system 

(by means o f  guarded h o t  box) and a  U-value o f  t h e  g l a z i n g  u n i t  c a l c u l a t -  

ed accord ing  t o  [I]. The thermal  r e s i s t a n c e  o f  g l a z i n g  u n i t s  i s  measured 

i n  a  guarded h o t  box, w i t h  t h e  g l a z i n g  u n i t  b e i n g  f i x e d  i n  a  wooden frame 

which has been c a l i b r a t e d  as p a r t  o f  t h e  boundary c o n d i t i o n s  by means of 

hea t  f l u x  sensors. 

Labe l  o f  N a t i o n a l  Standard and Type o f  Test  MetJg 

G l a z i n g  U n i t  and Complete Window System: 

NS 3161: Guarded Hot Box 

T h i s  s tandard  i s  i n  agreement w i t h  t h e  Swedish code SS 024212 and t h e  

Danish code OS 1121. The Swedish code SS 024213 i s  a l s o  used, b u t  o n l y  

as a  proposa l .  

- S w i t z e r l a n d  - -- 

, I n  S w i t z e r l a n d ,  t h e r e  i s  no n a t i o n a l  s tandard f o r  t h e  d e t e r m i n a t i o n  o f  

thermal  t r a n s m i t t a n c e .  'Hot p l a t e  measurements' a re  n o t  very  common. 

Complete window systems a r e  t e s t e d  by means o f  a  c a l i b r a t e d  h o t  box 

a c c o r d i n g  t o  [ Z ] .  



- U n i t e d  K ingdan 

I n  t h e  U.K., s t a n d a r d i z e d  t e s t  methods a r e  a v a i l a b l e  f o r  measur ing t h e  

comple te  window system a n d - t h e  g l a z i n g  u n i t  as w e l l .  

Labe l  o f  N a t i o n a l  Standard and Type o f  Tes t  Method - - - - - - -- - -- - 
G l a z i n g  U n i t  

BSI 874, P a r t  3: Guarded and C a l i b r a t e d  Hot Box 

Complete Window System: - - - - - - - - . -- - - - - -. . - - 
BSI  874, P a r t  3: Guarded and C a l i b r a t e d  Hot  Box 

There i s  no  w e l l - d e f i n e d  s tandard  method f o r  measur ing window U-values 

c u r r e n t l y '  i n  use i n  t h e  U.S. Canmi t tee E-G of t h e  ASTM has a  d r a f t ' s t a n -  

d a r d  under d i s c u s s i o n .  A l though  t h e r e  a r e  elements o f  c o n t r o v e r s y ,  one 

p o i n t  g e n e r a l l y  agreed upon i s  t h a t  t h e  measurement' apparatus  shou ld  b e  

a  h o t  box as d e s c r i b e d  i n  ASTM C-236 (guarded)  o r  ASTM C-976 ( c a l i b r a t e d ) .  

Hot  p l a t e  o r  hea t  f l o w  meter  'measurements a r e  n o t  accepted f o r  window o r  

g l a z i n g  u n i t s .  

The commonly used r e p o r t i n g  s tandard  f o r  U-value measurements i n c l u d e s  

use o f  t h e  ASHRAE w i n t e r  va lues  o f  ho = 34 W/mzK, h i  = 8.3 W/mzK f o r  

t h e  h e a t  t r a n s f e r  c o e f f i c i e n t s .  (Summer U-values,  wh ich a r e  used l e s s  

f r e q u e n t l y ,  assume ho = 23 W/m'K.) The areas of c o n t r o v e r s y  i n  measu- 

rement i n c l u d e  t h e  i s s u e s  o f  

- whether l a b o r a t o r y  t e s t s  shou ld  a t t e m p t  t o  s i m u l a t e  sane s e t  o f  
" r e a l i s t i c "  e x t e r i o r  c o n d i t i o n s  

- how t o  de te rm ine  t h e  e q u i v a l e n t  mean su r face  tempera tu res  o f  a  canp lex  
window system under t e s t  i n  o r d e r  t o  c o r r e c t  t h e  r e s u l t s  t o  t h e  ASHRAE 
c o n d i t i o n s .  

A  s t a n d a r d  procedure l a c k i n g ,  t w o  approaches a r e  i n  canmon p r a c t i c e :  

- an apparatus  u s i n g  t h e  b a f f l e f ' f a n  arrangement o f  ASTM-C-236 and u t i l i z -  
i n g  " n a t u r a l  convec t ion " ,  wh ich may i n c l u d e  smal l  a i r  fl ows t a n g e n t i a l  
t o  t h e  window i n  t h e  d i r e c t i o n  of n a t u r a l  c o n v e c t i o n  (used by N a t i o n a l  
Wood Window & Door Mfgt. Assn. ~ ( N W W D A ~ )  

- use o f  t h e  v o l u n t a r y  s tandard  AAMA-1503 which s p e c i f i e s  n a t u r a l  con- 
v e c t i o n  on t h e  warm s i d e  and a  25 mph, n o r m a l l y  i n c i d e n t  wind on t h e  
c o l d  s i d e  o f  t h e  window t o g e t h e r  w i t h  a  c a l i b r a t i o n  p rocedure  and p re -  
s c r i b e d  s u r f a c e  tempera tu re  measurements (used by  t h e  American A r c h i -  
t e c t u r a l  M f g t .  Assn. ~ A A M A ~ ) .  



6 .  L IST OF PROBLEM AREAS ACCOROING TO V A R I O U S  STANDARDS - -- - -- --- - - 

6.1 Concerning t h e  D e t e r m i n a t i o n  Procedure - - - --- -- - - --- - 

a. Hot  p l a t e  methods -- - 
- Only a p p l i c a b l e  t o  c o n s t r u c t i o n s  w i t h  homogeneous p l a n - p a r a l l e l  f l a t  

, sur faces.  

- Only t h e  r e s i s t a n c e  o f  t h e  c e n t r a l  p a r t  of t h e  sample w i l l  b e  d e t e r -  

mined. The edges a r e  e i t h e r  i n  t h e  guard s e c t i o n . o r  remain o u t s i d e  t h e  

scope o f  t h e  hea t  f l u x  sensor.  

b .  Hot  box methods, genera l  -. - - - .- - -- - - -. 
- When d i r e c t l y  d e t e r m i n i n g  o n l y  t h e  U-value ( f o r  g l a z i n g ,  f rame o r  can- 

p l e t e  w i n d w )  w i t h o u t  d e t e r m i n i n g  thermal  r e s i s t a n c e  and a c t u a l  s u r f a c e  

f i l m  c o e f f i c i e n t s ,  i t  i s  n o t  p o s s i b l e  t o  t r a n s f e r  t h e  r e s u l t s  t o  o t h e r  

c o n d i t i o n s  o r  t o  ccmpare them t o  r e s u l t s  ob ta ined  by d i f f e r e n t  d e t e r -  

m i n a t i o n  procedures ( n e i t h e r  t e s t s  n o r  c a l c u l a t i o n s ) .  T h i s  i s  e.g. t h e  

case w i t h  B e l g i a n  s tandard NBN B62-204. 

- The d e f i n i t i o n  o f  "average" -- - s u r f a c e  -- temeeratures  f o r  d e r i v a t i o n  o f  t h e  

thermal  r e s i s t a n c e  i s  a  problem area. I n  f a c t :  f o r  e.g. a  frame w i t h  

d i f f e r e n t  s u r f a c e  temperatures  a t  t h e  same s i d e  t h e  te rm " thermal  r e s i -  

s tance"  i s  on ly  p r o p e r l y  d e f i n e d  i n  c a n b i n a t i o n  w i t h  a  d e f i n i t i o n  o f  t h e  

p o s i t i o n s  where " t h e "  s u r f a c e  tempera tu res  a r e  measured. 

Any d e f i n i t i o n  i n  t h i s  respec t  would do, b u t  i n  o rde r  t o  b e  a b l e  t o  

connect  t h e  s u r f a c e  f i l m  c o e f f i c i e n t s  i n  a  p roper  way, t h e  s u r f a c e  tem- 

p e r a t u r e  shou ld  be averaged i n  a  s p e c i f i e d  way, namely over t h e  - t o t a l  

( f r o n t  p l u s  s i d e  a.s.) a rea o f  t h e  frame. 

I t  i s  t h i s  - t o t a l  .- .- . - area .. - . on which t h e  heat  t r a n s p o r t  v i a  t h e  hea t  t r a n s f e r  

c o e f f i c i e n t s  t a k e s  p l a c e ;  see a l s o  problem area 6 . l .c .  

The same a p p l i e s  f o r  t h e  thermal  r e s i s t a n c e  o f  a  ccmple te  w i n d w .  The 

s u r f a c e  tempera tu re  shou ld  b e  averaged on t h e  t o t a l  areas r a t h e r  than  

on t h e  p r o j e c t e d  areas o f  t h e  g l a s s  and frame p a r t s  . 
I n  German s tandard DIN 52 619, P a r t  l ( A ) ,  f o r  i n s t a n c e ,  t h e  mean tempe- 

r a t u r e s  a r e  weighted a c c o r d i n g  t o  t h e  p r o j e c t e d  areas. 



- For  t h e  transformation fran thermal  r e s i s t a n c e  t o  U-value and v i c e  - - - - -- - - - -- 
versa,  va lues f o r  t h e  s u r f a c e  c o e f f i c i e n t s  of hea t  t r a n s f e r  a r e  used: 

Measured va lues when t h e  measured U-value i s  i n v o l v e d  (see above) o r  

s tandard  va lues  t o  d e r i v e  a  "s tandard  U-value" f rom measured thermal 

r e s i s t a n c e .  

F o r  obvious reasons, thermal  r e s i s t a n c e  and U-value a r e  d e f i n e d  on t h e  

e r o j e c t e d  - --- area - - - of t h e  window o r  window canponent. However, as ment ioned 

above, t h e  su r face  f i l m  c o e f f i c i e n t s  t r a n s p o r t  t h e  hea t  over t h e  - t o t a l  

s u r f a c e  area (see a l s o  chap te r  3.2.3, Thermal B r i d g e s ) .  I f  - e i t h e r  

s tandard  o r  a c t u a l  - su r face  f i l m  c o e f f i c i e n t s  a r e  assumed t o  be app- 

l i e d  on ly  t o  t h e  p r o j e c t e d  area (e.g. DIN 52 619, P a r t  l ( A ) ,  (B)  and 

P a r t  3 ) ,  then  " c o o l i n g  f i n "  k i n d  o f  e f f e c t s  a r e  over looked,  p a r t i c u l a r -  

l y  i n  case of metal  frames. 

T h i s  means t h a t  t h e  f i l m  c o e f f i c i e n t s  have t o  be m u l t i p l i e d  by a  f a c t o r :  

a  = Atot/Apr,  t h e  r a t i o  of t o t a l  over  p r o j e c t e d  area.  

A c t u a l l y ,  n e i t h e r  r a d i a t i o n  n o r  c o n v e c t i o n  w i l l  be  e x a c t l y  p r o p o r t i o n a l  

t o  t h e  t o t a l  area,  due t o  dead co rners ,  c o n c a v i t i e s  etc., b u t  do  s t i l l  

p r o v i d e  t h e  b e s t  approx imat ion  of t h e  r e a l  s i t u a t i o n .  

Hence, i n s t e a d  o f  d e f i n i n g  

1 u = 
R t h i '  t h i '  

t h e  d e f i n i t i o n  shou ld  be:  

where: 

A t o t  i: t o t a l  area on h o t  s i d e ;  

A p r  : p r o j e c t e d  area ( a r b i t r a r i l y  d e f i n e d  f rom i n s i d e  or 
o u t s i d e ) ;  

a, : idem, on c o l d  s ide.  



I t  i s  s e l f - e v i d e n t  t h a t  i n  s p e c i a l  cases s p e c i f i c  s o l u t i o n s  may b e  

r e q u i r e d .  Fo r  a  harmonica-shaped s u r f a c e  e.g. i t  i s  c l e a r  t h a t  t h e  I R -  

r a d i a t i v e  heat  t r a n s f e r  c o e f f i c i e n t  shou ld  n o t  be inc reased  accord ing  

t o  t h e  t o t a l  su r face ,  because i n  t h a t  case r a d i a t i o n  exchangeusua l  l y  

does n o t  d i f f e r  f r a  t h a t  o f  a  f l a t  p l a t e ;  t h e  c o n v e c t i v e  hea t  t r a n s -  

f e r ,  however, i s  indeed inc reased  by approx ima te ly  Ato t /Apr .  

- I f  t h e  r e s i s t a n c e s  o f  g l a z i n g  and frame a r e  measured s e p a r a t e l y ,  a  pos- 

s i b l e  - thermal b r i d g e  t h r o u g h  t h e  pane  edge and t h e  frame w i l l  no t  be 

cons ide red .  On t h e  o t h e r  hand, i f  t h e  thermal  r e s i s t a n c e s  of frame and 

g l a z i n g  a r e  d e r i v e d  f rom a  t e s t  on a  c a p l e t e  window, these  va lues can- 

n o t  always be used i n  comb ina t ion  w i t h  d i f f e r e n t  c a p o n e n t s ,  e.g. a  

d i f f e r e n t  g l a z i n g  i n  t h e  same frame. 

M o s t l y ,  t h e  r e s i s t a n c e  o f  t h e  g l a z i n g  i s  p resen ted  as t h e  va lue  f o r  

t h e  c e n t e r  p a r t  o f  t h e  g l a z i n g  and t h e  edge e f f e c t  i s  then  cons ide red  

as an i n s e p a r a b l e  p a r t  o f  t h e  frame r e s i s t a n c e .  It i s  a l s o  p o s s i b l e  

t o  p r e s e n t  " t h e  edge e f f e c t "  as a  l i n e a r  thermal  b r i d g e  (e.g. n e g a t i v e  

l i n e a r  R1-value p e r  m p r o f i l e  l e n g t h ,  i n  W/mK). Bo th  approaches a r e  

c o m p l e t e l y  exchangeable, and i n  b o t h  approaches i t  i s  t h e  comb ina t ion  

o f  ' frame and g l a z i n g  which determines t h e  e f f e c t .  See a l s o  c h a p t e r  

3.2.3 "Thermal B r idges" .  

- I f  t h e  thermal  t r a n s m i t t a n c e  o f  a  window system i n c l u d i n g  a  temporary  

i n s u l a t i o n  d e v i c e  (e.g. r o l l e r  b l i n d s )  i s  determined by means o f  

ave rag ing  t h e  U-va lues o f  frame and g l a z i n g  u n i t  ( i n c l .  temporary  

i n s u l a t i o n ) ,  t h e n  t h e  h e a t  f l o w s  s i m u l t a n e o u s l y  pass ing  t h e  

b l i n d  hous ing w i l l  b e  neg lec ted .  Moreover, t h e  d e t e r m i n a t i o n  shou ld  

c o n s i d e r  b o t h  day and n i g h t  c o n d i t i o n s .  

c .  Guarded o r  c a l i b r a t e d  -- h o t  box methods 

- Wi th  t h e  d e t e r m i n a t i o n  o f  o n l y  one c a b i n e d  thermal  r e s i s t a n c e  f o r  t h e  

comple te  window (e.g. D I N  52 619, P a r t  l ( A ) )  i t  i s  n o t  p o s s i b l e  t o  

t r a n s f e r  t e s t  r e s u l t s  t o  windows w i t h  d i f f e r e n t  g l a z i n g / f r a m e  area 

r a t i o s  o r  t o  w i n d w s  w i t h  d i f f e r e n t  combinat ions o f  c a p o n e n t s .  



- L i k e  t h e  d e t e r m i n a t i o n  o f  s e p a r a t e  r e s i s t a n c e s  f o r  frame and g l a z i n g  

i n  a  s i n g l e  t e s t ,  a l s o  t h e  d e r i v a t i o n  o f  a  U-value f rom a measured 

canbined r e s i s t a n c e  f o r  a  complete  window can on ly  b e  c a r r i e d  out on 

t h e  b a s i s  o f  t h e  assumption - t h a t  t h e  hea t  t r a n s f e r  c o e f f i c i e n t s  o f  

g l a z i n g  and frame a r e  t h e  same ( w i t h  - i f  a p p l i c a b l e  - a  c o r r e c t i o n  

f o r  a  = Atot/Apr, t h e  r a t i o  o f  t o t a l  over p r o j e c t e d  area; see 

problem area 6.1.b). 

I f  t h i s  assumpt ion i s  v a l i d ,  t h e  measured heat  f l o w  th rough  t h e  window 

I&] can be  separated i n t o  t h e  h e a t  f l o w  th rough  t h e  g l a z i n g  and 

t h e  frame [bF ]  by :  

where TFs,i i s  t h e  mean tempera tu re  over  t h e  t o t a l  frame area on t h e  

h o t  s ide .  

Based on t h e  s u r f a c e  t o  s u r f a c e  tempera tu re  d i f f e r e n c e s  f o r  frame and 

g l a z i n g ,  t h e  thermal r e s i s t a n c e s  f o r  b o t h  canponents can b e  d e r i v e d  

s e p a r a t e l y .  

NB: I t should  be  noted t h a t  these  r e s i s t a n c e s  shou ld  n o t  be  cons ide red  - 
as para1 l e l  r e s i s t a n c e s  f rom which t h e  r e s i s t a n c e  f o r  t h e  c a n p l e t e  

window can be  d i r e c t l y  d e r i v e d  by w e i g h t i n g  t h e  areas. I n  genera l ,  

t h e  s u r f a c e  tempera tu re  w i l l  be  d i f f e r e n t ,  so t h a t  on ly  t h e  

U-va lues o f  frame and g l a z i n g  can b e  d i r e c t l y  combined. 

I n  case t h e  assu-on o f  equal  s u r f a c e  c o e f f i c i e n t s  o f  h e a t  - t r a n s f e r  

seems n o t  v a l i d ,  t h e  thermal  r e s i s t a n c e  o f  frame o r  g lazed p a r t  should  

be  measured s e p a r a t e l y .  The p a r t i a l  heat  f l o w  ($F  o r  OG) may then be  

d e r i v e d  f r a n  t h e  tempera tu re  d i f f e r e n c e  across t h e  s u r f a c e  o f  t h e  can- 

ponent.  w i t h  known r e s i s t a n c e .  

The r e s i s t a n c e  o f  t h e  g l a z i n g ,  f o r  i n s t a n c e ,  can e i t h e r  be  d e r i v e d  by 

c a l c u l a t i o n  (see chap te r  3.2.2), by  a  separa te  h o t  p l a t e  o r  h o t  box 

t e s t  o r  by a p p l y i n g  h e a t  f l u x  sensor (s )  t o  t h e  g l a s s  d u r i n g  t h e  guarded 

o r  c a l i b r a t e d  h o t  box t e s t  p roper  (see problem area 6.3.d). 



d. Hot  box t e s t s  .- .- u s i n g  hea t  f l u x  sensors 

- The use o f  heat  f l u x  meters  a l l o w s  t h e  thermal  r e s i s t a n c e  o f  g l a z i n g  

and frame t o  be measured d i r e c t l y  i n  a  s i n g l e  t e s t  w i t h o u t  assuming 

equal  t r a n s f e r  c o e f f i c i e n t s .  The h e a t  f l u x  sensors measure t h e  l o c a l  

h e a t  f l u x e s  (hea t  f l o w  d e n s i t i e s )  i n t o  o r  f r a n  t h e  su r face ;  f o r  t h e  

d e r i v a t i o n  o f  t h e  heat  -- f l o w  i t  i s  necessary t o  e s t i m a t e  t h e  area over 

which t h e  measured hea t  f l u x  i s  va1,id. F o r  a  f l a t  and hanogeneous s u r -  

f a c e  t h e  - d e f i n i t i o n  -- o f  " r e p r e s e n t a t i v e "  - areas may be a  problem; f o r  

canp lex  su r faces  (e.g. frames w i t h  f r o n t  and s i d e . s u r f a c e s )  t h i s  i s  

even more t h e  case. 

The - thennal  - - - r e s i s t a n c e  - - - can b e  d e r i v e d  by mu1 t i p l i c a t i o n  o f  t h e  p r o -  

j e c t e d  area and t h e  tempera tu re  d i f f e r e n c e  between h o t  and c o l d  s u r -  

f a c e s  and d i v i s i o n  by t h e  - t o t a l  h e a t  f l o w :  

where dAj  : p a r t s  o f  t h e  s u r f a c e  w i t h  h e a t  f l u x  q j  

I n  e.g. German s tandard DIN 52 619, P a r t  l ( B ) ,  however, t h e  thermal  r e -  

s i s t a n c e  i s  d e f i n e d  as: 

where q  i s  " t h e "  hea t  -- f l u x  t h r o u g h  r e p r e s e n t a t i v e  areas. 

Even i f  t h e  h e a t  f l u x  q  i s  taken  as t h e  weighted mean va lue  over t h e  

t o t a l  su r face ,  t h e  German d e f i n i t i o n  ove r -es t ima tes  t h e  thenna l  r e s i s t -  

ance o f  a  frame w i t h  a  f a c t o r  Ato t /Apr .  

I n  f a c t ,  eve ry  heat  t r a n s p o r t  t h r o u g h  su r faces  t h a t  a r e  n o t  i n  t h e  same 

p l a n e  as t h e  w i n d w  i s  neg lec ted .  



6.2 Concerning Ambient C o n d i t i o n s  ~ 

- The h a r m o n i z a t i o n  o f  " s tandard "  - - - - - - -- va lues  - f o r  t h e  - s u r f a c e  c o e f f i c i e n t  hea t  -- 
t r a n s f e r  f o r  t h e  d e r i v a t i o n  o f  the rma l  t r a n s m i t t a n c e  f r a n  measured 

the rma l  r e s i s t a n c e  i s  a  prob lem area.  T h i s  s u b j e c t  i s  d i scussed  i n  

c h a p t e r  3.2 (Thermal T ransmiss ion ) .  P a r t i c u l a r l y  concern ing  t h e  con- 

v e c t i v e  hea t  t r a n s f e r  c o e f f i c i e n t  on t h e  roan  s ide ,  t h e r e  a r e  two  pos- 

s i b i l i t i e s :  e i t h e r  a  f i x e d  v a l u e  o r  a  f u n c t i o n  o f  tempera tu re  d i f f e r e n c e .  

A f i x e d  va lue  can b e  defended by  a r g u i n g  t h a t  i n  p r a c t i c e  t h e  f r e e  con- 

v e c t i o n  near  t h e  window i s  governed by  t h e  c o n v e c t i v e  p a t t e r n s  i n  t h e  

whole  roan  r a t h e r  than  by  t h e  d i f f e r e n c e  between a i r  and window s u r f a c e  

tempera tu re .  

On t h e  o t h e r  hand i t  i s  a  wel l -known f a c t  t h a t  f r e e  c o n v e c t i o n  near  t h e  

window may indeed b e  s t r o n g l y  reduced as t h e  window s u r f a c e  tempera tu re  

i s  increased;  i f  t h a t  i s  so, t h e n  - l i k e  f o r  t h e  c o n v e c t i o n  i n s i d e  a  

c a v i t y  ( c h a p t e r  3.2.2) - t h e  t e m p e r a t u r e  e f f e c t  shou ld  b e  taken  i n t o  

account ,  e.g. w i t h  t h e  e q u a t i o n  p resen ted  i n  s e c t i o n  5 o f  c h a p t e r  3.2.2. 

I f  an e x t r a  l a y e r  i s  added t o  a  window, t h e n  t h e  a c t u a l  e x t r a  r e s i s t -  

ance induced by t h e  a d d i t i o n  o f  t h i s  l a y e r  m igh t  b e  inc reased  even more 

when a  r e d u c t i o n  i n  c o n v e c t i v e  h e a t  t r a n s f e r  c o u l d .  o r  shou ld  b e  t a k e n  

i n t o  account .  

b  . Hot  p l a t e  methods - - - - - 
- Both  t h e  tempera tu re  d i f f e r e n c e  and, t o  a  l e s s e r  e x t e n t ,  t h e  tempera- 

t u r e  l e v e l  may have an i n f l u e n c e  on t h e  v a l u e  o f  thermal  r e s i s t a n c e .  

Example: 



T a b l e  3: L i s t i n g  of r e s u l t s  of  t h e n a l  r e s i s t a n c e s  determined h y  u s i n g  s e l e c t -  
ed equa t ions  f rm chap te rs  3.2.1 and 3.2.7. The r e s u l t s  s h w  t h e  
e f f e c t  of t empera tu re  l e v e l  i n  comb ina t ion  w i t h  d i f f e r e n t  t ypes  o f  
douh le  g l a z i n g  u n i t s .  

I double glazing 

Selected temperature levels of 
surface temperatures on hot and 

cold side of the test specimen 

- 
T 

effect of temperature level 
(YO per 10 K) 1 7 - 1 6 1 5 1 1  

clear glass, 
uncoated, 
air-filled 

cavity width cavity width 

AT (K) 1 12 'mi"' 24 1 12 24 

- 
15 
25 

idem, with 
low-emissivity 
coating and 

100 % argon-filled 

NR: I n  case t h e r e  i s  a  s i g n i f i c a n t  t empera tu re  e f f e c t  i t  s h o u l d  h e  r e a l i z e d  
u a l  su r face  tempera tu res  f o r  two  samples w i t h  d i  f f e r e n t  r e s i s t -  

that ances % i n  a c t  cor respond w i t h  d i f f e r e n t  env i ronmen ta l  temperatures ,  i f  
s t a n d a r d  su r face  f i l m  c o e f f i c i e n t s  a r e  assumed. 

5 
15 

. 

10 
20 

15 
20 

0.180 
0.180 

0 

10 
10 

0.531 
0.531 

0 

0.201 
0.186 

8 effect of temperature difference 
(Yo per 10 K) 

5 
0 

0.657 
0.548 

20 

thermal resistance (m2 WW) 

10 
10 

10 
20 

0.657 
0.648 

0.180 
0.167 

0.201 
0.188 

0.531 
0.506 



- The e f f e c t  o f  a  p o s s i b l e  l o w - e m i s s i v i t y  c o a t i n g  on one o f  t h e  ou te r  

s u r f a c e s  on t h e  I R - r a d i a t i v e  f i l m  c o e f f i c i e n t  w i l l  n o t  be de tec ted .  

- Obv ious ly ,  t h e  o r i e n t a t i o n  of t h e  sample ( f r a  h o r i z o n t a l  t o  v e r t i c a l )  

w i l l  i n f l u e n c e  t h e  f r e e  c o n v e c t i o n  i n  t h e  c a v i t y  o f  a  m u l t i - g l a z i n g  

system. 

- The - r e l a t i v e l y  - smal l  s c a l e  --- o f  t h e  sample i n  a  h o t  p l a t e  apparatus  m igh t  

have sane e f f e c t  on b o t h  t h e  r a d i a t i v e  and c o n v e c t i v e  hea t  t r a n s f e r  

w i t h i n  a m u l t i p l e  g l a z i n g  u n i t .  

- The r e s i s t a n c e  o f  t h e  sample i s  measured under --- iso the rma l  s u r f a c e  con- 

d i t i o n s .  I n  p r a c t i c e ,  t h e  heat  f l u x  w i l l  cause a  tempera tu re  g r a d i e n t  

over  t h e  h e i g h t .  T h i s  w i l l  have some e f f e c t  on t h e  onset  o f  c o n v e c t i o n  

i n  t h e  c a v i t y  i n  a  m u l t i p l e  g l a z i n g  system, t h u s  on t h e  thermal  r e s i s t -  

ance. 

c. Ho t  box methods, genera l  - .- - ---- 

- When t h e  thermal  r e s i s t a n c e s  o f  f rame and/or  g l a z i n g  a r e  t h e  pr ime 

q u a n t i t i e s  measured i n  a  h o t  box,  n e i t h e r  t h e  d e v i a t i o n  of t h e  a c t u a l  

s u r f a c e  - c o e f f i c i e n t s  - - - - - o f  h e a t  t r a n s f e r  .- f r a  t h e  ( " s t a n d a r d " )  s i t u a t i o n  

i n  p r a c t i c e  n o r  d i f f i c u l t i e s  i n  t h e  c o r r e c t  d e t e r m i n a t i o n  o f  t h e  a c t u a l  

c d e f f i c i e n t s  ( see  problem a rea  6.2.b) seem t o  b e  r e l e v a n t  problem 

H m e v e r ,  even then  i t  i s  i m p o r t a n t  t h a t  t h e  ambient c o n d i t i o n s  a r e  as 

r e a l i s t i c  as p o s s i b l e  because t h e  thermal  r e s i s t a n c e s  may w e l l  b e  i n -  

f l u e n c e d  by t h e  c o n d i t i o n s  a t  t h e  s u r f a c e .  

The s u r f a c e  f i l m  c o e f f i c i e n t s  a r e  s u b j e c t  t o  a l l  v a r i a t i o n s  a l s o  t o  be 

met i n  p r a c t i c e :  

c o n v e c t i o n :  f o r c e d :  w ind speed, d i r e c t i o n ;  

f r e e :  d imensions o f  roan (e.g. h o t  b o x ) ,  h e i g h t  o f  sample, 

t e m p e r a t u r e  d i f f e r e n c e  a i r /w indow s u r f a c e .  

r a d i a t i o n :  e m i s s i v i t y  and tempera tu re  o f  roan  ( h o t  and c o l d  box )  

s u r f a c e s .  



F o r  i n s t a n c e ,  some l a b o r a t o r i e s  use h o t  boxes w i t h  i nc reased  c o n v e c t i o n  

t o  compensate f o r  t h e  low  e m i s s i v i t y  o f  t h e  w a l l s .  Probab ly ,  t h e  e f f e c t  

o f  t h i s  d e v i a t i o n  fran "s tandard "  ambient c o n d i t i o n s  w i l l  d i f f e r  f r 'an  

one window t y p e  t o  another .  

The d i r e c t i o n  o f  f o r c e d  c o n v e c t i o n  ( s i m u l a t i o n  o f  wind) on t h e  c o l d  

s i d e  o f  t h e  window i s  a l s o  l i k e l y  t o  a f f e c t  t h e  t e s t  r e s u l t  due t o  i t s  

i n f l u e n c e  on t h e  l o c a l  hea t  t r a n s f e r  c o e f f i c i e n t s :  a  p e r p e n d i c u l a r  a i r  

f l o w  may cause h i g h  v e l o c i t i e s  i n  t h e  c e n t e r  and low v e l o c i t i e s  i n  t h e  

edge zone o f  t h e  sample; an a i r  f l o w  para1 l e l  t o  t h e  window may cause 

dead co rners  which, moreover, depend on t h e  o r i e n t a t i o n  ( h o r i z o n t a l ,  

v e r t i , c a l )  o f  f l o w .  

- A s p e c i a l  problem area i s  caused by low  e m i s s i v i t y  o f  o u t e r  su r faces .  

The s tandard s u r f a c e  f i l m  c o e f f i c i e n t s  a r e  n o t  v a l i d  and t h e r e  i s  no 

measure t o  d e f i n e  how t h e  a c t u a l  s u r f a c e  c o e f f i c i e n t s  o f  h e a t  t r a n s f e r  

d i f f e r  f rom s tandard  c o n d i t i o n s .  I n  e.g. German s tandard  DIN 52 619 
I t h e  l o w - e m i s s i v i t y  s i t u a t i o n  i s  avo ided by  p r e s c r i b i n g  a  b l a c k  s u r f a c e  
i 
i p a i n t  i n  t h i s  case, t h u s  p r e v e n t i n g  t h e  l o w - e m i s s i v i t y  e f f e c t .  

- A somewhat s i m i l a r  problem i s  posed by p r o d u c t s  w i t h  i n t e r n a l  c i r c u l a -  

t i o n  o f  ambient a i r ,  e.g. t h r o u g h  o r  around c u r t a i n s ,  screens, e t c .  -- - .- - - - . 

Standard s u r f a c e  f i l m  c o e f f i c i e n t s  a r e  n o t  a p p l i c a b l e ,  and aga in  t h e r e  

i s  n o  measure t o  d e f i n e  how t h e  a c t u a l  h e a t  t r a n s f e r  c o e f f i c i e n t s  

d i f f e r  f r a n  sta.ndard c o n d i t i o n s .  

The b e s t  s o l u t i o n  i s  t o  ensure t h a t  t h e  ambient c o n d i t i o n s  w i t h  t h e  

p r o d u c t  b e i n g  rep1 aced by  a  c o n v e n t i o n a l  window ( o r  c a l i b r a t i o n  pane l )  

a r e  as c l o s e  t o  s tandard  c o n d i t i o n s  as p o s s i b l e .  Based on t h e  d i f f e r e n c e  

i n  thermal  t r a n s m i s s i o n  w i t h  and w i t h o u t  such canponents, t h e  e x t r a  

the rma l  r e s i s t a n c e  induced by  t h e  component can b e  d i r e c t l y  de r i ved .  

Then, i n  t h e  e x t r a  r e s i s t a n c e ,  s u r f a c e  e f f e c t s  (change i n  heat  t r a n s f e r  

c o e f f i c i e n t s )  a r e  i nc luded .  

- The a c t u a l  . - sur face  - c o e f f i c i e n t s  o f  h e a t  t r a n s f e r  may remain unknown i f  

t h e  thermal  t r a n s m i t t a n c e s  o f  f rame and/or  g l a z i n g  a r e  measured d i r e c t -  

l y .  Never the less ,  even then  i t  i s  obv ious t h a t  i n f o r m a t i o n  concern ing  

t h e  a c t u a l  s u r f a c e  f i l m  c o e f f i c i e n t s  i s  ve ry  v a l u a b l e  i n  t h e  process o f  

a n a l y s i n g  t h e  t e s t  r e s u l t s  (and again,  see problem area 6.1 b ) .  



I n  t h i s  respec t ,  t h e  problem o f  t h e  d e f i n i t i o n  o f  t h e  - environmental  

*p_rature - m e r g e s .  

The c o n v e c t i v e  heat  t r a n s f e r  c o e f f i c i e n t  should  be d e r i v e d  f r a n  t h e  

' d i f f e r e n c e  between (mean) window s u r f a c e  and (mean) roan - a i r  tempera- 

t u r e ;  t h e  r a d i a t i v e  c o e f f i c i e n t  shou ld  be  d e r i v e d  us ing  t h e  t m p e r a -  

t u r e  d i f f e r e n c e  between window and roan w a l l  s u r f a c e s .  - U s u a l l y ,  how- 

ever ,  t h e  d i f f e r e n c e  between ambient su r face  and ambient a i r  tempera- 

t u r e  w i l l  be  sma l l .  

I n  sane cases, i n s t e a d  o f  a i r  and/or su r face  temperatures,  an e n v i r o n -  

menta l  t e m p e r a t u r e  i s  measured, b e i n g  a  somehow weighted mean v a l u e  f o r  

a i r  and - a l l  su r round ing  su r faces ,  i n c l u d i n g  t h e  ( c o l d e r )  t e s t  sample 

i t s e l f .  I n  NBN 862-204, e.g. t h e  ambient temperature  i n  t h e  h o t  box i s  

measured w i t h  a  b l a c k  g lobe  a t  a  d i s t a n c e  o f  0.75 m f r a n  t h e  window. 
.. . 

', d 

a. & l a t e  methods - - - - - - -- 
- I f  t h e  hea t  f l u x  i s  determined w i t h  a  heat f l u x  sensor p r e c a u t i o n s  

should '  be  taken  t o  avo id  t h a t  t h e  heat  f l u x  sensor i n f l u e n c e s  t h e  hea t  .-.", 
f l o w  th rough  t h e  sample, e.g. by  a p p l y i n g  a  guard r i n g  w i t h  c o r r e c g - .  

d imens ions and thermal c o n d u c t i v i t y .  

- I f  t h e  hea t  f l u x  i s  determined by t h e  i n p u t  o f  e l e c t r i c  power, a  guard 

zone should  be a p p l i e d  around t h e  metered zone, w i t h  equal s u r f a c e  -- 
c o n d i t i o n s  t o  p reven t  l a t e r a l  hea t  f l u x e s .  

4;  

b .  Ho t  box methods, qenera l  - - - - - - - - - - - -- - - 

- Temperature sensors a p p l i e d  on t h e  window s u r f a c e s  should  have t h e  same 

e m i s s i v i t y  as t h e  s u r f a c e  t o  which t h e y  a r e  a p p l i e d  and should  n o t  i n  

any o t h e r  way d i s t u r b  t h e  h e a t  f l  w t h r o u g h  t h e  s u r f a c e .  



c.  Guarded o r  c a l i b r a t e d  h o t  box methods - - - - - -- - - - - -. - - 
- The t e s t  sample i s  p l a c e d  e i t h e r  d i r e c t l y  i n  t h e  opening between t h e  

h o t  and c o l d  roan o r  i n  t h e  opening o f  an i n s u l a t e d  mask, i f  t h e  

sample dimensions a r e  s m a l l e r  than  t h e  dimensions o f  t h e  h o t  box a l l w .  

T h i r d l y ,  i t  i s  a l s o  p o s s i b l e  t o  p l a c e  t h e  h o t  box o f  a  guaraed h o t  box 

a g a i n s t  t h e  g l a z i n g .  I n  t h e  f i r s t  two  cases t h e r e  w i l l  b e  a  - heat  f l o w  

around t h e  - - - s a p l e  - - edge th rough  - -- t h e  w a l l  o r  mask. The c a l i b r a t e d  b u t  -- 
a l s o  guarded box shou ld  b e  c a l i b r a t e d  f o r  t h i s  h e a t  l o s s  by  r e p l a c i n g  

t h e t e s t  sample b y  an i n s u l a t i o n  sheet  w i t h  known thermal  r e s i s t a n c e .  

The connec t ion  o f  t h i s  i n s u l a t i o n  sheet t o  t h e  w a l l s  o r  t h e  mask shou ld  

b e  o f  t h e  same dimensions ( t h i c k n e s s  and p o s i t i o n )  as t h e  t e s t  sample 

i n  o r d e r  t o  a v o i d  d i f f e r e n c e s  i n  1  a t e r a l  h e a t  f l  w s  t h e r e .  

Only i n  case o f  a  guarded h o t  box p l a c e d  a g a i n s t  a  homogeneous f l a t  

s u r f a c e  o f  t h e  sample, l i k e  a g a i n s t  t h e  g l a z i n g ,  i t  may b e  assumed t h a t  

t h e r e  a r e  no  la t -era1 hea t  f l o w s  a t  t h e  edge o f  t h e  measured p a r t  o f  t h e  

sample; i n  t h i s  case, c a l i b r a t i o n  w i l l  n o t  b e  necessary.  

d. Hot  box t e s t s  u s i n g  h e a t  f l u x  sensors  - - -- - - - - - -. - - .- -- 

- The heat f l u x  - -. - sensors - - should  have t h e  same e m i s s i v i t y  as t h e  s u r f a c e  t o  

which they%"%' a p p l i e d  and shou ld  n o t  i n  any o t h e r  way d i s t u r b  t h e  heat  

f l o w  t h r o u g h  t h e  su r face .  
. , ..<; 

Of ten ,  these  c o n d i t i o n s  a r e  d i f f i c u l t  t o  f u l f i l ,  even on hanogeneous 
. s 

f l a t  su r faces ,  and c e r t a i n l y  on t h e  more canp lex  frame surfaces.  



6.4 Conc lus ions 

- The U-va lue f r a n  a  h o t  box t e s t  s h o u l d  never  b e  p resen ted  w i t h o u t  i n -  

d i c a t i n g  a l s o  t h e  a c t u a l  h e a t  t r a n s f e r  c o e f f i c i e n t s .  

- The r e s i s t a n c e s  o f  f rame and g l a z i g  shou ld  be de te rm ined  as separa te  

va lues .  The edge e f f e c t  o f  t h e  g l a z i g  may b e  c o n t a i n e d  i n  t h e  r e s i s t -  

ance o f  t h e  frame o r  b e  cons ide red  s e p a r a t e l y  as a  l i n e a r  thermal  b r i d g e .  

Only  w i t h  separa te  va lues  f o r  frame and g l a z i n g ,  t h e  r e s u l t s  can b e  

t r a n s f e r r e d  p r o p e r l y  t o  o t h e r  - e.g. s t a n d a r d  - c o n d i t i o n s  and o t h e r  

window d imens ions.  Fo r  components 1  i k e  c u r t a i n s ,  screens,  e t c .  f o r  which 

s tandard  h e a t  t r a n s f e r  va lues  a r e  n o t  a p p l i c a b l e ,  t h e  r e s u l t s  shou ld  b e  

p resen ted  ,as e x t r a  r e s i s t a n c e ,  added t o  a  window w i t h o u t  such compo- 

nen ts ,  measured under "s tandard "  c o n d i t i o n s .  

- D e v i a t i o n s  i n  t h e  U-va lue o f  a  window component o r  c a n p l e t e  window 

system caused by t h e  d e t e r m i n a t i o n  p rocedure  a r e  o f  equal o r  maybe 

g r e a t e r  impor tance than  d e v i a t i o n s  caused by ambient  c o n d i t i o n s .  

- D e v i a t i o n s  caused by  t h e  d e t e r m i n a t i o n  p rocedure  can b e  e a s i l y  avo ided  

b y  an i n t e r n a t i o n a l  agreement on a  p rocedure  which takes  t h e  r e l e v a n t  

prob lem areas i n t o  account .  

- D e v i a t i o n s  caused by ambient  c o n d i t i o n s  can b e  avo ided t o  a  l a r g e  e x t e n t  

b y  e n s u r i n g  t h a t  t h e  c o n d i t i o n s  a r e  as c l o s e l y  as p o s s i b l e  equal t o  

s tandard  c o n d i t i o n s  i n  p r a c t i c e .  I n t e r n a t i o n a l  agreement on s tandard  

c o n d i t i o n s  i s  s t r o n g l y  recommended. I f  a  d e t a i l e d  r e c o r d  i s  made o f  t h e  

a c t u a l  t e s t  c o n d i t i o n s ,  a  t r a n s f o r m a t i o n  t o  o t h e r  ( s t a n d a r d )  c o n d i t i o n s  

w i l l  i n  most cases b e  p o s s i b l e ,  w i t h  t h e  unders tand ing  t h a t  t h e  r e s i s t -  

ance o f  t h e  window p r o p e r  may a l s o  change w i t h  t h e  ambient c o n d i t i o n s ,  

i n  a  way known o n l y  f o r  s p e c i f i c  cases (see c h a p t e r  3.2.2). 

- D e v i a t i o n s  caused by t e s t  c o n d i t i o n s  can be avo ided by  s e l e c t i n g  t h e  

most a p p r o p r i a t e  t e s t  method (e.g. a v o i d i n g  d i s t u r b a n c e  o f  t h e  h e a t  

f l u x  b y  h e a t  f l u x  sensors  on a complex su r face )  and a c c u r a t e  measure- 

ment techn iques  (e.g. c a l  i b r a t i o n )  . 



7 .  AN INTERNATIONAL AGREEMENT: IS0 ACTIVITIES CONCERNING STANDARDIZATION -. - - - - - - - --- 

T h i s  s e c t i o n  w i l l  n o t  d i scuss  t h e  a c t i v i t i e s  o f  t h e  I n t e r n a t i o n a l  O r g a n i z a t i o n  

f o r  S t a n d a r d i z a t i o n  ( ISO) b u t  e x p l a i n  t h e  agreements concern ing  p r i n c i p l e s  

o f  t e s t  methods and measurement. 

The a c t u a l l y  e x i s t i n g  IS0  d r a f t s  a r e  n o t  s p e c i f i e d  f o r  windcw systems. The 

I S 0  work ing  group TC 160/WG2 i s  p r e p a r i n g  a  f i r s t  d r a f t  proposal  concern ing  

t h e  guarded h o t  p l a t e  apparatus.  

I n  1986, a  j o i n t  work ing  group was formed by members o f  t h e  Techn ica l  C a n -  

m i t t e e s  TC 59/160/162/163 i n  o r d e r  t o  p repare  d r a f t  p roposa ls  concern ing  

h o t  box and hea t  f l u x  sensor t e s t  methods s p e c i a l l y  designed f o r  window 

systems. 

A l though  n o t  d i r e c t l y  a p p l i c a b l e  t o  window systems, t h e  d r a f t  p roposa l  IS0  

DP 8990 ( 1 3 t h  d r a f t )  " C a l i b r a t e d  and Guarded Hot Box" has been s e l e c t e d  as 

an example t o  demonstrate t h e  c o l l a b o r a t i v e  e f f o r t s  o f  t h e  p a r t i c i p a t i n g  

c o u n t r i e s  t o  e s t a b l i s h  m u t u a l l y  accepted s tandards  g r a n t i n g  n a t i o n a l  i n d e -  

pendence i n  t e s t i n g  procedures and e n s u r i n g  s u f f i c i e n t  c a n p a t i b i l  i t y  o f  t e s t  

r e s u l t s .  

T e s t  method accord' ing t o  DP 8990 - -- -- 

F o r  t e s t i n g  purposes, t h e  a p p l i c a t i o n  o f  b o t h  c a l i b r a t e d  and guarded h o t  box 

methods i s  cons ide red  s u i t a b l e .  It i s  recanmended t h a t  c a l i b r a t i o n s  b e  

c a r r i e d  out  f o r  t h e  guarded h o t  box,  too .  The performance o f  t h e  apparatus  

s h a l l  be checked by  means o f  specimens o f  known thermal  r e s i s t a n c e .  These 

checks s h a l l  b e  repeated a t  i n t e r v a l s  t o  d e t e c t  a  p o s s i b l e  d r i f t  i n  c a l i b r a -  

t i o n .  



Measurements accord ing  - t o  DP 8990 - 

Two a l t e r n a t i v e s  a r e  proposed: 

1. The thermal  r e s i s t a n c e  i s  de te rm ined  by measur ing s u r f a c e  temperatures ,  

h e a t  f l o w  r a t e  and m e t e r i n g  area.  The thermal  t r a n s m i t t a n c e ,  U-value,  

w i l l  be c a l c u l a t e d  by means o f  s u r f a c e  c o e f f i c i e n t s  f i x e d  w i t h i n  r e l e v a n t  

b u i l d i n g  codes. 

2. The thermal  t r a n s m i t t a n c e ,  U-value,  i s  de te rm ined  d i r e c t l y  by  means o f  

env i ronmenta l  t empera tu re  d i f f e r e n c e  between c o l d  and h o t  s i d e  and 

measured average d e n s i t y  o f  h e a t  f l ow .  The env i ronmenta l  t empera tu res  

a r e  c a l c u l a t e d  fran a i r  and w a l l  s u r f a c e  tempera tu res  o f  t h e  h o t  box. 

A l t e r n a t i v e  2. i s  t o  be used f o r  t e s t  specimens w i t h  thermal  b r i d g e s  o r  

s p e c i a l  geane t ry .  W i t h i n  t h i s  a l t e r n a t i v e ,  t h e  s u r f a c e  tempera tu res  o f  t h e  

t e s t  specimens w i l l  be measured, t o o ,  t o  be a b l e  t o  de te rm ine  t h e  a c t u a l  

s u r f a c e  f i lm c o e f f i c i e n t s  under  t e s t .  I n  t h i s  way, c a n p a r a b i l i t y  w i t h  a l t e r -  

n a t i v e  1. i s  ensured. 

Bes ides  t h e  agreements concern ing  t h e  d e t e r m i n a t i o n  of thermal  t r a n s m i t t a n c e  

b y  t e s t  methods ( a l t h o u g h  n o t  y e t  f o r  windows), a  f i r s t  s tep  has been taken  -- 
c o n c e r n i n g  determi  n a t i o n  o f  thermal  t r a n s m i t t a n c e  o f  m n g s  - by c a l c u l a t i o n  

methods, p r o v i d i n g  u n i f i e d  boundary c o n d i t i o n s .  Fo r  c a l c u l a t i n g  thermal  

t r a n s m i t t a n c e  o f  doub le  o r  m u l t i p l e  g l a z i n g ,  a  proposed IS0  s tandard  has 

been e labora ted ,  i t s  4 t h  r e v i s i o n  now b e i n g  c i r c u l a t e d  ( " C a l c u l a t i o n  Rules 

f o r  De te rm in ing  t h e  S teady -S ta te  ' U - v a l u e ' ,  Thermal Transmi t tance,  o f  Double 

o r  M u l t i p l e  G laz ing" ,  TC 160, W 62, 1986) .  
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LIST OF SYMBOLS 

Subscr ip ts  

So la r  absorptance 

Surface emi t tance 

Areal thermal conductance W/m2K 

-8 
Stephan-Bolzman constant  5.67-10 w/m2K4 

Rad ia t ion  i n t e n s i t y  

Thermodynamic temperature 

Areal thermal t ransmi t tance 

Surface c o e f f i c i e n t  o f  heat  t r a n s f e r  w/m2K 

Areal dens i t y  o f  heat  f l ow  r a t e  w/m2 

Cels ius temperature C 

Longwave ( 3  - 50 um) 

Rad ia t ion  

So la r -Rad ia t ion  (0.3 - 2.5 ~ m )  

Convection 

i n t e r i o r  

e x t e r i o r  

Rad ia t ion  

sur face 



1  . SURFACE FILM COEFF~CIENTS 

The n e t  s e n s i b l e  hea t  f l u x  ba lance a t  t h e  e x t e r i o r  s u r f a c e  o f  a  b u i l d i n g  

can be expressed as f o l l o w s  : 

J u r - u q  = I1 ( 1 - 1  R  r a i r  

= hc(T-T . ) a1 r 

F i g . 1  : Heat f l u x e s  a t  t h e  e x t e r i o r  b u i l d i n g  s u r f a c e  

2 q : Net hea t  f l u x  from o r  i n t o  t h e  s u r f a c e  (U/m ) 

s  
: Absorbed shortwave r a d i a t i o n  ( s o l a r )  (w/m2) 

a s o l a r  absorptance s  

I S  
2 g l o b a l  s o l a r  i r r a d i a n c e  i n c i d e n t  upon t h e  suface (W/m ) 

L 
2 : Absorbed longwave r a d i a t i o n  (atmosphere and ground)  (N/m ) 

E longwave emi t tance  o f  t h e  s u r f a c e  
0 

2 
IL longwave i r r a d i a n c e  i n c i d e n t  upon t h e  su r face  (W/m ) 

2 qR : E m i t t e d  longwave r a d i a t i o n  (W/m ) 
2 4 o  Stefan-Bolzmann cons tan t  5 . 6 7 . 1 0 - ~ ( ~ / m  K ) 

T  sur face temperature  ( K )  
2 

qc 
: Convect ive  h e a t  t r a n s f e r  (W/m ) 

2 h  c o n v e c t i v e  h e a t  t r a n s f e r  c o e f f i c i e n t  (U/m K)  
C 

T  Ambient a i r  temperature  ( K )  a i r  
2 

A qR : R a d i a t i v e  hea t  l o s s  o f  t h e  s u r f a c e  (W/m ) 
2 h  r a d i a t i v e  h e a t  t r a n s f e r  c o e f f i c i e n t  (W/m K)  r 

4 Heat f l u x b a l a n c e :  q t a I  + E  I = c 0 o T  + h ( T - T .  ) 
s s  O L  c a1 r 



According t o  t h e  heat f l u x  balance equat ion ( 1 )  d i f f e r e n t  measurement me- 

thods have been used t o  determine the  r a d i a t i v e  and convect ive heat t rans-  

f e r  c o e f f i c i e n t s  a t  the  e x t e r i o r  b u i l d i n g  surface. 

I t o  and Oka CL i t . 3 ,41  ,Sharpies CL i t .7 ,91  ,Chapman[ L i t . 8 1  and Sturrock 

C L i t . 5 1  used two heated panel elements w i t h  s l i g h t l y  d i f f e r e n t  sur face 

temperatures i n  o rder  t o  determine the  convect ion heat t r a n s f e r  c o e f f i -  

c ients.Ry measuring t h e  ne t  heat f l u x  q i n t o  the  sur face and the  sur face 

temperature T f o r  bo th  panels ( index  A and B),the convect ive heat  t r a n s f e r  

c o e f f i c i e n t  h becomes : 
C 

where qA.qB,TA and dB are measured data. 

F igure  2 shows the  r e s u l t s  o f  t h e  experimental  study performed by Sharples 

C L i t . 7 1  .The b u i l d i n g  used i n  h i s  work was the  18 s to rey  A r t s  Tower a t  

S h e f f i e l d  U n i v e r s i t y  ,U.K. The measurements were made i n  t h e  n o r t h  facade 

on d i f f e r e n t  f l o o r s  (6th,14th and 18th).Surface wind speeds v were mea- 
S 

sured 1 m from t h e  b u i l d i n g  surface. 

L I I I I 
.'5 10 15 20 

Surface wind speed V, (ms-'I 

Fig.2 : L inear  regression between convect ion c o e f f i c i e n t  hc and 

sur face wind speed v f o r  windward cond i t ions  a t  d i f f e r e n t  
S 

l e v e l s  o f  t h e  b u i l d i n g C L i t . 7 1  . 



The method o f  t h e  measurement accord ing  t o  equa t ion  ( 2 )  shows two c r i t i c a l  

p o i n t s  ,whi ch have t o  be t r e a t e d  v e r y  c a r e f u l l y  : 

a )  Exact  measurement o f  t h e  h e a t  f l o w s  qA and qB. 

b )  The temperature  d i . f f e rence  o f  t h e  two panels  (TA - TB) has t o  be chosen 

i n  a  reasonable  range i n  o r d e r  t o  g e t  smal l  e r r o r s  and t h e  same tem- 

p e r a t u r e  dependency o f  hc. 

The measurements o f  Sharp les  have been r e s t r i c t e d  t o  n o c t u r n a l  observa t -  

i o n s  i n  o r d e r  t o  e l i m i n a t e d  any i n f l u e n c e  o f  s o l a r  e f f e c t s .  

F i e l d  measurements i n c l u d i n g  shortwave and longwave r a d i a t i o n  measure- 

ments have been per formed i n  S w i t z e r l a n d  C L i t . 1 0 , l l I  on two t e s t  c e l l s  

( 5  x  3 x  3 m) w i t h  d i f f e r e n t  i r - p r o p e r t i e s  o f  t h e  surfaces,one w i t h  a  

h i g h  (0.92) and t h e  o t h e r  w i t h  a  low (0 .07)  s u r f a c e  e m i s s i v i t y .  

Accord ing t o  e q u a t i o n  ( 1 )  t h e  f o l l o w i n g  r e l a t i o n s h i p  f o r  h  i s  g i v e n :  
C 

where q,IS,IL,T and T  a r e  measured d a t a .  a i r  
The most c r i t i c a l  p o i n t s  o f  t h i s  method a r e  t h e  p roper  measurement o f  t h e  

longwave and shortwave r a d i a t i o n  as w e l l  as t h e  h e a t  f l u x  q. The compari- 

son o f  two sufaces w i t h  i d e n t i c a l  s o l a r  a b s o r p t i v i t y  as and d i f f e r e n t  

e m i s s i v i t i e s  co a l l owed  t h e  s t u d y  o f  t h e  i n f l u e n c e  o f  i r - r a d i a t i o n  hea t  

l o s s  t o  t h e  sky  and t h e  environment.For w e l l  i n s u l a t e d  b u i l d i n g  su r faces  

an  u n d e r c o o l i n g  below t h e  ambient a i r  temperature  has o f t e n  been observed. 

T h e r e f o r e  a  d e f i n i t i o n  o f  a  r a d i a t i v e  h e a t  t r a n s f e r  c o e f f i c i e n t  hr i s  n o t  

always p o s s i b l e S i n c e  t h e  longwave r a d i a t i o n  exchange takes  p l a c e  between 

t h e  s u r f a c e  and t h e  env i ronment  ( s k y  and ground) ,it would  be b e t t e r  t o  

cons ide r  a  i r - r a d i a t i o n  l o s s  A I R  i n s t e a d  o f  a  r a d i a t i o n  f i l m  c o e f f i c i e n t .  



Fig.3 i l l u s t r a t e s  t h e  measured convect ive f i l m  c o e f f i c i e n t  a t  t h e  n o r t h  

facade o f  the  EMPA t e s t  c e l l  f a c i l i t y  CL i t . 101  ,which may be representa t ive  

f o r  smal l  one s to rey  b u i l d i n g s  

NORTH FACADE 

H (0 - 

Fig.3 : Measured convect ive f i l m  c o e f f i c i e n t s  from the  EMPA 

t e s t  c e l l  f a c i l i t y  (mean value over the  whole n o r t h  
2 facade area o f  15 m ) CLit .101. 

Conclusions 

D i f f e r e n t  f i e l d  s tud ies  on the  sub jec t  o f  convect ive heat t r a n s f e r  a t  

the  e x t e r i o r  b u i l d i n g  envelope [ L i t  .l - 9 1  showed the  d i f f i c u l t y  t o  

f i n d  good c o r r e l a t i o n  models.0ne main reason may be t h e  l ack  o f  good 

a i r  f l o w  models,which a l l o w  the determinat ion o f  sur face wind v e l o c i t i e s  

around the  whole b u i l d i n g  envelope. 

Some i n v e s t i g a t i o n s  a l so  demonstrated,that f o r  wind she l te red  b u i l d i n g  
2 elements,very low convect ive f i l m  c o e f f i c i e n t s  (hc< 5 W/m K )  may be ob- 

served.This f a c t  should be taken i n t o  account i n  more d e t a i l  when cool -  

i n g  loads problems and thermal comfort  s i t u a t i o n s  i n  summer t ime are 

considered. 



2. AREAL THERMAL CONDUCTANCE 

~easurement  and i n t e r p r e t a t i o n  

The area l  thermal conductance o f  a  b u i l d i n g  element,surface t o  sur face i s  

de f ined  as : 
q 

where the  f o l l o w i n g  no ta t i ons  are used : 

q . a rea l  dens i t y  o f  heat  f l o w  r a t e  (W/m2) 

Ts i i n t e r n a l .  sur face temperature of the b u i l d i n g  element (K)  

Tse 
ex te rna l  sur face temperature (K) 

The area l  thermal t ransmi t tance o f  t he  element,environment t o  environment. 

i s  the U-value. I t  can be deduced from the  thermal conductance and the  

sur face  f i l m  c o e f f i c i e n t s  by : 

1 1  1  1  
- = -  + - + - 

The thermal conductance can be obtained by measuring the heat  f l o w  r a t e  

w i t h  a  heat f l o w  meter (HFM) as w e l l  as the surface temperatures on both 

s ides o f  t he  element under steady s t a t e  cond i t ions .  

However, s ince  the  steady s t a t e  i s  never r e a l l y  encountered on s i t e ,  such 

a  simple measurement i s  no t  possible.Severa1 measurements have t o  be taken 

p e r i o d i c a l l y  du r i ng  a  s u i t a b l e  p e r i o d  of time.These measurements can then 

be i n t e r p r e t e d  by d i f f e r e n t  methods : 

a)  The c l a s s i c a l  method, which i s  a l ready w ide l y  used lL i t .121 and even 

standard ized [ ~ i t . l 3 ] . 1 t  assumes t h a t  t he  thermal conductance can be 

obta ined by d i v i d i n g  the  mean dens i t y  o f  heat  f l o w  r a t e  by the  mean 

temperature d i f f e rence .  I f  the index j enumerates the  i n d i v i d u a l  mea- 

surements, then : 



b )  The dynamic i n t e r p r e t a t i o n  method, which takes i n t o  account the  thermal 

v a r i a t i o n s  by the  use o f  the heat equat ion [ L i t . l 4 ]  .The b u i l d i n g  e l e -  

ment i s  represented i n  the model by i t s  thermal conductance and seve- 

r a l  t ime constants.These unknown parameters are obtained by f i t t i n g  

values o f  the  heat f l ow  r a t e  computed from the  temperature measure- 

ments t o  the  measured ones.With t h i s  approach, a s e t  o f  l i n e a r  equa- 

t i o n s  must be solved. 

The r e s u l t s  o f  both i n t e r p r e t a t i o n  methods are equal t o  the  r e a l  value 

i f  t h e  f o l l o w i n g  cond i t ions  a r e  met [ L i t . l 5 ]  : 
- The heat  content  of  the  element i s  the  same a t  the end and a t '  the  

beginning o f  the  measurement.This i s  e a s i l y  achieved on window panes. 

- The s o l a r  r a d i a t i o n  has an i n f l uence  on the  heat  f l o w  r a t e  o f  the  

b u i l d i n g  element.Therefore on l y  n i g h t  measurements should be i n t e r -  

preted. 

- The HFM i s  w e l l  c a l i b r a t e d  and does no t  modify s i g n i f i c a n t l y  the  h e a t  

f l o w  r a t e  through the  panes o r  t h i s  e f f e c t  has t o  be taken i n t o  

account. 

Correct ions on the  measured values 

The HFM, which i s  a t h i n  thermal ly  r e s i s t i v e  p l a t e  w i t h  sensors arranged 

i n  such a way t h a t  the  e l e c t r i c a l  s i gna l  g iven i s  d i r e c t l y  r e l a t e d  t o  the  

heat f l o w  r a t e  through the  p la te ,  adds a thermal ly  r e s i s t a n t  l a y e r  t o  the  

measured element .If t h i s  l a y e r  were i n f i n i t e l y  l a r g e  and t h i n ,  the  cor re-  

c t i o n  would be n e g l i g i b l e  o r  easy determined i f  the  thermal res is tance o f  

the  HFM was known.If the  indoor sur face temperature was taken under the  

HFM,this c o r r e c t i o n  i s  zero. 

But t h e  HFM has a given thickness and a f i n i t e  sur face area.The heat f l o w  

l i n e s  are  modi f ied i n  the reg ion  where the HFM i s  ins ta l led ,accord ing  t o  

f i g u r e  4.This lowers the  heat  f l o w  through t h e  HFM and a c o r r e c t i o n  must 

be made . 0 

1 1 1 

- 
F igure  4 : Dev ia t ion  o f  the  heat f l ow  l i n e s  by the  add i t i ona l  l o c a l  

thermal res is tance o f  t h e  HFM. 



I f  q '  i s  the  measured heat f low r a t e  and q the  one through the element 

w i thout  an HFM, the e r r o r  e can be def ined as : 

This e r r o r  depends on t h e  f o l l o w i n g  factors,by decreasing order  o f  

importance : - Surface res is tance over the HFM 

- Diameter o f  the  a c t i v e  p a r t  o f  the HFM 

- Tota l  diameter o f  the  HFM ( i n c l u d i n g  guard r i n g )  

- Thermal res is tance o f  the HFM 

- Thermal conduc t i v i t y  o f  the l a y e r  below the  HFM 

- Thickness o f  the  f i r s t  l a y e r  below the  HFM 

- Thickness o f  the  HFM and the guard r i n g  

The e r r o r  e grows w i t h  the  thermal conduc t i v i t y  o f  the f i r s t  l a y e r  

o f  ma te r i a l  s i t u a t e d  j u s t  under the  HFM ( f o r  window panes, i t ls g lass)  

and the  thermal res is tance o f  the HFM; and i s  lowered i f  the HFM i s  

l a rge  and th in.This  e r r o r  can be computed by so l v ing  the heat equat ion 

by the  f i n i t e  element method and a co r rec t i on  f a c t o r  can be obtained. 

F igure  5 t o  8 g ive  the r e s u l t s  f o r  a s i n g l e  and a double gldzed win- 

dow ( L i t . 1 9 1  : 

Figure 5 : Conf igura t ion  A "HFM on a s i n g l e  glazed window " ( L i t . 1 9 1  

I . . . . . . . . . .  - . . . .  . . I 

Figure 6 : Conf igura t ion  B "HFM on a double glazed window " ( L i t . 1 9 1  



Figure  7 

F igu re  8  

: Cor rec t i on - fac to r  e  f o r  HFM-conf igurat ion A ( s i n g l e  pane) 

i n  f u n c t i o n  o f '  t he  sur face f i l m  c o e f f i c i e n t s  he and hi . 
Xg las  = 0.8 W/mK , xHFM = 0.25 W/mK [ L i t . l 9 ]  

. . . .  I . . . . , . . . . ,  . . . . . . . . . . . . . . . . . . . . . . . .  

8 ¶ 10 I 5 20 2 I  10 - 33 40 

i Cor rec t i on - fac to r  e  f o r  HFM-conf igurat ion B (double pane) 

i n  f u n c t i o n  o f  t he  sur face film c o e f f i c i e n t s  h and h .  . 
e  1 

X 
q las  = 0.8 W/mK , xHFM = 0.25 W/mK I ~ i t . 1 9 1  



Flanders [L i t  . l7 ]  claims, that  the largest  factor  affecting the accuracy 

i s  the convection mode changing over the  HFM.The HFM may sense turbulent 

convection while the measured element experiences laminar flow.Very f l a t  

and smooth edged HFMs may par t ia l ly  prevent t h i s  phenomenon.Rurch e t  a l .  

[L i t . l8 ]  advise not t o  use the HFM without special precautions on glass 

surfaces.  

For a l l  these reasons and advices,HFM have t o  be used with care.A guard 

ring,made of a material, of same thickness and same thermal resistance 

as the  HFM , may prevent most of these perturbations. 

Conclusions 

I t  has been found,ILit.l5 ,19 and 201,that : 

- HFM measurements on insulating window panes can be made within a 

accuracy of 10 %. 

- For very l igh t  elements l i ke  windows,both c lass ical  and dynamical 

in terpreta t ion methods give good resul ts  i f  the  element i s  not 

submitted t o  d i rec t  o r  diffuse so l a r  radiation.0ne night i s  generally 

long enough to  get re l i ab le  resu l t s .  

- Uncontrollable s t a t i s t i c a l  errors  caused by s l i gh t  changes in thermal 

contact or  convection around the HFM account for about 5 % of the 

measured value. 

- A guard ring has to be used and /o r  correction factors taking in to  

account the perturbation of the heat flow l ines  caused by the HFM 

i t s e l f  have t o  be computed. 
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LIST OF SYMBOLS 

Ti is indoor temperature  

Te is outdoor temperature  

U is U-value of the  construction 

hi is surface coefficient of heat  transfer w / ~ Z C  

q is condensation heat  flow (w/m2) 

r i s  condensation hea t  (Jlkg) 

B is mass flow surface resistance (kg/m2 s) 

CA i s  moisture content  in the air  (kg/m3) 

co is saturation moisture content a t  t he  surface (kg/m3) 

Introduction. 

This chapter  is concentrated on the condensation problems on glass and windows. It 

does not describe the moisture balance fo r  t he  building or condenstion in structures. 

The humidity indoor depend on the moisture load, room size and ventilation rate. 

The user behaviour has large influence on the  moisture load and the  ventilation rate. 

The problems of moisture i s  explained more  in detail in (1) or (2). 

Several international commit tees  i s  working on problems in connection with 

moisture. 

CIB W-40 Hea t  and Moisture Transfer in Buildings. 

This group held its last  meeting in Holzkirchen, Germany in September  1985. One of 

t he  topics was surf a c e  condensation. 

RlLEM TC 35-PMB Methods of predicting moisture conditions in 8uilding.Materials 

and Components. This group held a work-shop in Lund, Sweden in June  1986. 

IEA held a meeting in September 1985 in Leuven, Belgia on Condensation and Energy 

problems.(3) 

I t  has l a te r  been decided to  s t a r t  a new IEA annex on Condensation and Energy 

Problems. This task will work on all aspects  of moisture and condensation. 



3.4 Condensation. 

1. Theory 

Surface  condensation will occur if the  surface  temperature  Tb is  lower than the  

sa tura t ion temperature  (dew point) T, of the  surrounding air. The condensation will 

normally c r e a t e  a wa te r  f i lm on the  surface. If the  surface  temperature  i s  below 0 

OC then the  condensation will be in the  form of r ime o r  ice. 

F o r  a one-dimensional hea t  flow is the  surface  temperature  Ts under stat ionary 

conditions: 

where Ti is  indoor temperature  

T e i s  outdoor temperature  

U is  U-value of the  construction 

hi i s  surface  coefficient  of heat  t ransfer  w / ~ Z K  

If surface condensation shall be avoided then Ts shall be higher than Ta. From the  

formula i t  is  seen t h a t  the  surface  heat  t ransfer  coefficient  determine the  surface  

temperature  and therefore  the  condensation risk. The internal surface  hea t  transfer 

coefficient  contains both radiation and convection par ts  a s  described earl ier  

(chapter 3.2.1 and 3.2.2). Chapter 3.2.3 gives examples of calculated surface 

temperatures  on profiles and glazing. 

In most heat  transfer calculations a fixed internal  surface  resistance i s  used. But in 

some cases condensation can  change the  h e a t  balance, because the  condensation 

releases heat. 



In addition t o  radiation and convection hea t  flow, there  will be condensation hea t  

flow. 

q is condensation heat flow (w/m2) 

r is condensation heat  (J/kg) 

B is mass flow surface resistance (kg/m2 s) 

CA is moisture content  in the air  (kg/mJ) 

co is saturation moisture content  a t  the surface (kg/m3) 

Normally it is be t te r  t o  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 t o  venti late 

t he  excess  moisture out. This will cost energy. The energy balance will show tha t  

t he  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 some 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 calcula ted with a fixed internal surface resistance of 0,13 ~ Z K / W .  The curves 

a r e  applicable to  t he  central  par t  of the  window where the re  i s  no e f fec t  from the  

thermalbridge of the spacers. 

Internalshutter or add-on panes gives an ex t r a  heat  resistance. When in place t he  

t empera ture  on the surface of t he  glass will decrease. Then t he  risk of condensation 

will be increased especially if the  air  can  flow around the  shutter. Figure 2 t o  4 

gives curves  for the  surface temperature  on the glazing for  different shut ter  hea t  

resistance. If the  shut ter  is air- and water  vapour tight the re  will be no problem 

with condensation. 



The theoret ical  ca l~ulat ions should be used w i t h  caution. I n  practice condensation 

w i l l  f i r s t  occur near the spacer. Condensation a t  night can in most cases dry-out 

during the day if the sun comes up. In most buildings uiith occupants some kinds of 

curtains are used especially i n  the nighttime. This is the sam'e as using a non- 

a i r t igh t  shutter and w i l l  increase condensation. 

I n  many cases w i l l  the radiator below the window send hot air up between the glass 

and curtain. This wi l l  prevent the condensation, but the energy consumption wi l l  

correspondingly increase. 

The use of separate woodframes for the inner and outer glass w i l l  el iminate the 

problems w i th  lower temperature near the frame. But then there w i l l  be more 

problems wi th  airtightness and possible condensation between the glasses. 

3. Condensation on the frame 

. . 
If the frame material has a high thermal conductivity (as w i th  metals), then 

condensation can occur f i rst  on the frame. I t  w i l l  be especially severe if the 

thermalbridge i s  not broken w i th  some bet ter  insulating material. I f  more than one 

layer of glazing is used, then massive metal  frames should never be used. 

Calculations of the U-value and the surface temperature for a l l  meta l  frames should 

be made before deciding which window frame i s  best for the application. See 

examples in chapter 3.2.3. 

The meta l  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 m m  has a steep temperature gradient. The problem 

of condensation on the glass near the f rame fo r  sealed units can be partial ly avoided 

i f  the sash prof i le  covers the temperature gradient f rom the cut edge of the inner 

pane. The metal  spacers is then placed below the edge of the frame and the surface 

temperature w i l l  be higher. Further in format ion i s  found i n  (4). 



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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Condensation on glazing in windows 

Fig. 1. Condensation on central part of glazing. 
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Fig. 2. Condensation on glazing with internal shutters. 



Shutters on double glazing 

Fig. 3. Condensation on double glazing for different internal shutters or curtains. 



Shutters on triple glazing 

Fig. 4. Condensation on triple glazing for different internal shutters or curtains 
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1. INTRODUCTION 

Heat t r a n s f e r  a t  sur faces of  b u i l d i n g  components c o n s i s t s  o f  a  c o n v e c t i v e  
and a  r a d i a t i v e  share. I n  chap te rs  3.2.1 and 3.2.2 d e t a i l e d  t h e o r e t i c a l  
d e s c r i p t i o n s  o f  b o t h  hea t  t r a n s f e r  mechanisms have been e x t e n s i v e l y  d e a l t  
w i t h .  I n  t h i s  chap te r ,  e f f e c t s  caused by a  r e d u c t i o n  o f  t h e  r a d i a t i v e  heat  
t r a n s f e r  due t o  IR-coated s u r f a c e s  on t h e  the rma l  i n s u l a t i o n  o f  b u i l d i n g  
components (windows i n  p a r t i c u l a r )  w i l l  be q u a n t i f i e d .  Fur thermore,  i t  
w i l l  be shown t h a t  a  decrease i n  t h e  U-value due t o  1 R - r e f l e c t i n g  l a y e r s  
does n o t  n e c e s s a r i l y  improve t h e  energy ba lance  o f  a  window d u r i n g  t h e  
h e a t i n g  p e r i o d .  

2. FIELDS OF USE OF THERMAL RADIATION BARRIERS 

IR-coated su r faces  a r e  e s p e c i a l l y  e f f i c i e n t  i n  b u i l d i n g  components w i t h  
poo r  hea t  i n s u l a t i o n  [I]. There fo re ,  such c o a t i n g s  w i l l  m a i n l y  be found i n  
c o n n e c t i o n  w i t h  window systems, where i n  most cases t h e  g l a s s  s u r f a c e  i s  
coated.  U s u a l l y ,  t h e  s u r f a c e s  i n  gaps o f  m u l t i p l e  g l a z i n g s  a r e  p r e f e r r e d  
as h e r e  t h e  c o a t i n g s  a r e  p r o t e c t e d  f rom mechanical  damages and p o l l u t i o n  

[Z]. Another  p o s s i b i l i t y  t o  improve t h e  heat  i n s u l a t i o n  o f  g l a z i n g  u n i t s  
i s  t o  i n s t a l l  1R- t rea ted  t r a n s p a r e n t  f o i l s  i n  t h e  gap o f  t h e  g l a z i n g s  [3]. 

Wi th  i n c r e a s i n g  f requency ,  1 R - r e f l e c t i n g  s u r f a c e s  a r e  a l s o  used on temporary  
i n s u l a t i o n  dev i ces ,  b o t h  e x t e r i o r  [I], [4] ( s h u t t e r s ,  s u n b l i n d s  e t c . )  and 
i n t e r i o r  ones [I], [5] ( c u r t a i n s ,  d a r k b l i n d s  e tc . ) .  

' O c c a s i o n a l l y ,  l ow-c -coa t ings  a r e  a l s o  a p p l i e d  t o  opaque b u i l d i n g  components. 
F o r  i n t e r i o r  s u r f a c e s ,  s p e c i a l l y  t r e a t e d  w a l l p a p e r s  [6] o r  r e f l e c t i v e  f o i l s  
t o  be i n s t a l l e d  beh ind  h e a t i n g  s u r f a c e s  [7] a r e  o f f e r e d .  Fo r  exposed s u r -  
f aces ,  s p e c i a l  p a i n t s  [ a ]  o r  coated facade elements [9], [lo] a r e  a v a i l a b l e .  

3. COMPARISON OF OPAQUE AND TRANSPARENT BUILDING ELEMENTS 

I n  t h e  f o l l o w i n g ,  hea t  t r a n s m i s s i o n  phenomena i n  t r a n s p a r e n t  and opaque 
areas a r e  compared i n  o r d e r  t o  improve knowledge o f  I R - c o a t i n g  induced 

e f f e c t s  on a l l  c h a r a c t e r i s t i c  va lues  o f  b u i l d i n g  p h y s i c s  p e r t i n e n t  t o  
window systems. I n  F i g u r e  1, t h e  hea t  f l o w s  i n  a  w a l l  a r e  compared t o  
t h o s e  i n  a  doub le  g l a z i n g  u n i t ,  f o r  w i n t e r  c o n d i t i o n s  a t  n i g h t .  



w i n d  

long - w a v e  
r a d i a t i o n  

Wall Window 
(opaque) ( transparent ) 

outside 

wave  

outside inside 

convect ion 
w ind  > 

radiation 

F i g .  1: Schematic p r e s e n t a t i o n  o f  heat  t r a n s f e r  mechanisms i n  e x t e r i o r  
b u i l d i n g  components, exempl i f i ed  f o r  a w a l l  and a window 



I n  w a l l s ,  i n d o o r  a i r  heat  i s  u s u a l l y  t r a n s f e r r e d  from t h e  room by way o f  
c o n v e c t i o n  and by r a d i a t i o n  o f  t h e  warm su r faces  e n c l o s i n g  t h e  r o o m ' t o  t h e  
i n t e r i o r  s u r f a c e  o f  t h e  o u t e r  w a l l .  From here  i t  i s  t r a n s f e r r e d  v i a  t h e r -  
mal c o n d u c t i o n  t o  t h e  e x t e r i o r  s u r f a c e  and f rom t h e r e  by convec t i on  t o  t h e  
ou tdoor  a i r  and by way o f  r a d i a t i o n  t o  t h e  t e r r e s t r i a l  su r round ings  o r  i n -  
t o  t h e  atmosphere. 

I n  a  window, heat  t r a n s m i s s i o n  th rough  sea led i n s u l a t i n g  g l a z i n g  l eads  t o  
t h e  same phenomena as f a r  as t h e  i n t e r i o r  i s  concerned. As window g l a z i n g  
i s  a lmost  n o t  t r a n s p a r e n t  i n  t h e  wavelength range o f  i n f r a r e d  r a d i a t i o n  
(compare F i g u r e  2 )  he re ,  as w e l l ,  energy r a d i a t e d  f r o m  t h e  su r faces  en- 
c l o s i n g  t h e  room i s  absorbed and t r a n s m i t t e d  by thermal  c o n d u c t i o n  t h r o u g h  
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I-- sun + + room enclosures ( 20'C ) - 
Fig.  2: S p e c t r a l  e m i t t a n c e  and t r a n s m i t t a n c e  o f  a  commercial window 

pane w i t h i n  t h e  short -wave and long-wave r a d i a t i o n  ranges: 
a l s o  shown a r e  t h e  wavebands o f  t h e  s p e c t r a  f o r  s o l a r  
r a d i a t i o n  and f o r  a  h e a t - r e f l e c t i v e  b u i l d i n g  s u r f a c e  o f  20"C, 
acc. t o  [ 2 ] .  I n  t h e  hatched f i e l d s  c e r t a i n  s c a t t e r i n g s  are  
shown t h a t  a r e  caused by t h e  compos i t i on  o f  t h e  g lass  me l t .  
The t r a n s m i s s i v i t y  i s  s t r o n g l y  i n f l u e n c e d  by t h e  c o n t e n t  o f  
f e r r i c  o x i d e  and by t h e  degree o f  o x i d a t i o n  which can va ry  
d u r i n g  t h e  process o f  g l a s s  p r o d u c t i o n .  

t h e  i n t e r i o r  pane t o  t h e  a i r  gap between t h e  g l a z i n g s .  From here ,  heat  i s  
t r a n s f e r r e d  t o  t h e  e x t e r i o r  pane by r a d i a t i o n  and f r e e  c o n v e c t i o n  and, f o r  
a  ve ry  l i t t l e  p a r t ,  by thermal  c o n d u c t i o n  i n  t h e  a i r .  From t h e  pane, heat  
i s  aga in  t r a n s m i t t e d  by the rma l  conduct ion ,  and on t h e  e x t e r i o r  s u r f a c e  



h e a t  i s  e m i t t e d  by c o n v e c t i o n  and r a d i a t i o n  as was t h e  case w i t h  t h e  opaque 
w a l l .  I f  a  temporary  i n s u l a t i o n  i s  a p p l i e d  t o  t h e  window, t r a n s m i s s i o n  
phenomena a r e  t h e  same as i n  t h e  a i r  gaps o f  t h e  sea led  i n s u l a t i n g  g l a z i n g .  
Depending on t i g h t n e s s ,  t h e  c o n v e c t i v e  h e a t  em iss ion  i s  a d d i t i o n a l l y  i n -  
f l uenced  by i n f i l t r a t i o n  o f  a i r  across  t h e  temporary  i n s u l a t i o n .  E v i d e n t l y ,  
g l a z i n g  u n i t s  p r o v i d e  a  much l a r g e r  f i e l d  o f  a p p l i c a t i o n  f o r  i n f r a r e d -  
e f f e c t i v e  c o a t i n g s  s i n c e ,  he re ,  a  much g r e a t e r  q u a n t i t y  o f  hea t  f l o w s  i s  
t r a n s m i t t e d  by the rma l  r a d i a t i o n  t h a n  i s  t h e  case i n  opaque w a l l s .  

I n  compar ing s o l a r  r a d i a t i o n  t r a n s m i s s i o n  mechanisms i n  opaque and 
t r a n s p a r e n t  b u i l d i n g  e lements ,  i t  becomes q u i t e  c l e a r  t h a t  a  component's 
energy ba lance  may a l s o  d e t e r i o r a t e  due t o  i n f  r a r e d - r e f l e c t i v e  c o a t i n g s .  

Wall 
( opaque) 

Window 
(transparent) 

total solar energy transmission coefficient g: total solar energy transmission weliicient g: 

F ig .  3: Schemat ic p r e s e n t a t i o n  of heat  t r a n s f e r  mechanisms i n  an 
e x t e r i o r  w a l l  and a  window system caused by s o l a r  r a d i a t i o n  
w i t h  d e t e r m i n a t i o n  o f  t h e  t o t a l  s o l a r  energy t r a n s m i s s i o n  
c o e f f i c i e n t  acc. t o  [ l l ] .  



I n  F i g u r e  3, t h e  processes o f  hea t  t r a n s m i s s i o n  o f  s o l a r  r a d i a t i o n  i n  a  
w a l l  and i n  a  sea led  i n s u l a t i n g  pane o f  g l a s s  a r e  i l l u s t r a t e d .  By means 
o f  t h e  a c t u a l  t o t a l  energy  t r a n s m i s s i o n  c o e f f i c i e n t  t h e  range o f  s o l a r  
g a i n s  i s  exp la ined .  S ince  i n  opaque areas s o l a r  r a d i a t i o n  i s  ahsorbed 
a t  t h e  e x t e r i o r  s u r f a c e  and can o n l y  be t r a n s f e r r e d  i n t o  t h e  room v i a  
the rma l  conduc t ion ,  t h e  useab le  s o l a r  r a d i a t i o n  i s  e x c l u s i v e l y  dependent 
on t h e  i n s u l a t i o n  l e v e l  and on t h e  shortwave a b s o r p t i o n  a b i l i t i e s  o f  t h e  
b u i l d i n g  components. I n  t r a n s p a r e n t  areas,  on t h e  o t h e r  hand, s o l a r  energy 
i s  t r a n s m i t t e d  d i r e c t l y  i n t o  t h e  room a c c o r d i n g  t o  t h e i r  r e s p e c t i v e  t r a n s -  
m i t t a n c e .  A d d i t i o n a l l y ,  a  l ow  heat  f l o w  w i l l  pass i n t o  t h e  room by absorp-  
t i o n  a t  t h e  g l a s s  s u r f a c e s  as i s  t h e  case w i t h  t h e  e x t e r i o r  w a l l .  I n  con- 
sequence, t h e  d e c i s i v e  f a c t o r  f o r  s o l a r  g a i n s  i n  g l a z i n g  systems i s  t h e  
d i r e c t  s o l a r - t r a n s m i t t a n c e .  Hav ing s e l e c t e d  t h e  wrong m a t e r i a l  f o r  l o w - ~  
c o a t i n g s ,  i .e. one w i t h  a  l o w  s o l a r  t r a n s m i t t a n c e ,  i t  i s  q u i t e  p o s s i b l e  
t h a t  t h e  t o t a l  s o l a r  energy  t r a n s m i s s i o n  c o e f f i c i e n t  and t h u s  t h e  s o l a r  
g a i n s  w i l l  be s t r o n g l y  reduced. 

4. INFLUENCE OF INFRARED RADIATION BARRIERS ON THE WINDOW U-VALUE 

a. G l a z i n ~  

I n  [ 2 j  c a l c u l a t i o r / ? r e g a r d i n g  t h e  r e s i s t a n c e  o f  s t a b l e  a i r  l a y e r s  w i t h  
q l  il 

v a r i o u s  w i d t h s  o f  gaps and t r e a t m e n t  o f  t h e  s u r f a c e s  were c a r r i e d  out .  
T a b l e  1 shows t h e  boundary c o n d i t i o n s  used here.  I n  F i g u r e  4 t h e  the rma l  

T a b l e  1: M a t e r i a l  va lues and boundary c o n d i t i o n s  u n d e r l y i n g  t h e  --- 
c a l c u l a t i o n s .  

Parameter Units and range 
of values 

Air tem~eratures: indoor 1 20°C  

Thermal resistances: 
internal 0.13 m z ~ ~ ~  
external 0.04 m2KIw 

outdoor 

Radiation factor between glaring 
surfaces in the air space 0.0 ... 5.67 Wlm2K' 

- 10 'C 

Heiqht of qlazinq 1 l m  

Width of space between glazing 
surfaces 

Material value for air in the space / according to [ I21  

0.0 ... 0.12 m 

Thermal resistence of pane I 0.01 m2KIW 
of glass 



r e s i s t a n c e  o f  an a i r  gap i s  d e s c r i b e d  i n  dependence on t h e  w i d t h  o f  gaps 
f o r  v a r i o u s  compos i t i ons  o f  su r faces  ( i n f r a r e d  e , m i s s i v i t y ) .  The curves a r e  
l i m i t e d  by t h e  broken s t r a i g h t  l i n e  t o  pu re  thermal  conduc t ion  (no r a d i a -  
t i o n ,  no f r e e  c o n v e c t i o n ) .  It can be seen t h a t  t h e  maximum o f  t h e  s p e c i f i c  
the rma l  r e s i s t a n c e  w i t h  c o n v e n t i o n a l  g l a s s  s u r f a c e s  i s  ach ieved (C1,2 = 

2 4 
5...5.67 W/m K ) w i t h  w i d t h s  o f  gaps o f  approx ima te ly  2  cm t o  3  cm 8nd i s  

2 
about  0.17 m K/W. The i n f l u e n c e  of f r e e  c o n v e c t i ~ n  becomes e s p e c i a l l y  
e v i d e n t  w i t h  i n f r a r e d  r e f l e c t i v e  su r faces ,  i .e. w i t h  such s u r f a c e s  t h a t  

L : I  1 I I P ! . .  

f o  
0 2 .5 6 8 10 12 

air space I c m  I 

F i g .  4: Thermal r e s i s t a n c e  o f  s t a b l e  v e r t i c a l  a i r  l a y e r  a c c o r d i n g  t o  -- 
w i d t h  o f  a i r  space and d i f f e r e n t  r a d i a t i o n  f a c t o r s  C ,  acc. t o  [ 2 ] .  
B lack  body i n d i c a t e s  t h a t  t h e  e m i t t a n c e  E o f  both  su r faces  i s  1.0. 
I d e a l  r e f l e c t i o n  i n d i c a t e s  t h a t  t h e  e m i t t a n c e  o f  a t  l e a s t  one s u r -  
f a c e  equa ls  zero. 

have a  sma l l  r a d i a t i o n  f a c t o r .  A s p e c i f i c  w i d t h  o f  yaps be ing  exceeded, 
f r e e  c o n v e c t i o n  can s e t  i n  ( see  chap te r  3.2.2).   he maximum w i t h  an i d e a l  

2 
m i r r o r  (C1,2 = 0 )  can be ach ieved  w i t h  1/11 = 0,6 m K/W. 1131 and [ 1 4 ] ,  
t o o ,  come t o  s i m i l a r  conc lus ions .  The f r e e  c o n v e c t i o n  b e i n g  r e l a t i v e l y  
i m p o r t a n t  i n  hea t  t r a n s f e r  i s  t h e  reason f o r  t h e  f a c t  t h a t  t h e  thermal  

r e s i s t a n c e  decreases w i t h  i n c r e a s i n g  w i d t h s  o f  gaps. T h i s  has a  p a r t i -  

c u l a r l y  d r a s t i c  e f f e c t  f o r  smal l  r a d i a t i o n  shares.  

By i n s e r t i n g  one o r  more f o i l s  a t  equal d i s t a n c e s  i n t o  t h e  a i r  space o f  

m u l t i p l e  g l a z i n g s  t h e  hea t  i n s u l a t i o n  i s  increased.  I n  Tab le  2, t h e  
( a r e a l )  t he rma l  t r a n s m i t t a n c e  f o r  some types  o f  doub le  g l a z i n g  u n i t s  
i s  i n d i c a t e d  i n  dependence on t h e  number o f  f o i l s  f i t t e d  i n t o  t h e  gap 



o f  doub le  g l a z i n g s  and on t h e  c o m p o s i t i o n  o f  t h e  f o i l s  ( e m i t t a n c e ) .  
As i s  t o  be seen f r o m  T a b l e  2, t h e  heat  l o s s e s  o f -  t h e  g l a z i n g  s u r f a c e s  
can be reduced by t h e  f o i l s .  

W i t h  s e v e r a l  f o i l s  i n  t h e  a i r  gap t h e  the rma l  c o n d u c t i v i t y  o f  t h e  g l a s s  
p l a y s  a  secondary p a r t .  I n  t h e  i n v e s t i g a t i o n s  by [ 1 5 ]  measurements on 
doub le  g l a z i n g s  w i t h  c o a t i n g s  and f o i l s  have been made. The r e s u l t s  a r e  
p r e s e n t e d  i n  F i g u r e  5. A  good correspondence w i t h  [ 2 ]  can be observed. 

T a b l e  2: ( A r e a l )  t he rma l  t r a n s m i t t a n c e  f o r  v a r i o u s  doub le  g l a z i n g s  ---- 
w i t h  no, one, o r  more f o i l s  i n  t h e  a i r  gaps o f  doub le  
g l a z i n g s ,  i n s t a l l e d  beh ind  each o t h e r  a t  r e g u l a r  i n t e r v a l s ,  
f o r  two d i f f e r e n t  em i t tances  o f  t h e  f o i l  sur faces [ 2 ] .  

Double glazing with 

70 rnm distance between panes 

Double glazing consisting 
of single glazing and in - 
sulation glaring (air 
space between panes 10 to 

16 mmlwith 70 mm distance 
between the panes 

Double glazing consisting 
of two insulation glazing 
Units (air space between 
panes 10 to 16 mm) with 

70 mm distance between the 
panes 

eat transfer coefficients ( ~ l m ' ~ ) '  

n foils each in tha air space 

of the double glazing 

n =  1 n = 2  n = 3  

Heat transfer coefficients represent lower limit values. 



ution - 

spacing between glass panes Ccml 

k 5 :  Sample thermal  t r a n s m i t t a n c e  a c c o r d i n g  t o  [15 ] .  
Glass spac ing  f o r  t h e  p r o t o t y p e  windows. 

a )  O r d i n a r y  doub le  g l a z i n g  and doub le  g l a z i n g  w i t h  aluminum 
f o i l  on t h e  i n s i d e  o f  bo th  g lass  panes. 

b )  Double g l a z i n g  w i t h  one o r  two p l a s t i c  f i l m s .  

c )  Double g l a z i n g s  w i t h  heat  m i r r o r  c o a t i n g  on p l a s t i c  f i l m ,  
where t h e  p l a s t i c  f i l m  i s  mounted on t h e  s u r f a c e  o f  one 
g l a s s  pane o r  suspended between panes. 



Window Shutters 
A B C D 

shutter outside shut ter  i ns ide  
IR-  coa t ing  I R - c o a t i n g  

outs ide in t h e  g a p  in the gap ins ide 

F i g .  6: Schematic p r e s e n t a t i o n  o f  t h e  arrangement o f  l ow-€ -coa t ings  
f o r  window systems w i t h  temporary i n s u l a t i o n  

A :  I R - c o a t i n g  on t h e  e x t e r i o r  sur face o f  t h e  outdoor  s h u t t e r  

B: I R - c o a t i n g  on t h e  i n n e r  s u r f a c e  o f  t h e  outdoor  s h u t t e r  

C :  I R - c o a t i n g  on t h e  e x t e r i o r  s u r f a c e  o f  t h e  i n d o o r  s h u t t e r  

D: I R - c o a t i n g  on t h e  i n n e r  s u r f a c e  o f  t h e  i n d o o r  s h u t t e r  

Due t o  whether t h e  gap between t h e  temporary i n s u l a t i o n  and t h e  window i s  
a i r t i g h t  o r  n o t ,  t h e  e f f i c i e n c y  o f  t h e  s h u t t e r  i s  q u i t e  va r ied ,  because o f  
t h e  d i f f e r e n t  r a t i o  o f  c o n v e c t i v e  and r a d i a t i v e  heat  t r a n s f e r .  

Moreover, t h e  d i s t a n c e  between t h e  window and t h e  s h u t t e r  has an i n f l u e n c e  
on t h e  hea t  t r a n s f e r .  



b. Temporary i n s u l a t i o n  

To improve t h e  i n s u l a ' t i o n  e f f e c t  o f  t h e  a d d i t i o n a l  thermal  i n s u l a t i o n  
dev ices  d e s c r i b e d  i n  c h a p t e r  3.6, o c c a s i o n a l l y  l o w - ~  c o a t i n g s  a re  used 
as w e l l .  I n  [ I ]  c a l c u l a t i o n s  r e g a r d i n g  t h e  decrease i n  t h e  U-value o f  
window systems were c a r r i e d  out .  I n  F i g u r e  6 t h e  severa l  i n v e s t i g a t e d  
arrangements o f  IR -coa t ings  a r e  i l l u s t r a t e d .  The i n f r a r e d  e f f e c t i v e  

l a y e r  i s  once i n s t a l l e d  a t  t h e  e x t e r i o r  s u r f a c e  and t h e n  on t h e  gap 
f a c i n g  su r face .  The degree o f  a i r  t i g h t n e s s  o f  t h e  cover  i s  g r a d u a l l y  
v a r i e d  between " t i g h t "  and "no t  t i g h t " ;  i n  t h e  case o f  " t i g h t "  a  t i g h t  

( s t a b l e )  a i r  l a y e r  a c c o r d i n g  t o  DIN 4108 cor responds t o  i t  and i n  t h e  
case o f  "no t  t i g h t "  a  gap w i t h  a  s u r f a c e  t o  a i r  c o e f f i c i e n t  o f  h t  = 8 

2 
o r  r a t h e r  12  W/m K. The i n f r a r e d  e f f e c t i v e n e s s  o f  window covers  must a l -  
ways be seen i n  connec t ion  w i t h  t h e  i n s u l a t i o n  va lue  and t h e  degree o f  
t i g h t n e s s  o f  t h e  cover .  

Thin 
Shutter 
IlA= 0 

Thick 
Shutter 
IlA=l,O 

emissivity of the IR-coating [ - I  

F i g .  7 :  Reduc t ion  i n  pe rcen t  i n  t h e  t r a n s m i s s i o n  heat  l osses  o f  a  
doub le  g l a z i n g  window system w i t h  an ou tdoor ,  t i g h t l y  resp. 
u n t i g h t l y  p laced  s h u t t e r  acco rd ing  t o  t h e  e m i s s i v i t y  o f  t h e  
s h u t t e r  and t h e  arrangement o f  t h e  I R - c o a t i n g ,  acc. t o  [ l ]  

a: I R - c o a t i n g  on t h e  e x t e r i o r  sur face o f  t h e  s h u t t e r  

b: I R - c o a t i n g  on t h e  gap- fac ing  s u r f a c e  o f  t h e  s h u t t e r  



The a t t a i n a b l e  r e d u c t i o n  i n  t r a n s m i s s i o n  heat  l o s s e s  f o r  a  sea led  doub le  
g l a z i n g  window system i s  p resen ted  i n  F i g u r e  7. The f i g u r e  shows what can 
be ach ieved i n  t h a t  case by i n f r a r e d  t r e a t m e n t  w i t h  two i n s u l a t i n g  va lues  
and degrees o f  t i g h t n e s s .  

Exterior 
Shutter 

Indoor 
Shutter 

\ emissivity of the IR-coating [ - I  

F i g .  8: Reduc t ion  i n  pe rcen t  i n  t h e  t r a n s m i s s i o n  heat  l o s s e s  r e l a t e d  -- 
t o  t h e  I R - c o a t i n g  o f  t h e  s h u t t e r ,  compar ing e x t e r i o r  resp. 
i n d o o r  s h u t t e r s ,  acc. t o  [I]. The graphs a r e  r e l a t e d  t o  a  ve ry  
t h i n ,  t i g h t  s h u t t e r  ( l / h  = 0)  

a: I R - c o a t i n g  on t h e  e x t e r i o r  resp.  i n d o o r  s u r f a c e  o f  t h e  
s h u t t e r  

b: I R - c o a t i n g  on t h e  gap- fac ing  s u r f a c e  o f  t h e  s h u t t e r  

Conc lus ions :  

- The cove r  has t o  be i n s t a l l e d  i n  an a i r t i g h t  way t o  become e f f e c t i v e .  

- I n  t h e  case o f  an a i r t i g h t  i n s t a l l a t i o n  t h e  i n c r e a s e  i n  t h e  i n s u l a t i o n  
v a l u e  of t h e  cover  i s  c o n s i d e r a b l y  more e f f e c t i v e  t h a n  an i n f r a r e d  
t r e a t m e n t  (compar ison o f  t h e  l e f t  and r i g h t  d iagram i n  F i g u r e  7) .  
T h i s  i s  a l s o  con f i rmed  by o t h e r  i n v e s t i g a t i o n s ,  [ 1 6 ]  t o  [ 1 8 ] .  



- An i n f r a r e d  t r e a t m e n t  on t h e  e x t e r i o r  s u r f a c e  i s  a lmost  always 

i n e f f e c t i v e  ( h o r i z o n t a l  cou rse  o f  a1 1 a-curves) .  

S i m i l a r  r e s u l t s  can be o b t a i n e d  f o r  covers  i n s t a l l e d  i n s i d e  ( F i g u r e  8) 
as we1 1. 

I n  [ 4 j  t h e  c a l c u l a t i o n s  by [ I )  were v e r i f i e d  by measurements. The r e s u l t s  
a r e  comp i led  i n  Tab le  3. A good correspondence can be observed. I n  [5] 
measurements on c u r t a i n s  and b l i n d s  w i t h  l o w - ~  c o a t i n g s  were c a r r i e d  out .  
The measurements were per formed i n  connec t ion  w i t h  a sea led doub le  g l a z i n g  

2 
window system (Uw = 3.0 W/m K) .  The r e s u l t s  a r e  p resen ted  i n  F i g u r e  9. 
Here, as w e l l ,  a good correspondence w i t h  t h e  c a l c u l a t i o n s  by [ I ]  c o u l d  
be observed. 

T a b l e  3: C a l c u l a t e d  [ I ]  and (measured) r e l a t i v e  U-values f o r  a 
U-va lue o f  t h e  window of 2.5 W 

Remarks 

QuhidE 

not sealed 

ealed edges 

hid€! 

ealed edges 

Relative U value in 96. 
Shutter without heat resistance. 

not reflect reflective 

not reflect reflective 

reflective 

82 

42 

reflective 

42 (49) 



0 curtain ( untight 1 
roller blind (tight) 

ernissivity 1-3 

i 
F i g .  9: Measured U-values (window and s h u t t e r )  as f u n c t i o n  o f  t h e  

e m i s s i d i t y  o f  t h e  s h u t t e r ,  acc. t o  (5 ) .  - 

5. INFLUENCE, OF INFRARED RADIATION BARRIERS ON OTHER RELEVANT 'WINDOW 
CHARACTERISTICS 

I n  s e l e c t i n g  t h e  c o a t i n g s ,  ca re  has t o  be taken  t h a t  t h e  o t h e r  window 
r e l e v a n t  va lues such as l i g h t  t r a n s m i t t a n c e  and s o l a r  energy t r a n s m i t t a n c e  
do n o t  s i g n i f i c a n t l y  decrease due t o  improvement of t h e  U-value. 
I n  F i g u r e  10 t h e  t o t a l  s o l a r  energy t r a n s m i s s i o n  c o e f f i c i e n t s  a r e  
i n d i c a t e d  i n  dependence on t h e  U-value f o r  c l e a r  g lass  and IR-coated 
g lasses  and windows w i t h  i n t e g r a t e d  f o i l s  acc. t o  [ 1 9 ]  t h r o u g h  [ 2 2 ] .  
It can be observed t h a t  s o l a r  t r a n s m i t t a n c e  decreases as thermal  i n s u l a -  
t i o n  i s  improved. I n  t h e  f o l l o w i n g ,  two d i f f e r e n t  examples w i l l  se rve  t o  
i l l u s t r a t e ,  by means of t h e  e q u i v a l e n t  U-value,  acco rd ing  t o  [ 2 3 ]  how 
t h e  energy l o s s e s  a d j u s t  d u r i n g  a  h e a t i n g  p e r i o d  under average German 
c o n d i t i o n s ,  w i t h  sou th  o r i e n t a t i o n .  



Example 1: Double g l a z i n g ,  acco rd ing  t o  [ 1 9 j  w i t h  IR -coa t ing ,  
2 

wooden f rame ( 2 5  %) Uw = 1.8 W/m K  

Example 2: window, accord ing  t o  1221, w i t h  IR-coated f o i l s  
2 

Uw = 0.7 W/m K; g  = 0.34; TL = 0.56 

glazing U-valueCW/rn2~l  

F i g .  10: T o t a l  s o l a r  energy t r a n s m i s s i o n  c o e f f i c i e n t  as f u n c t i o n  o f  t h e  
U-va lue o f  u n t r e a t e d  resp. IR-coated g l a z i n g s  and g l a z i n g  
u n i t s  w i t h  i n t e g r a t e d  f o i l s .  The drawn range o n l y  comprises 
g l a z i n g s  w i t h  a  h i g h  t o t a l  energy t rans rn i ss i  on c o e f f i c i e n t  
r e l a t e d  t o  t h e  r e s p e c t i v e  U-value [ I 9  t h r o u g h  221. Other 
g l a z i n g s ,  e.g. w i t h  g o l d  c o a t i n g ,  have a  f a r  l ower  t o t a l  s o l a r  
energy t r a n s m i s s i o n  c o e f f i c i e n t .  

Accord ing  t o  1231 t h e  f o l l o w i n g  i s  v a l i d  f o r  t h e  e q u i v a l e n t  U-value 
d e s c r i b i n g  t h e  average energy losses  of a  b u i l d i n g  component d u r i n g  
t h e  h e a t i n g  p e r i o d  i n  v iew o f  t h e  s o l a r  r a d i a t i o n ,  o f  t r a n s p a r e n t  areas 
w i t h  sou th  o r i e n t a t i o n  under average German c o n d i t i o n s :  

2 
Ueq = Uw - g  2.4 [ w / m  K] 

Consequent ly,  t h e  examples l e a d  t o  t h e  f o l l o w i n g  r e s u l t s :  

example 1: Ueq = 0.2 w / rn2~  
2 

example 2: Ueq = -0.1 W/m K  



Al though t h e  exemplary c o n s t r u c t i o n s  d i f f e r  f rom each o t h e r  by about 
2 

1.1 W/m K  r e g a r d i n g  t h e i r  U-values, they  o n l y  d i f f e r  by about 0.3 w / ~ ~ K  
r e g a r d i n g  t h e i r  e n e r g e t i c  behav iour .  When comparing t h e  l o w - ~  coated 
doug le  g l a z i n g  u n i t 2 [ 1 8 ]  w i t h  a  commonly used u n t r e a t e d  u n i t  (Uw = 2.6 
W/m K, Ug = 3.0 W/m K; g  = 0.75; T L  = 0.8), t hen  Ueq d i f f e r s  much 
l e s s  from A Uw ( A  Uw = 0.8, A Ueq = 0.6). The c o n c l u s i o n  i s  t h a t  t h e  
t o t a l  s o l a r  energy t r a n s m i s s i o n  c o e f f i c i e n t  w i  11 be s i g n i f i c a n t l y  reduced 
o n l y  f a r  g l a z i n g  u n i t s  w i t h  m u l t i p l e  IR -coa t ings  and t h a t  t h e  energy 
ba lance  w i l l  t h u s  be i n f l u e n c e d  more un favourab ly .  

Regard ing t h e  d a y l i g h t i n g  i n  rooms, c o n s t r u c t i o n  2 which i s  i n s u l a t e d  more 
e f f i c i e n t l y  has s i g n i f i c a n t  d isadvantages.  T h i s  would l e a d  t o  an inc reased  
i n t e r n a l  hea t  l o a d  due t o  a r t i f i c i a l  l i g h t i n g .  Here, t h e  bes t  va lues a re  
rendered by t h e  uncoated panes. For  more d e t a i l e d  i n f o r m a t i o n  i n  t h i s  r e s -  
p e c t  p lease  r e f e r  t o  c h a p t e r  5. 

6. CONCLUSIONS 

I n  p a r t ,  IR -coa t ings  may c o n s i d e r a b l y  c o n t r i b u t e  t o  improv ing  t h e  thermal  
i n s u l a t i n g  va lues o f  window c o n s t r u c t i o n s .  I n  e v a l u a t i n g  t h e  performance 

L 
o f  a  complete windgw system, however, a long  w i t h  t h e  U-values o t h e r  r e l e -  
van t  va lues  h a v e t o  be cons idered,  t o o .  It i s  o n l y  by comparison o f  - a l l  
s i g n i f i c a n t  parameters t h a t  t h e  in tended  o p t i m i z a t i o n  w i l l  be ensured i n  
each i n d i v i d u a l  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 wil l  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. 

I n  the day: 

where R i  and Re is the heat surface resistances 

Rw is the surface to surface heat resistance of the window. 

In  the night: 

where Rs is the heat resistance of the night protection including the air layer 

of the window pane and shutter. 



The calculations of the heat iesistance should be done as described in  earlier 

chapters taking in to account the heat transfer coefficients, the thermal resistance 

o f  mater ia ls  and a i r  cavities. I f  the construction is  complicated it is  necessary to  

make measurements on the construction. This is  done i n  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 real ist ic measurement the ef fect  of 

the shutters can be measured i n  the f ield.as the difference i n  to ta l  heat loss f rom 

the building w i t h  shutters open and closed. This has been found to  be i n  good 

' agreement w i t h  calculations for the Danish low-energy houses (1). 

2. Types o f  niqht protections. 

The movable insulation can be placed inside, outside or between the window panes. 

These possibil i t ies have different advantages and disadvantages as described i n  the 

next  section. 

2.1 External  insulation. 

The most common form is  external shutters. I n  most cases they are of a non- 

transparent mater ia l  and must be removed during the day.   hat is  done by using 

sidehung or horizontal sliding shutters, see examples in  (1). Figure 1 shows di f ferent 

external shutter types. External shutters are best used w i th  inside openable 

windows. Then it i s  possible to  close the shutter f r om the inside and to  escape i n  

case o f  fire. Other window types could also be used, but  i n  most cases it is 

necessary t o  open and close the shutters f rom the outside. External  rollerblinds can 

also be used, bu t  w i l l  never be as good as r i g i d  shutters. 



on v a l l  

i n s i d e  

ou t s ide  t YIYI-I~ 1 

i n  vindov 
opening 

fo ld ing  s h u t t e r  

--P s l i d i n g  s h u t t e r  

. . 
Figure 1.  External  s h u t t e r s  ( 2 )  

2.2 Insulation between the panes. 

This type on construction 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. 



Instead of rigid insulation or roller blinds a compressible insulation mater ia l  can  be 

used. In the day i t  is compressed below the  f r ame  and in the night is pulled up to  fill 

the window. In United S t a t e s  (3) and Denmark (4) test on insulation consisting of 

polystyrene beads of 5 - 10 mm diameter has been made. The balls are  blown in 

between the panes in the evening and blown out t o  a storage in the morning. 

i n s u l a t i o n  

0 

F i g u r e  2. I n s u l a t i o n  between t h e  panes  (2 )  

2.3 Internal insulation. 

Figure 3 shows internal insulation in the form of shut ters  or blinds. Internal blinds 

has been used for many years a s  a protection against looking into the  rooms. They 

will in many cases also give a lower U-value. 



3. Considerations - crit ical  points. 

3.1 External insulation. 

This method has a few cri t ical  points.These are: 

The shutter material  shall be resistant to  the climate, i.e. rain, wind and solar 

radiation. 

The shutter shall be airt ight a s  airflow between the  shut ter  and window pane 

will give a higher U-value than expected. 

If the shutter i s  placed on t he  outside of the wall, and not in the  window 

recess, thermal bridge problems can  be expected. 

In the  day shall the  shu t te r s  be placed so tha t  the solar transmission a r ea  of 

the  window is a f fec ted  a s  l i t t le  a s  possible. 

These points show tha t  in windy periode outside roller blinds will give small 

reductions in heat  loss a s  they a r e  not  airtight. The airtightness of the shut ter  

should be measured in the  same way a s  the  window in t he  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 f rame or. there  

will be extra  heat  loss from airflow around the  insulation. 

The insulation material  shall always be taken away in the  day-time a s  the 

construction can operate  a s  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 t he  outer glass can occur, if the inner pane and 

insulation a r e  not airtight. 



3.3 Internal shutters. 

The cr i t ical  points are: 

Condensation on the inner pane will occour if the  shut ter  i s  not a i r t ight  because the 

pane tempera ture  decreases and warm humid room air  can reach the  pane. I t  is 

difficult  t o  g e t  an effect ive  seal around t he  insulated layer. Condensation will also 

occur when the  shut ters  a r e  taken away in t he  morning. 

Cracks  in sealed panes will easyily. occur on sunny days caused by the  solar collector 

e f f ec t  if t h e  insulation is not taken away during the'day. 

i n s i d e  b l i n d  

o u t s i d e  

I s h u t t e r s  

F igu re  3. I n t e r n a l  i n s u l a t i o n  ( 2 )  

3.4 General  considerations. 

Thermal bridge e f f ec t  has t o  be taken i n t o  account in the  construction. 

In many buildings the  windows a r e  also fire-escape openings and use of shutters may 

a f f ec t  t he  escape t ime  from a room. 

Shut ters  c an  assist in protecting against burglary. 

Night shu t te r s  can  be used against overheating in the summer, bu t  t ha t  will have 

e f f ec t  on t he  energy consumption for  light. 



In very cold periods with l i t t le solar radiation, the  shut ters  can  be used both night 

and day. 

I t  i s  important  tha t  the  shutters are  easy t o  handle otherwise they will not be used. 

4. Condensation 

Condensation occurs on the surface with t he  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  c l imate  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 e f fec t  from the  spacer will still allow the 

possibility of condensation near the frame. Use of inside insulation will worsen the 

problem a s  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 200C and variable relative humidity. 

Examples of cases  with internal shutters are  found in section 3.4. 



Condensation on glazing in windows 

Figure 4. Condensation on the central par t  o f  glazings w i th  di f ferent relative 

humidity. I f  the relat ive humidity is 40 % then single glazing w i l l  show 

condensation for outdoor temperatures below 0 OC. Double glazing for 

temperatures below -18 OC. Tr iple glazing for temperatures below -30 

OC. For double and tr iple sealed uni t  condensation near the edge wi l l  

occur a t  higher temperature because o f  the thermal bridge. I n  the 

central part  the dishing e f fec t  (contraction o f  the glazing f rom pressure 

difference between air i n  and outside the sealed unit) can also give 

condensation at higher outdoor temperature than given i n  the diagram. 



For  internal insulation i t  is important t o  know the  change in inside surface 

t empera tu re  when the  shutters a r e  closed and open (5 ) .  Figure 5 shows, tha t  the  

t empera tu re  decreases slowly when shut ters  a r e  closed and the  temperature  

increases rapidly when the  shutters a r e  removed. Condensation due t o  inflow of 

room a i r  when the  shutters a r e  taken away is only a short-term problem. 

Figure 5. Shutter  system with 3 0 " m m  PIR foam on double panes. Hot box 

measurements cold side OOC, warm side 20 OC. Measured inside pane 

temperature  when the  internal shut ter  was closed a t  0 hours and open a t  17 

hours. The surface  temperature  increases 110 in 1 hour. 



5. Air tiqhtness. 

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 pressurrzation and 

depressurization. The results a re  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 chapter 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. U-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. 



Further measurements is found i n  (8) - (11). I n  this l i terature is given more 

information on the construction. Information on a hot-box type, where it is possible 

to test non-airtight shutters i s  found in (11). In (9) and (10) is found measurements 

w i th  di f ferent types of windowsills. The difference i n  energydemand can be approx. 

20%. 

Panes i n  window 1 2 

no shutters 5,9 w lm2K 3,O ~ l m 2 K  

10 m m  mineralwool 1,7 " 1,35 " 

20 m m  " 1.2 " l , o  " 

5 0 m m  " 0,63 I' 0,57 " 
LOO rnm " (riot practical) 0,35 " 0,33 " .  

Table 2. Calculated U-values for external shutters. Heat conductivity of 

mineralwool 0,04 WlmK and heat resistance of ahpace between shutter' 

and glass O,16 rn2Klw. .. 

no 

30 rnm' 

50mrn 

100 rnrn 

Table 3. Calculated U-values for shuttersystems wi th  polystyrenebeads 

(assumed heat conductivity 0,05 WlrnK) between the glasses i n  f ixed 

windows. 



U-values Window Window 

Al. Rollershutter ext. 

PVC Rollershutter ext. 

Double PVC Rollersh. ext. 

Jalousie Al. ext. 

Wood 20 rnrn shutter ext. 

Wood + rnin.woo1 50 rnrn ext. 

Beadwall 60 mrn 

Shutter 50 rnrn rnin.woo1 ext. 

Shutter 35 rnrn EPS ext. 

Shutter 75 rnrn rnin.woo1 ext. 

30 rnrn PIR internal 

1 fo i l  internal 

2 foils internal 

1 woven text i le internal 

1 fo i l  between glasses 

2 foils between glasses 

4 foils between glasses 

Shutter Ref.: 

Table 4. Measured U-values and heat resistance for the shutters f rom hot-box 

measurements. 



7. Utilization 

The energy savings from shutters depends on the  construction, the  climate, and how 

the  shu t te r s  a r e  used. In most cases they a r e  used between sunset and sunrise. As 

t he  night temperature i s  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 t ime used. Use of night t ime  s e t  back of indoor temperature will 

give less  savings. 

A good es t imate  that  with good quality external shut ters  with 40 mm inculation is 

the  s ame  savings a s  an ex t ra  layer of glass in the  windows. In Norway t he  savings 

will be 10 -15% if the  shutters is used 12 hours pr. day from October 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 tha t  for  south facing double windows will energy 

savings first  accur when the U-value of window and shu t te r  i s  below 1,4 w/rnZK. For 

north facing window below 2,3 w/rn2K. The energy savings from season shutters 

will be lower than night shutters with the  same U-value. But season shutters can be 

be t t e r  insulated. 

There  a r e  many theoretical calculations of saving e.g. (21, (51, (61, (7). In practice 

the  user behaviour is very important and the  ease  of handling. Results from Danish 

low-energy houses (1) indicate that  the  shut ters  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 

4.1. Introduction 
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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). 

It is obvious that the amount of solar radiation on a window depends on 

climatic conditions, solar height (thus: latitude and time), orientation 

and slope of the window. 

The solar radiation which reaches the window, is partly reflected, 

partly absorbed and partly transmitted directly. See figure 1. 

convection + 
thermal radiation 

r , , rn  
thermal radiation 

Figure 1: Illustration of the transmission of solar energy through a 
window. 

The direct or primary solar transmission has already been defined as the 

solar radiation which is transmitted directly through the window and 

enters the room as short wave radiation. 



The secondarv  s o l a r  t r a n s m i s s i o n  is t h e  p a r t  of t h e  absorbed s o l a r  h e a t  

which e n t e r s  t h e ' r o o m  by convec t ion  and the rmal  r a d i a t i o n .  

An impor tan t  q u a n t i t y  t o  d e s c r i b e  t h e  s o l a r  t r a n s m i s s i o n  th rough  t h e  

window i s  t h e  t o t a l  s o l a r  e n e r a v  t r a n s m i s s i o n  c o e f f i c i e n t  ( a l s o  c a l l e d  

' s o l a r  f a c t o r . ' ) ;  t h e  r a t i o  between t o t a l  ( d i r e c t  p l u s  secondary)  s o l a r  

h e a t  p e n e t r a t i n g  th rough  t h e  window and t h e  g i v e n  i n c i d e n t  s o l a r  

r a d i a t i o n .  

The a b s o r p t i v i t y  and r e f l e c t i v i t y  of t h e  window panes  o r  o t h e r  

components depend on wavelength and a n g l e  of i n c i d e n c e .  The spectrum of 

t h e  s o l a r  r a d i a t i o n  ranges  from W and v i s i b l e  t o  t h e  n e a r i n f r a - r e d .  

The dependence on wavelength  and a n g l e  may a l s o  have an e f f e c t  on t h e  

appearance o r  c o l o u r ;  t h e  dependence on t h e  a n g l e  of i n c i d e n c e  needs  

s p e c i a l  a t t e n t i o n  because  of t h e  s o l a r  h e i g h t  and azimuth and t h e  

d i s t r i b u t i o n  between d i r e c t  and d i f f u s e  s o l a r  r a d i a t i o n .  

Moreover, because  c l e a r  g l a s s  i s  f o r  about  B O X  t r a n s p a r a n t  f o r  s o l a r  

r a d i a t i o n  one can expec t  t h e  a p p l i c a t i o n  of g l a s s  t y p e s  which have a  

h i g h e r  a b s o r p t a n c e  o r  r e f l e c t a n c e  f o r  s o l a r  r a d i a t i o n .  

Concerning t h e  secondary t r a n s m i s s i o n ,  t h e  network i n  f i g u r e  2 

i l l u s t r a t e s  t h a t  - l i k e  f o r  t h e  ( d a r k )  h e a t  t r a n s m i s s i o n  - t h e  h e a t  

t r a n s f e r  c o e f f i c i e n t s  p l a y  an impor tan t  r o l e .  I t  is c l e a r  t h a t  s i n c e  t h e  

t e m p e r a t u r e  d i f f e r e n c e s  have a  l a r g e  i n f l u e n c e  on t h e  h e a t  t r a n s f e r  

c o e f f i c i e n t s ,  one shou ld  be c a r e f u l  i n  s e l e c t i n g  t h e  v a l u e s .  I n  c a s e  of 

h e a t  absorbed by t h e  i n n e r  v e n e t i a n  b l i n d s  from f i g u r e  2 ,  f o r  i n s t a n c e ,  

t h e  i n c r e a s e d  t empera tu re  of t h e  b l i n d  s l a t s  w i l l  c a u s e  an enhanced 

c o n v e c t i v e  h e a t  f low.  



e: outside 
i: inside 
r: radiation (thermal) 
c: convection 
v: ventilation 
a: absorption of 

solar energy 

Fiaure 2: Network representation including solar radiation; example for 
double glazing vith internal blinds. 

Obviously, the properties of the vindov 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 vindov temperatures can be calculated by solving a 

network like shown in figure 2. However, only for simple vindov 

constructions, like for combinations of parallel airtight panes and 

sheets coefficients and properties can be predicted vith sufficient 

accuracy. 



For more complex windows measurements under realistic indoor and outdoor 

conditions 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 chapter 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 solar properties of windows are presented with an 

extensive discussion and illustration 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 a e o a  

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 to the centre of the earth. 

-sun's declination (d): angular distance of the sun's rays north (or south) of the equator. 



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 (284tn)) 

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 covering about 15 of 

longitude: it is the LCT of a selected meridian near the centre of thezone. 

TABLE 2 - PARAMETERS RELATED TO SOLAR RADIATION 

, . 

Jan 

Feb 

Mar 

A P ~  

May 
Jun 

Jul 

Aug 

S ~ P  
Oct 

Nov 

Dec 

In EOT d A 8 C 

w/m2 min. ' deg w/m2 - - 

Data refers to the twenty-lirst day of each month 

In : extraterrestrial solar radiation 

EOT : equation of time 

d : sun's declination 

A : apparent solar radiation at unit air mass 

B : atmospheric extinction coefficient 

C : diffuse radiation factor 



Daylight Saving Time (DST): time one hour in advance of LST, adopted in many countries during the 

summer. 

Equation of time (EOT): the difference between LST and LCT at a given locality, due to variation of 

earth's orbital velocity, obliquity of earth's orbit etc. 

LST = LCT t 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 [a]: 

EOT = - ,0002 t .4197 cos(x) - 3.2265 cos(2x) - .0903 cos(3x) - 7.351 sin (x) 

- 9.3912 sin(2x) - ,3361 sin(3x) (3) 

where: 

x = 2rr 111366 

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 (6) 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 (P): the angle between the sun rays and the horizontal plane; 

-solar azimuth (9): the angle, measured from South, between a vertical plane containing the sun and 

the Nort-South direction. 



( SOLAR AZIMUTII \,*I 

Fig. 2: Solar angles for tilted and horizontal surfaces 

The following equations relate the previously mentioned angles (I, h and d) to the angles P and cp: 

sin (p) = cos (I) cos (d) cos (h) t sin (I) sin (d) (5) 

sin (cp) = cos (d) sin (h) I cos (p) (5') 

As for the surface, its position can be expressed by the following angles (see Fig. 2): 

- surface azimuth ( v ) :  the angle, measured from South, between the vertical plane normal to the 

surface and the NorthSouth direction; 

-tilt angle (X): the angle between the surface and the horizontal plane. 

For any surface the incidence angle 6 is related to P, cp, y! and as follows: 

cos (6) = cos (p) sin (x) cos (cp - v )  t sin (p) cos (x) (6) 

It should be remembered that the surface is in shade if the surface-solar azimuth (cp-v) is greater 

than 90 deg. 



2. Solar r a d i a t i ~  

The solar constant (I,.) 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 ~ l m 2  (4871 kJlm2 h, 1164 kca~m2 h, 444.7 ~tu/ f l2  h) with a probable 

error of +I- 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 n1365)) (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. 

Fig. 3: Spectral distribution of solar radiation 



Ultraviolet radiation includes the wavelength range from 0.2 to 0.4 pm; visible radiation covers the 

range between 0.4 and 0.7 pm; 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 0 3  and H 2 0 )  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 reaching the the earth's surface forms the 

"direct solar radiation". In Fig. 3 the spectral distribution of solar radiation at sea level, is given; the 

most relevant absorption effects are shown as well. 

The longer the path of solar radiation through the atmosphere, 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 equation. 

It follows that the direct solar radiation on a plane normal to the solar beam on a clear day (IDn), at 

ground level is well represented . . by [I]: . . 

where A is the apparent solar irradiation at M = 1, and B is the atmospheric extinction coefficient. A 

and Bare given in Table 2. 

The knowledge of ID, and of the incidence angle (6)  allows for the evaluation of the direct solar 

radiation falling on any surface: 

As far as the diffuse component is concerned a simplified general relation for the diffuse solar radiation 
(b), for a clear sky, falling on any surface is given approximately by [I]: 



where C is the diffuse radiation factor given in Table 2 and F' is the angle factor between the surface 

and the sky: 

F' = (1 + cos (a))/2 (1 i') 

An extra amount of radiant energy (called 'albedo") can reach a tilted surface due to the solar 
radiation reflected from the ground (Ig): 

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 (It): 

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 [ I ] ,  [3],. 

141. 



3. Shadows bv overhanas and vertical fins 

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, and 

also the diffuse and ground reflected components are partially intercepted. For a certain time span of 

the day, however, adjacent shading surfaces can also behave as solar 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 a'round 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 

architectural 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 c & n o n  case, will be considered in 
, . 

some details. 

Fig. 4: Solar angles for shade calculations 

The location of the sun is defined by the solar azimuth angle (cp) and the solar altitude angle (0). The 



location of the sun with respect to the particular wall, with a given azimuth angle v, is defined by the 

wall solar azimuth angle (cp - v )  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 (cp - v ) ,  multiplied by the depth of the projection. 

The shading of a window by a horizontal projection above it is the tangent of angle 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 (p) i cos (cp - v )  (1 4) 

Many charts have 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 angle and the bottom part determinks tan (x). 

For more complex cases and whenever repetitive calculations are involved, the use of computers is 

becoming more and more common; in this respect 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 given surface. 

In [q these mean values have been calculated as a function of orientation and relative position of the 

receiving and shading surfaces, for latitudes around 45 deg and two basic configurations, overhangs 

and side fins, attached to the window; this approach is discussed here below. 

To allow 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. 



Fig. 5: Chart for shade calculations, according to [5] 



a) The coefficients for direct solar 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: 

where (ID)k is the direct solar radiation on the window at each hour. Therefore, if QD 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 Swill be: 

b) Jhe coefficients for diffuse solar radiation 

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 (fd); the irradiated ratio 

corresponding to each of them, the mean reduction factor, Fd, will be: 

Obviously, Fd does not change withthe month nor with the orientation of the window. If Qd is the 

monthly sky component per unit area on the given orientation, the related quantity of diffuse energy 

collected,will be: 

. . 
c) Jhe coefflclents for a l b e d ~  

The solar radiation reflected by the ground onto a vertical surface is sometimes significant and can be 

reducedby 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 (f ) of the window: 

9 



where 9 is the incidence angle of each direction. F does not vary with month or orientation. 
9 

The monthly albedo Q per unit area on a vertical surface is usually approximated as: 
9 

where Qth is the monthly total radiation per unit area on a horizontal surface and p is the ground 
9 

reflectivity. Therefore, the related quantity of energy E collected by the window will be expressed 
9 

as: 

d) The coefficients for radiation reflected bv side fins 
The fraction (fr)k, of the global solar radiation incident on the side fin surface which is reflected onto 

the window at the k-th hour can be suitably calculated for the different months, orientations and 
geometries. The average effective value Fr is expressed as: 

where It is the hourly global solar radiation on the side fin. 

For calculating the fractions fr, a reflectivity of the fin pf=0.35 has been assumed. For different 

values p; the effective coefficient simply becomes: 

Pr= Fr p', 10.35 (23) 

If Q, is the monthly global radiation per unit area on the inner surface of the considered fin, whose 

surface is S f ,  the energy Er collected by the window will be: 



The above mentioned reduction factors F , F , F , and Fr have been derived for two basic geometries 
D d g  

(with side fins and overhang, respectively), shown in Fig. 6. 

Each of them is given in correlation form as follows: 

where X and Yare dimensionless geometrical parameters defined as: 

whith a, b, c, shown in fig. 5. The c'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 orientition 

symbol. 



TABLE 3 - COEFFICIENTS FOR DIRECT RADIATION - SIDE FINS 



TABLE 4 - COEFFICIENTS FOR RADIATION REFLECTED BY SIDE FINS 

........................................................... 
HRRCH . SEPTEMBER ........................................................... 

5 5W/r - SE/1  U/r - E / l  NU/ r  - NE/1 
, ------------ ------------ ------------ ------------ 

., 
. - , 6 9 9 6 7 1 8 ~ - 1  9 1 1 5 E - 1  , 5 5 3 5 6 8 6 E - 1  , 4 5 7 2 1 9 3 E - 1  



TABLE 5 - COEFFICIENTS FOR DIRECT RADIATION - OVERHANGS 
, . 



By example the direct radiation coefficient, FD, for a window facing east with a side fin on the left, 

can be calculated; forthe month of June, as: 

Therefore, for example, given a window with a=1.5 m, b.0.30 m, and c=lm it results: 

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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6 : incidenceangle 

I : radiation flux 

k : extinction coefficient 

p : reflectance 

a : absorptance 

: transmittance 

h : electromagnetic radiation wavelength 

q : heat flux 

t : temperature 

U : overall heat transfer coefficient 

h : surface heat transfer coefficient 

C' : characteristic parameter 

C : characteristic parameter (mean value) 

Subscripts 

L : referring to thickness L 

b : backward 

a : absorbed 

t : transmitted 

s : of shading 

r : short wave radiation 

c : convec~on 

i : infrared 

p : conduction 

m : mean 

e : effective 



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 widelyused optical data originates before 

plate glass was almost completely replaced with glass produced by the modern 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 pm) 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, 6 1 ,  to the sine of the angle of the refracted ray, 62 ,  

(Fig. 1): 

n = sin(* 1) 1 sin(62) 

A value of n = 1.526 is a common assumption for glass. 



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: 

where I1 is the incident radiation and 13 the backward reflected component. 

The remaining part 12, 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 IL after a lenght Land the initial one 12. 

where k is the extinction coefficient of the considered material. 

When reaching the opposite surface of the glazing material, the ray is partially transmitted (thus 

exiting the glass pane) and partially reflected again into the glass (thus generating multiple 

reflectio~absorption phenomena as shown in Fig. 2). 



1 t 

Fig. 2 - Multiple reflection and refraction inside a glass pane 

By suitably summing up these multiple effects, overall reflectance p, absorptance a and 

transmittance t can be defined for the considered glass pane: 

where lb, la and It 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 provision has not been made for this 

contingency. 



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 vacuumdeposited metallic 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 eminance. 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 z, and a 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). 



Fig. 3 - Optical properties of some glasses as a function of incidence angle [I], [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 

Fig. 4 : Spectral transmittance for typical architectural glass [ 1 1: 

1 : common window glass (3 mm) 

2: gray heat-absorbing plate (6 mm) 

3: green heat-absorbing plate (6 mm) 



Fenestration in residential and commercial buildings is often combined with shading devices, namely 

draperies, venetian blinds, rolling shutters etc. A choice of shading devices involves several 

considerations related to the different tasks which such elements have to perform. 

Shading devices are sometimes depended, upon to give a certain degree of privacy. W e n  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 several 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, 

absonpance 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, therefore, 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 beween yarns, even if the fibers are themselves opaque 

to the radiation involved. The radiation comes out of the other side in diffuse form. Also, if the 

fibers are transparent, diffraction, reflection, multiple absorption and considerable reflection 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 tilted at occupant's choice. 
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The phenomena taking place in a fenestration affected by the sun, can be suitably modelized in 

order to define bulk therrno-optical properties of the window considered ( 6  1. 

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 

Fig. 6 - Heat fluxes in a window subjet to solar radiation 

( a 1  ( b l  

Fig. 7 -Thermal balances on the surfaces of the window's elements 



4.3. 

where: 

convection heat flow rate 

mutual radiation (infrared) heat flow rate 

conduction heat flow rate 

absorbed solar heat gain. 

b) For the air inside the h-th air gap, the following balance can be applied: 

Xqc 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 balance 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 [ I ]  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 (41) due to the 

mere difference of temperature, and of another part due only to the solar radiation (42): 

The component q l  can be determined by means of the overall heat transfer coefficient U: 



The thermal flux q2 is constituted, as already mentioned, by the radiation directly transmitted, 

mainly in the visible and near infrared field ( qr), and, as a consequence of the overheating due to 

the absorbed radiation, by the heat fluxes exchanged by radiation in the far infrared ( qi) and by 

convection ( qc)  Consequently: 

Such flux can be expressed by means of the so called "shading coefficient" Cs introduced by 

ASHRAE, defined as the ratio between the heat flux q2 through the window considered (evaluated 

with nil air temperature difference), and the corresponding heat flux q'2 for the single strength 

clear glasstaken as a reference: 

It is to be noted that, within this definition, q2 and (1'2 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 4.2, as a function of latitude, of the time of the year and of the 

window's orientation (data available in tables, [I]) it is possible to evaluate, the corresponding 
values of the heat flux transmitted by any window by means of Cs mean value of Cs, 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 qr and the 

components qi and qc, which are very significant with absorbing glasses. 

Whenever the knowledge of the coefficient only is not sufficient, it is convenient to introduce 

three similar coefficients C'i, Cc, defined as follows: 



together with their related mean values C,, Ci, C,, and C, 

Consequently, also: 
Cs = Cr t Ci t Cc 

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 

[ll. 

All these parameters can be evaluated while performing the above described detailed calculations 

and once known, they allow the thermal flux q and i k  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 

connected 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 equal to 23 

W/m2K, for the inner surfaces and the air gaps, instead, the heat transfer coefficients have been 

considered temperature dependent according to [ 4 1, [ 9 1, [ 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. 



The thermal and optical parameters of several types of windows have been calculated with 

reference to the most common combinations of glasses and screensfound in buildings. Specifically, 

the elements in Table 1 have been considered; to roughly qualify the various types of glass and 

screens, the values of 7 and p at nonal 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 obse~ed 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 direct 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 Cr , C i, Cc, Cs: for each case the U-value (expressed in wlm2 K) is also given. 

The gaps behrreen hrro 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 O°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 



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 181. In Fig. 8, the calculated values of the shading 
coefficient Cs and of its three components Cr, C'i and C', as functions of the angle of incidence 

6 of the solar radiation, is shown for some of the considered types of glazing. 

Table 1 - WINDOW ELEMENT CHARACTERISTICS 

CODES ELEMENTS DESCRIPTION 'I: P 

REFERENCE SODA-LIME GLASS 3 mm [ 2 ] 

SODA-LIME GLASS 6 mm [ 2 ] 

THERMOSIV [ 7 ] 

ARGENT0 32 [ 7 ] 

SOLAR REFLECTING GLASS 35-22 [ 2 ] 

SOLAR REFLECTING GLASS 24-28 [ 2 ] 

GREEN HEAT-ABSORBING GLASS 6 mm [ 2 ] 

LIGHT VENETIAN BLINDS'[ 1 ] 

DARK VENETIAN BLINDS [ 1 ] 

OPEN WEAVE SHADE [ 1 ] 

SEMI-OPEN WEAVE SHADE [ 1 ] 

CLOSED WEAVE SHADE [ 1 ] 

LIGHT VERTICAL BLINDS [ 5 ] 

DARK VERTICAL BLINDS [ 5 ] 

a : AIR GAP9 mm 

b : AIR GAP 12 mm 

c : AIR GAP 100 mm 

d : AIR GAP 200 mm 

e : ARGON GAP 12 mm 



Table 2 - CHARACTERISTIC PARAMETERS FOR DIFFERENT TYPES OF WINDOWS 

AIR TIGHT SCREEN 
Cr Cc Ci Cs U 
.05 . I0  . I8  .33 2.72 

.05 .15 .25 .45 

.60 .03 .05 .68 2.78 

.30 .14 .I8 .62 ' 

.07 .27 .31 .65 " 

.35 .02 .04 .41 " 

Sect.1 

I 
I 

Sect.2 

I 
I 
I 
I 
I 
I 

Sect.3 

I 
/ 

I 

I 
I 
I 
I 

I 
I 
I 

2 

i' 

CODE 
I d A  

I d B  

1 d C  

I d D  

1 d E  

1 d F  

CODE 
2 d A  
2 d B  

2 d C  

2 d  D 

2 d E  
2 d F  

2 d G  
2 

AIR PERVIOUS SCREEN 
Cr Cc Ci Cs U 
.05 .22 . I3  .40 4.81 

.05 .32 .18 .55 " 

, .60 .05 .04 .69 4.81 

.30 .21 .16 .67 " 

.07 .41 .27 .75 " 

.35 .04 .04 .43 " 

CODE 
4 d A  

4 d B  

4 d C  

4 d  D 

4 d  E 

4 d F  
4 d G  

AIR TIGHT SCREEN 
Cr cc Ci cs u 
.01 .05 .10 .16 1.69 
.01 .05 .12 .18 " 
. I5  .03 .05 .23 1.63 

.07 .06 .09 .22 " 

.02 .09 .I3 .24 . 

.09 .03 .05 .17 " 

.08 .05 .08 .21 ' 

.34 . I0 .14 .58 " 1 d G  

AIR PERVIOUS SCREEN 
Cr Cc Ci Cs U 
.04 .22 . I3  .39 4.73 

.04 .30 .17 .51 " 

.52 .07 .05 .64 4.72 

.26 .21 . I4 .61 " 

.06 .38 .24 .68 " 

.30 .07 .04 .41 " 

.29 .I 7 .ll 5 7  ' 

AIR PERVIOUS SCREEN 
Cr cc Ci cs u 
.01 .16 .06 .23 3.53 

.01 .18 .08 .27 " 

. I5  .ll .03 .29 3.53 

.07 .I6 .06 .29 " 

.02 .20 . I0  .32 ' 

.09 . I2  .03 .24 " 

.08 . I4  .05 .27 " 

Sect.4 
/ 

.34 .16 . I2 .62 " 

AIR TIGHT SCREEN 
Cr Cc Ci Cs U 
.04 .09 . I8  .31 2.71 

.04 .14 .24 .42 " 

.52 .04 .06 .62 2.71 

.26 .I3 . I 7  .56 " 

.06 .24 .29 .59 " 

.30 .03 .05 .38 " 

.29 .10 . I3  .52 " 

AIR PERVIOUS SCREEN 
Cr Cc Ci Cs U 
.02 . I9  .09 .30 4.51 

.02 .22 . I1  .35 " 

.21 .I3 .05 .39 4.50 

.I 1 . I9  .09 .39 " 

.02 .25 . I3  .40 " 

.13 .14 .05 .32 " 

.12 .17 .08 .37 " 

5 

CODE 
5 d A  

5 d B  

5 d C 

5 d D  

5 d E  

5 d F  

5 d G  

1 

.84 .02 .04 .90 6.19 

AIR TIGHT SCREEN 
Cr Cc Ci Cs U 
.02 .05 . I4  .21 2.5; 

.02 .04 .18 .24 " 

.21 .05 .07 .33 2.54 

.I 1 .08 . I 2  .31 " 

.02 .13 .17 .32 " 

.13 .05 .07 .25 " 

.12 .07 .10 .29 " 

.23 . I0  .03 .36 4.32 

.97 .01 .02 1.00 6.33 



Table 2 - Cont. 

Sect.5 

4 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

Y 

Sect.6 

/' 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

i 

CODE 
6 d A  

6 d B  

6 d C 
6 d D  
6 d E  
6 d F  

6 d G  
6 

Sect.7 AIR PERVIOUS SCREEN 
CODE Cr Cc Ci Cs U 

/f 1 b l d P  .04 .25 .15 .44 2.57 
I 
I 

1 b l d  B .04 .33 .20 .57 ' 
I 
I 

1 b l d  C .52 .09 .05 .66 2.55 
I 
I 

1 b i d  D .26 .25 .15 .66 " 
I 
I 

1 b i d  E .06 .44 .25 .75 " 

I 
1 b l d  F .31 .09 .05 .45 " 

1 b l d G  .30 .20 .12 .62 " 

CODE 
7 d A  

7 d B  

7 d C 
7 d D  

7 d E  

7 d  F 

7 d G  
7 

AIR TIGHT SCREEN 
Cr Cc Ci Cs U . 
.04 .08 .24 .36 1.92 

.04 .13 .31 .48 ' 

.52 .05 .07 .64 1.91 

.26 .16 .20 .62 ' 

.06 .28 .33 .67 * 

.21 .04 .07 .42 " 

.30 .12 .16 .58 . 

Sect.8 

I 
I 

AIR PERVIOUS SCREEN 
Cr Cc Ci Cs U 
.02 .17 .07 .26 3.53 
.02 .19 .09 .30 " 

.19 .ll .03 .33 3.53 

.09 .16 .07 .32 * 

.02 .22 .12 .36 " 

.ll .ll .03 .25 ' 

.ll .14 .06 .31 ' 

4 .90 3.01 

AIR TIGHT SCREEN 
Cr Cc Ci Cs U 
.02 .05 .ll .18 1.69 

.02 .05 .15 .22 " 

.19 .03 .05 .27 1.63 

.09 .07 .10 .26 . 

.02 .ll .15 .28 1' 

.ll .03 .05 .19 " 

.ll .05 .08 .24 " 

AIR PERVIOUS SCREEN 
Cr Cc Ci Cs U 
.02 .23 .10 .35 4.73 
.02 .27 .13 .42 " 

.30 .13 .06 .49 4.72 

.15 .21 .ll .47 ' 

.03 .29 .17 .49 " 

.17 .13 .06 .36 ' 

.17 .18 . I0  .45 " 

CODE 
1 d 1 d A 
1 d 1 d B  

1 d 1 d C 

1 d l d D  

1 d 1 d E 

1 d 1 d F 

1 d l d G  
I d 1  

. .29 .09 .03 .41 4.32 

AIR TIGHT SCREEN 
Cr Cc Ci Cs U 
.02 .06 .17 .25 2.70 

.02 .07 .20 .29 . 

.30 .05 .08 .43 2.76 

.15 .10 .14 .39 " 

.03 .17 .21 .41 " 

.17 .05 .08 .30 " 

.17 .09 .12 .38 ' 

.49 .07 .10 .66 6.19 

AIR PERVIOUS SCREEN 
Cr Cc Ci C s U  
.04 .25 .15 .44 2.36 
.04 .34 .20 .58 ' 
.52 .09 .05 .66 2.36 

.26 .26 .15 .67 " 

.06 .44 .25 .75 ' 

.31 .09 .05 .45 " 

.30 .20 .12 .62 ' 

AIR TIGHT SCREEN 
Cr Cc Ci Cs U 
.04 .08 .24 .36 1.74 
.04 .13 .32 .49 " 
.52 .05 .07 .64 1.76 

.26 .16 .20 .62 " 

.06 .29 .33 .68 . 

.31 .04 .07 .42 ' 

.30 .12 .16 .58 

.84 .02 .04 .90 2.76 
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~ e c t . 9  

Sect.10 
CODE 

3 b 2 d A 
I 
I 

3 b 2 d  B 
I C 

D 

I 
CODE 

Sect.11 

AIR PERVIOUS SCREEN 
Cr Cc Ci Cs U 
.03 .22 .I1 .36 1.66 
.03 .26 . I3  .42 " 

.27 .I2 .06 .45 1.66 

. I3  .21 .I1 .45 " 

.03 .30 .I6 .49 " 

. I6 .I4 .06 .36 " 

. I 5  .I8 .09 .42 " 

Sect.12 

AIR PERVIOUS SCREEN 

AIR TIGHT SCREEN 
Cr Cc Ci Cs U 
.03 .09 .20 .32 1.34 

.03 .09 .24 .36 " 

.27 .06 .09 .42 1.35 

. I3  .I2 .I6 .41 " 

.03 ' '18 .23 .44 " 

.I6 .07 .I0 .33 " 

. I5 .I0 .I4 .39 " 

CODE 

AIR TIGHT SCREEN 

.43 .05 .07 .55 1.85 

AIR PERVIOUS SCREEN I AIR TIGHT SCREEN 
~r cc ~i cs u I Cr cc Ci cs u 

CODE 
4 b 2  d A 
4 b 2 d B  
4 b 2 d C  
4 b 2 d D  
4 b 2 d E  
4 b 2 d  F 
4 b 2 d G  
4 b 2  

~r cc Ci Cs u 1 Cr Cc Ci Cs U 

AIR PERVIOUS SCREEN 
Cr Cc Ci Cs U 
.O1 .I7 .08 .26 2.39 

.O1 .I9 .09 .29 " 

.I6 .I1 .05 .32 2.38 

.08 .I6 .08 .32 " 

.02 .21 .I1 .34 " 

.09 .I2 .05 .26 " 

.09 .I4 .07 .30 " 

AIR TIGHT SCREEN - 
Cr Cc Ci Cs U 
.O1 .06 .I3 .20 1.76 

.01 .06 .I6 .23 ' 

. I6 .05 .08 .29 1.78 

.08 .08 .I 1 .27 " 

.02 .I1 .I5 .28 . 

.09 .05 .08 .22 " 

.09 .07 .I0 .26 
.26 .05 .08 .39 2.77 



Table 2 - Cont. 

Sect.13 

I 
I 
I 

i' 
Sect.14 

CODE 
6 b 2 d A 
6 b 2  d B 

C 
D 

CODE 
5 b 2  dA 

5 b 2 d  B 
5 b 2 d  C 
5 b 2 d  D 
5 b 2 d E  
5 b 2 d F  

5 b 2 d G  
5 b 2  

Sect.16 

/AIR PERVIOUS SCREEN 

Cr Cc Ci  Cs U 
.O1 .I4 .07 .22 1.78 
.O1 .I6 .08 .25 
.I4 .09 .04 .27 1.78 
.07 . I3  .07 .27 * 

.02 .I8 .I0 3 0  . 

.08 .I0 .04 .22 " 

.08 .I2 .06 .26 ' 

AIR PERVIOUS SCREEN 
Cr Cc Ci  Cs U 
.O1 .I3 .06 .20 1.78 
.O1 .I4 .07 .22 " 

.I1 .08 .04 .23 1.78 

.05 .I2 .06 .23 ' 

.O1 . I5  .08 .24 ' 

.06 .09 .04 .I9 " 

.06 .I1 .05 .22 " 

AIR TIGHT SCREEN 
Cr Cc Ci  Cs U 
.O1 .05 .I2 .I8 1.42 
.01 .06 .I4 .21 . 
.I4 .04 .07 .25 1.43 

.07 .07 .I0 .24 " 

.02 .I0 .I4 .26 " 

.08 .05 .07 .20 . 

.08 .06 .09 .23 . 

Sect.15 

I 
/f 

I 
I 

CODE 

AIR TIGHT SCREEN 
Cr Cc Ci  Cs U 
.O1 .05 .I1 . I7  1.4; 
.01 .05 .I2 . I8  " 
.I1 .04 .06 .21 1.4: 
.05 .06 .09 .20 ' 
.01 .08 .I2 .21 ' 
.06 .04 .07 . I7  ' 
.06 .05 .08 .I9 . 

.22 .04 .07 .33 2.00 

. I7  .04 .07 .28 2.00 

CODE 
7 b 2 d  P 
7 b 2  d B 
7 b 2 d C 
7 b 2 d C  
7 b 2 d  E 
7 b 2 d F  
7 b 2 d G  
7 b 2  

AIR PERVIOUS SCREEN AIR TIGHT SCREEN 

AIR PERVIOUS SCREEN 
Cr Cc Ci  Cs U 

Cr Cc Ci  cs u I Cr Cc Ci  cs u 

AIR TIGHT SCREEN 
Cr Cc Ci  Cs U 

3 6  ,06 ,09 -5  

.02 .21 .I0 3 3  2.52 

.02 .24 . I2  .38 " 

.22 . I3  .06 .41 2.52 

.I1 .20 .I0 .41 " 

.03 .27 .I4 .44 " 

. I3  .I4 .06 3 3  " 

. I3  .I8 .08 3 9  " 

.02 .07 .I6 .25 1.83 

.02 .08 .20 3 0  ' 

.22 .06 .09 3 7  1.86 

.I 1 .I0 .I4 3 5  ' 

.03 .I5 .I9 .37 . 

. I3  .06 .09 .28 ' 

. I3  .09 .I2 3 4  ' 
1 2.95 



Table 2 - Cont. 

AIR PERVIOUS SCREEN AIR TIGHT SCREEN 
Cr Cc Ci Cs U 

Sect.17 

I 

CODE 
2 c A c 2  

2 c B c 2  

2 d 2 

Sect.19 

/f 
I 
I 

I 
I 
I 
I 
I 
I 
I 

AIR PERVIOUS SCREEN 

AIR PERVIOUS SCREEN 
Cr Cc Ci Cs U 
.03 .08 . I1  .22 2.00 

.03 .I1 .I5 .29 " 

CODE 
2e3dA 

2e3dB 

2e3dC 
2e3dD 

2e3dE 

2e3dF 

2e3dG 
2e3 

AIR TIGHT SCREEN 

AIR TIGHT SCREEN 
Cr Cc Ci Cs U 
.03 .08 .I1 .22 1.77 

.03 . I1 .I5 .29 ' 

Cr Cc Ci Cs U I Cr Cc Ci Cs U 

.62 .06 .09 .77 2.70 

AIR PERVIOUS SCREEN 
Cr CC Ci C S U  
.03 .26 . I5  .44 1.36 

.03 .28 .I8 .49 " 

.28 . I6 .08 .52 1.37 

. I4  .25 . I3  .52 ' 

.03 .34 .I9 .56 " 

.I 7 .I8 .08 .43 " 

.I 6 .23 . I2 .51 " 

AIR TIGHT SCREEN 
Cr Cc Ci Cs U 
.03 .09 .27 .39 1.15 

.03 .09 .31 .43 ' 

.28 .09 . I2  .49 1.18 

. I4  . I5  . I9  .48 " 

.03 .22 .26 .51 " 

. I7  . I 0  . I3  .40 " 

. I6  . I4  . I7  .47 " 

.43 08 . I1  .62 1.55 



Fig. 8 - Characteristic parameters 

vs the angle of incidence 

Fig. 9 - Hourly pattern of Csand the 

average Cs 

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 Cs which ensures the correct evaluation of the total daily solar energy gain, while the 

use of this last average coefficient for hourly calculations of the solar heat gain produces an error 

which nevertheless is not very significant. 



Fig. 10 - Yearly patterns of Cs Fig. 11 - Procedure for evaluating the 
effective angle of incidence 

Fig. 12 - 

80' 
8. 

70' 

60' 

50' 

LO' 

30' 

Yearly patterns of the effective angle of incidence 



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 Cs 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 CIS as 

function of the angle of incidence, it can be shown (see fig. 11) that the angle of incidence 
corresponding to the mean value (Cs) of the shading coefficient Cs at given orientation, latitude 

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" (6). 

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 Cs 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 
Cs vs. 6 (possibily in polynomial form for numerical applications). 
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4.4. Measurement techniaues 
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LIST OF SWBOLS 

I : irradiance 
r : transmittance 
P 1 reflectance 
a : absorptance 
6 : incidence angle 
1L : wavelength 

Subscripts: 
1L : spectral 
6 : directional 
s : solar 



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. 

Solar transmittance is usually determined starting from the spectral transmittance over the solar 
range (0.2 to 3.0 pm) 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. 

Deuterium lam0 
Tunprten lamp 

Prism 

Fig. 1 - Optical layout of a spectrophotometer [ I ]  



Slit Sector 

transmittans. end 

Ruordtr Lo Dotted line I-) donorn optical mmmnnt#  

Solid line I-) dmotn electrial mmmnann 

Fig. 2 - Block diagram of a spectrophotometer [I] 

The basic concept orl which the system operates 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, z ~ 6 :  

where (11)' and (11)" are the measured signals without the sample and with the sample at 6 

incidence, respectively. 

(Ir'' 4 SENSOR I 

Fig. 3 - Readings for the evaluation of spectral transmittance 



By suitably changing the source, the spectral distribution of 2x6 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 6: 

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 
bm, 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 (21 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. 



Fig. 4 - Apparatus for the evaluation of solar directional properties, according to [ I ]  

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 i t to the detector again: in this case, however, the evaluation of the intensities ( I d '  and 

( I d "  without and with the sample surface requires certain rearrangements of the deflecting mirrors 

(see Fig. 5). 



MIRROR a, (MIRROR c MIRROR a, fMlRROR c 

SAMPLE EM" 

Fig. 5 - Readings for the evaluation of spectral reflectance 

It is important to mention that the ratio between the two measurements provides p2 and not p, 
because of the two reflections on the surface to be tested 

The abovedescribed device does not allow for evaluating I9 incidence angles below 193 deg; even 
measurements at high incidence angles may become inaccurate because of the spread of the 
reflected components due to the thickness of theglass 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. 



GLASS SAMPLE 

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 O R  
REFERlNCE SURFACE 

HIR 

Fig. 7 - Apparatus for the evaluation of spectral reflectance 



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. 

When the transmittance and reflectance are known, absorptance is found by 

When the spectral values of transmittance and reflectance 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 reflectance as: 

thus bypassing the problems described in 5 2. 
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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 [I]. This device, a diagram of which is shown in 

figure 1, was used a t  the ASHRAE Research Laboratory in Cleveland, Ohio, 

between 1048 and 1061 to  study a series of fenestration systems in order to  

predict air conditioning peak loads (2-181. This data was used to  arrive a t  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 

t o  the University of Florida, where work continued 110-201. I t  is still used (pri- 

marily for commercial testing). 

Electric Heaters 

SCHEMbTIC DIAGRAM 
OF COOLING SYSTEM 

LORIMETER USED TO MEASURE SOLAR HEAT 
TRANSMITTED BY SHADED AN3 UNSHADEO GLASS 

Figure 1: Schematic arrangement of ASHRAE solar calorimeter and 

cooling system [I]. 

A cross secton of the calorimeter is shown in figure 2 1201. The sample opening is 

1.22 m (4 it) square. Temperature 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 a t  

the University of Arizona [21]. 
I 



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 i t  

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. I t  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 a t  all clear what experimental corrections one should make t o  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]. 

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 a t  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 similar 

to  tha t  of a guarded hot box as described in ASTM Standard C-236. The 

calorimeter has an aperture of 2.08 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 



Figure 4a: Photograph of NBSJDOE passive solar test building [23]. 
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Figure 4b: Floor plan of passive solar test building showing location 
of metering calorimeter. 
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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 all 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. 



A large experimental building, the LESO, has been built at the Ecole Polytech- 

nique Fkdkrale de Lausanne, Switzerland. Shown in figure 6, this facility consists 
of nine south-facing, thermally isolated, occupied offices [24]. Heat and light 

Figure 6: The LESO facility at the Ecole Polytechnique Fbdkrale, 
Lausanne (Switzerland), Latitude 46 '5, Altitude 410 m. 



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 eflects 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 diflerent 

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 f10% 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 [26]. 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 envelope, it can be inferred 

that the intent is at least initially to measure long-term average or pseud* 

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 a t  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 



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. 

w Serv ice  room 

Test  

. . 
Figure 7: The PASSYS Facility. 



Figure 8: Details of the PASSYS Facility. 



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 ~ rob lem 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 0 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 coeficient methodology, namely, 

4 = A  (UAT+ SF I,), 0) 
where 4 is the net energy flow per unit time, A is the area of the fenestration, AT 

is the difference 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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Figure Qa: Conceptual drawing of the MoWiTT Facility [24]. One of 

the two measurement modules shown has been built to 

date. 

Figure Qb: MoWiTT Facility at its field test site in Reno, Nevada, 

U.S.A. Portable building at left contains data acquisition 

and support facilities. 



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 6, AT, and Is 

t o  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 

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 

constanbshading-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. 

Figure 10: Cross section of a MoWiTT calorimeter chamber, showing 

mounting of a small-sized fenestration sample [24]. 



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 pseudesteady-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'l3, 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 represent Eqn. 

1 with values for U and SF assumed a priori rather than derived by fitting the 

data. As can be seen, the form of the curve appears to  represent the shape of the 

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 da ta  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 framk~ess 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 effect of adding a low- 

emissivity coating is to reduce the magnitude of both daytime heat gain (due to 

absorption in the coating) and nighttime heat'loss. While these 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 affecting 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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1. INTRODUCTION 

Summerly hea t  p r o t e c t i o n  depends,on t h e  energy p e r m e a b i l i t y  of t r a n s p a r e n t  
e x t e r n a l  a reas , -o f  t h e  b u i l d i n g  (windows and f i x e d  g l a z i n g  i n t l u d i n g  sun- 
shad ing ) ,  i t s  r a t i o  t o  t h e ' t o t a l  e x t e r n a l  area o f  t h e  b u i l d i n g ,  i t s  
o r i e n t a t i o n  t o  t h e  c a r d i n a l , . p o i n t s ,  t h e  v e n t i l a t i o n  i n s i d e  t h e  rooms, 
t h e  hea t  s t o r a g e  c a p a c i t y  ( p a r t i c u l a r l y  of i n s i d e  p a r t i t i o n s  o f  t h e  b u i l d -  
i n g )  as w e l l  as on heat  conduc t ion  of t h e  non- t ransparen t  e x t e r n a l  areas 
o f  t h e  b u i l d i n g  under v a r i a b l e  boundary c o n d i t i o n s  (day - t ime  tempera tu re  
course  and s o l a r  r a d i a t i o n ) .  .. . 

4 '\ 

A d m i t t e d l y , ) t h e  e v a l u a t i o n  o f  s o l a r  ga ins  th rough  g l a z i n g s  and s o l a r  p r o - '  
t e c t i o n s  may be based on e n e r g e t i c a l -  aspects ; i t  i s ,  however, recommended 
t o  c o n s i d e r  t h e  l i g h t i n g  performance as w e l l .  

The d e t e r m i n a t i o n . o f  va lues i s  c a r r i e d  out  c a l o r i m e t r i c a l l y ,  spec t ropho to -  
m e t r i c a l l y  and, f o r  some s p e c i a l  cases, d e r i v e d  c a l c u l a t i o n  procedures a r e  
g i v e n  [ I ] .  I n  t h i s  chap te r  t h e  e s t i m a t i o n s  a r e  c a r r i e d  o u t  i n  an i n t e r n a -  
t i o n a l  comparison. I n  chap te rs  4.3, 4.4.1 and'5.1 t h e  phenomena and meas- 
urement methods concern ing  e n e r g e t i c  and d a y l i g h t i n g  p r o p e r t i e s  a re  de- 
s c r i b e d  i n  g r e a t e r  d e t a i l .  

2. EFFICIENCY OF SOLAR PROTECTIONS 

An e f f e c t i v e  sunshading f o r  t r a n s p a r e n t  e x t e r n a l  areas o f  a  b u i l d i n g  can 
be ach ieved th rough  s t r u c t u r a l  forms (as  c a n t i l e v e r e d  r o o f s ,  b a l c o n i e s )  
o r  by means o f  e x t e r i o r  o r  i n t e r i o r  sunshading dev ices  (as  e.g. window 
s h u t t e r s ,  s l a t t e r e d  r o l l e r  b l i n d s ,  l o u v e r s ,  marquises and s o l a r  g l a z i n g s ) .  
Au tomat i ca l  sunshading dev ices  can have an e x c e p t i o n a l l y  f a v o u r a b l e  e f -  
f e c t ,  b u t  they  a r e  expens ive and c o u l d  cause c o n t r o l  problems. The mul- 
t l f u n c t i o n a l  usage o f  b u i l d i n g  elements as c o n s t r u c t i v e  and overhang t ypes  
l o o k s  p r o m i s i n g  a t  f i r s t  s i g h t  b u t  they  l a c k  a d a p t a b i l i t y  t o  a c t u a l  s o l a r  
ang les  o r  ove rcas t  c o n d i t i o n s .  Moreover, those elements rep resen t  c l a s s i c -  
a l  thermal  b r i d g e s  which cause inc reased  hea t  t r a n s f e r  d u r i n g  t h e  h e a t i n g  

. . . . 
season. 



2.1 E n e r g e t i c  E v a l u a t i o n  

To make e n e r g e t i c  e v a l u a t i o n s  o f  s o l a r  ga ins  th rough  g l a z i n g  w i t h  and 
w l t h o u t  sunshading dev ices,  d i f f e r e n t  parameters a r e  used i n t e r n a t i o n a l l y .  
I n  m o s t ' c o u n t r i e s  t h e  S o l a r  F a c t o r  (SF) i s  taken  as a  bas is .  Sometimes 
t h i s  f a c t o r  i s  determined as " t o t a l  s o l a r  r a d i a n t  hea t  t r a n s m i s s i o n "  [ 2 J  
and i s  d e f i n e d  as: 

F r a c t i o n o f  s o l a r  r a d i a n t  hea t  a t  normal i n c i d e n c e  t h a t  i s  t r a n s f e r r e d  
t h r o u g h  t h e  g l a z i n g  by a l l  means. It i s  composed o f  t h e  d i r e c t  t r a n s m i t t - .  
ance and an a p p r o p r i a t e  f r a c t i o n  o f  t h e  absorptance de te rm ined  f o r  t h e  
"normal"  e x t e r i o r  a n d . i n t e r i o r  s u r f a c e  r e s i s t a n c e s .  W h e r e t h e , g l a s s . s u r f a -  
ces have.an e m i t t a n c e  d i f f e r e n t  f r o m i t h a t  o f  o r d i n a r y  g lass ,  t h e  s u r f a c e . .  
h e a t  t r a n s f e r  has t o  b e - m o d i f i e d  - a p p r o p r i a t e l y  (see a l s o  c h a p t e r  4 . 3 ) ; .  

I n  most c o u n t r i e s  t h e  S F - f a c t o r  i s  determined f o r  t h e  comple te  system 
( g l a s s  i n c l u d i n g  d e v i c e ) .  But  i n  some c o u n t r i e s  t h e  va lues f o r  g l a z i n g  
and sunshading d e v i c e  a r e  g i v e n  s e p a r a t e l y  t o  reduce t h e  measurement 
e f f o r t .  Fo r  g l a z i n g  t h e  t o t a l  s o l a r  energy t r a n s m i s s i o n  c o e f f i c i e n t  ( g ) ,  
and f o r  sunshading dev ices  a  r e d u c t i o n  f a c t o r  i n  connec t ion  w i t h  g l a z i n g  
( z )  i s  determined.  The SF- fac to rs  f o r  t h e  comb ina t ion  g l a s s  i n c l u s i v e  
sunshading r e s u l t  f rom m u l t i p l i c a t i o n  o f  f a c t o r s  g  and z: 

P h y s i c a l l y  seen, t h i s  method i s  n o t  exac t  because t h e  z - f a c t o r  i s  i n f l u e n c -  
ed by t h e  g l a s s  i t s e l f  i n  case o f  a  g l a s s  sunshading comb ina t ion  [ 3 ]  and 
t h e r e f o r e  cannot be s t a t e d  independen t l y  o f  t h e  g lass .  

I n  some c o u n t r i e s  t h e  shad ing c o e f f i c i e n t  (SC) i s  used as common c r i t e r i o n  
o f  window performance. The shad ing c o e f f i c i e n t  i s  t h e  t o t a l  s o l a r  hea t  
t r a n s m i s s i o n  o f  ' t h e  window expressed as a  f r a c t i o n  o f  t h e  t o t a l  s o l a r  
h e a t  t r a n s m i s s i o n  t h r o u g h  c l e a r  s i n g l e  g l a z i n g .  The t o t a l  t r a n s m i s s i o n  
i s  t h e  sum o f  t h e  d i r e c t  t r a n s m i s s i o n  and t h e  p a r t  o f  t h e  absorbed 
r a d i a t i o n  t h a t  i s  re leased  inwards.  The r e f e r e n c e  l e v e l  i s  t h a t  of a  
n o t i o n a l  c l e a r  s i n g l e  g l a s s  t h a t  has a  t o t a l  t r a n s m i s s i o n  o f  87 p e r  c e n t  
o f  t h e  i n c i d e n t  energy. 



T h e r e f o r e  t h e  shading c o e f f i c i e n t  r e s u l t s  t o :  

The shad ing c o e f f i c i e n t  depends upon t h e  s o l a r  o p t i c a l  p r o p e r t i e s  o f  t h e  
g l a s s  and t h e  m a t e r i a l  o f  t h e  b l i n d ,  on t h e  c o e f f i c i e n t s  o f  t h e  geometry 

o f  t h e  b l i n d s  and t h e  angu la r  p o s i t i o n  o f  t h e  sun [ g ] .  

The most e f f i c i e n t  o p e r a t i o n  o f  l ouvered  b l i n d s  i s  ach ieved when they  a r e  
so a d j u s t e d  t h a t  t h e  r e f l e c t e d  r a d i a t i o n  passes no rma l l y  th rough  t h e  g lass  
as shown i n  F i g u r e  1. Because t h e  p o s i t i o n  o f  t h e  sun changes c o n t i n u a l l y  
i t  i s  i m p r a c t i c a b l e  t o  keep l o u v e r s  i n  t h e  most e f f i c i e n t  p o s i t i o n  and i t  
i s  genera l  p r a c t i c e  t o  make an i n i t i a l  s e t t i n g ,  p robab ly  t o  somewhere near  
t h e  45' p o s i t i o n  assumed i n  t h i s  r e p o r t ,  and then  l e a v e  t h e  b l i n d  unchang- 
ed u n t i l  t h e  sun i s  o f f  t h e  facade [91 .  

F i g u r e  1: Louvered b l i n d s  a d j u s t e d  f o r  maximum r e j e c t i o n  o f  s o l a r  r a d i a -  
t i o n .  



I n  t h e  f o l l o w i n g ,  t h e  parameters used d e r i v e d  f r o m t h e  d i f f e r e n t  s tandards 
o r  p u b l i c a t i o n s  i n  t h e  p a r t i c i p a t i n g  c o u n t r i e s  a r e  d e s c r i b e d :  

- Federa l  Repub l i c  o f  Germany: 

I n  Germany t h e  s tandard va lues f o r  g- and z - f a c t o r s  a r e  combined 
i n  DIN 4108 [ 4 ] .  P r o d u c t s p e c i f i c  d e v i a t i o n s  can occur  i n  s i n g l e  
i n v e s t i g a t i o n s  o r  s tandard measurements [ 5 ] .  I n  T a b l e 1  t h e  s tan-  

. 

d a r d i z e d  z - f a c t o r s  a r e  shown. The t h e r e b y  r e s u l t i n g  SF- fac tors  f o r  
doub le  and t r i p l e  g l a z i n g  a r e  shown i n  Tab le  2. I n v e s t i g a t i o n s  [6] 
rendered z - f a c t o r s ,  shown i n ' F i g u r e  2, f o r  d i f f e r e n t  sunshading 
dev ices  i n  c o n j u n c t i o n  w i t h  a  doub le  g l a z i n g .  

. . 

s able 1 :  T o t a l  s o l a r  energy t r a n s m i s s i o n  c o e f f i c i e n t  o f  g l a z i n g  
(g-Val  ue)  , accord ing  t o  [ 4 ]  . 

line 

double-glazing out of clear glass 

triple-glazing out of clear glass 

glass blocks 

multiple glazing with special glass 
(heat absorbing glass, antisun glass) 



T a b l e  2: Reduc t ion  f a c t o r s  o f  sunshading d  v  ces i n  c o n n e c t i o n  w i t h  
g l a z i n g  ( z - F a c t o r ) ,  a c c o r d i n g  t o  ! 4 I , a n d . t h e  e q u i v a l e n t  
SF- (SC- ) fac to rs  f o r  comb ina t ion  w i t h  doub le  and t r i p l e  g l a z i n g  

line 

- 
1 

sunshading devices z 

internal and between panes I I I 

(SC) 
double I triple 
glazing glazing 

lacking sunshading devices 

external I I I 

1 .oo 

woven fabric or foil 

jalousies 

jalousies, venetian slats, 0.18 
ventilated (0.29) (0.21) 

jalousies, slatted roller 
blinds, window shutter, fixed 0.30 0.24 
or venetian slats (0.34) (0.28) 

canopies, loggias 0.3 0.24 
(0.34) (0.28) 

marquises, ventilated from 0.40 0.32 
the top and sideways (0.46) (0.37) 

0.80 
(0.92) 

0.40-0.70 
(0.46-0.80) 

0.50 
(0.57) 

marquises in general 0.35 
(0.57) (0.40) 

0.70 
(0.80) 

0.32-0.56 
(0.37-0.64) 

0.40 
(0.46) 

0.28-0.49 
(0.32-0.56) 

0.35 
(0.40) 



F I g u r e  2: Reduct ion f a c t o r  ( 2 - f a c t o r )  o f  v a r i o u s  sunshading dev ices  and 
d i f f e r e n t  o r i e n t a t i o n s  i n  comb ina t ion  w i t h  d o ~ b l e  g l a z i n g ,  ac- 

. c o r d i n g  t o  [ 6 ]  . 

- I t a l y :  

I n  I t a l y  n o r m a l l y  t h e  combined SF- fac to r  f o r  g l a s s  i n c l .  sunshading 
d e v i c e s  i s  used. I n  c h a p t e r  4.3. e x t e n s i v e  examples i n  respec t  t o  
t h i s  a r e  1  i s t e d .  

- Ne ther lands :  

I n  t h e  Nether lands t h e  concept  ZTA i s  commonly used f o r  t h e  s o l a r  
t r a n s m i t t a n c e .  ZTA i s  determined f o r  75 p e r  c e n t  d i r e c t  r a d i a t i o n  
a t  an ang le  o f  i n c i d e n c e  o f  45' p l u s  25 per  cen t  d i f f u s e  r a d i a t i o n .  
A computer model has been developed f o r  c a l c u l a t i o n  o f  t h e  SF- fac to r  
o f  window systems i n c l u d i n g  v e n e t i a n  b l i n d s  [ 7 ] .  R e s u l t s  z r e  compi led 
i n  Tab le  3. The d i f f e r e n t  d e f i n i t i o n  of ZTA compared t o  g  i s  t h e  



reason why t h e  va lues f o r  unshaded g l a z i n g  u n i t s  a r e  lower  than  
those  f o r  example g i ven  i n  t h e  German s tandard  DIN 4108 [ 4 ]  and 
ASHRAE s tandard [ 8 ] .  It appears t h a t  t h e  SF- fac to r  f o r  doub le  g l a z -  
i n g  w i t h  i n te rn 'a l  b l i n d s  i s  h i g h e r  than  f o r  t h e  same system w i t h  
s i n g l e  g l a z i n g  on ly .  

Tab le  3: So la r  f a c t o r  (SF) f o r  a  s i n g l e  and double g lazed  window system 
w i t h  i n t e r n a l  and e x t e r n a l  vene t ian  b l i n d s ,  c a l c u l a t e d  f o r  ang les  
o f  i n c i d e n c e  o f  45' p l u s  some d i f f u s e  r a d i a t i o n  ( i n  t h e  Nether -  
, lands ZTA-concept), acco rd ing  t o  [ 7 ] .  
Fo r  comparison, t h e  shading c o e f f i c i e n t  ( S C ) ,  c a l c u l a t e d  by 
way o f  e q u a t i o n  (2)  , i s  g i ven  as we1 1  . 

window 

single clear glass, 6 mm 

as 1, with internal venetian blinds 
light coloured, slat angle 45" 

as 1, with external venetian blinds 
light coloured, slat angle 45" 

double clear glass 6-12-6 

as 2, with double glass 

as 3, with double glass 

- S w i t z e r l a n d :  

I n  S w i t z e r l a n d  a  s o l a r  f a c t o r  i s  used which r e s u l t s  f rom c a l o r i m e -  
t r i c  measurements under n a t u r a l  c o n d i t i o n s  a t  a  measur ing d u r a t i o n  
o f  2  hours .  

I n  Table 4 va lues f o r  e x t e r n a l  and i n t e r n a l  sunshading dev ices  a r e  
l i s t e d .  



T a b l e  4: S o l a r  f a c t o r s  used f o r  c o o l i n g  l o a d  c a l c u l a t i o n s  i n  
S w i t z e r l a n d  [ 3 ]  and, f o r  comparison, t h e  shad ing c o e f f i c i e n t  
(SC), c a l c u l a t e d  by way o f  e q u a t i o n  ( 2 ) .  

type of shading device Solar factor (SF 

-external blinds slat angle 60 " 
-external blinds slat angle'45 O 

-external drapery, closed weave 
fabric 

-internal blinds or drapery light 
medlurn 
dark 

-internal reflective drapery (silver) 

Glass type 

Clear glass 
(41 1214) 

Heat - absorbing 
glass 
(41 121 4) 

Heat reflective 
glass 
(41 1214) 

> 

internal blinds or drapery 

.Internal glare protection' 

.Internal glare protection' 0,20 - 0,45 

. , .  

Shading 
befflcient (SC 

- U n i t e d  Kingdom: 

I n  t h e  U.K. n o r m a l l y  t h e  SF- fac tor  i s  used. As an a l t e r n a t i v e ,  t h e  
SC- fac to r  i s  o f t e n  t o  be seen i n  a p p l i c a t i o n .  Glass manu fac tu re rs ,  
e.g. [ 2 ]  [9], o f f e r  e x t e n s i v e  t a b l e s  f o r  d i f f e r e n t  t ypes  o f  g l a z i n g  
u n i t s  and sunshading dev ices.  I n  F i g u r e  3 SF- fac to rs  ( t o t a l  s o l a r  
r a d i a n t  hea t  t r a n s m i s s i o n ) ,  exemplary f o r  d i f f e r e n t  g l a z i n g  t ypes ,  
a r e  shown. I n  t h e  d iagram on t h e  bot tom one can see v e r y  c l e a r l y  
t h e  i n f l u e n c e  of t h e  ang le  of i n c i d e n c e  on t h e  parameters.  



Glazing with Blinds 

CLEAR FLOAT I 
6mm 0.07 0.39 0.54 0.25 0.B 0.21 0.29 

t h m  o m  0. a 0.65 0.2s 0.07 0.21 0.28 

Double window with 6mm dear float inner and blind between panes 
~ w L . D 1 ~  

OUTERGLASS 
SF 

Dlrm T-1 
Tram- R c W -  Ahurpl- T m  

mmanm urs anor mnt- 

0.7 
Total Transmimnoc 

0.2 0.8 

0.9 

0 I U 
o a m a a w @ m ~ ~  

SC 

Shm Long Ta.1 
warrkngth warrkgh  

~ ~~ ~ - 

S P E C ~ R ~ ~ ~ ~ ~ A T  
bnmSlIM(Bmnn) 0.0s 0.25 0.70 021 

ANTISUN FLOAT 
6mm TU62 (Green) 0.04 0.16 0.80 0.21 
6mm41161 (Greg) 0.04 0.15 0.81 0.21 
6mm W62 (Bmm)  0.01 0.15 0.81 0.21 

REFLECTAFLOAT 
6mm 33/53 (Silver) 0.05 0.39 0.56 OM 

SUNCOOL SLOAT 
6mm ION(Si1ver) 0.01 0.32 0.61 0.12 
6mm 20M (Silver) 0.m . 0.m 0.m 0.17 
6mm IW24(Bmnn) 0.01 0.21 0.m 0.13 
6mm M133 (Blue) 0.02 0 . n  0.76 0.16 
6mm YY39 (Blue) 0.m 0.21 0.77 0.18 

0.m 016 0.81 0.21 

F i g u r e  3: Transmiss ion r o p e r t i e s  o f  windows used i n  U n i t e d  Kingdom, 
accord ing  t o  !' 21, exemplary f o r  a  doub le  g l a z i n g  w i t h  sun- 
shad ing between t h e  panes. 

) Spec ia l  brandname o f  P i l k i n g t o n  B r o t h e r s  L td .  
Other  producers  o f f e r  s i m i l a r  p roduc ts  w i t h  analogous 
g l a z i n g  data.  

Om 0.21 0.2l 

0.M 0.22 0 . n  
0.05 0.21 0.26 
0.0s 0.21 0.26 

O M  0.18 0.23 

0.01 0.13 0.14 
0.m 0.17 0.19 
0.01 0.14 0.15 
0.m 0.16 0.18 
0.m 0.17 0.20 
0.04 0.20 0.24 



- U n i t e d  S ta tes  o f  America: 

I n  t h e  USA t h e  SC- factor  i s  predominant ly  used. As an example i n  
Table  5  SC- factors  and, i n  b racke ts ,  SF- fac to rs  a r e  compi led f o r  
v a r i o u s  i n d o o r  shading t ypes  accord ing  t o  t h e  American s tandards 

[31.  

Tab le  5: Shading c o e f f i c i e n t  (and s o l a r  f a c t o r )  f o r  combinat ions o f  
s i n g l e  and double  g l a z i n g s  w i t h  v a r i o u s  indoor  shading t ypes ,  
a c c o r d i n g  t o  181. 

glass 

single 
double 

type of indoor shading 

- ISO: - 

venetian blinds 

medium 

I n  t h e  IS0  d r a f t  [ l o ]  t h e  t o t a l  s o l a r  energy t r a n s m i s s i o n  c o e f f i -  
c i e n t  g  i s  de f ined  a s , t h e  sum of t h e  d i r e c t  s o l a r  t r a n s m i s s i o n  
c o e f f i c i e n t ,  T~ and o f  t h e  secondary hea t  t r a n s f e r  c o e f f i c i e n t  q i  
o f  t h e  g l a z i n g  towards t h e  i n s i d e ,  t h e  l a t t e r  r e s u l t i n g  f rom heat  
t r a n s f e r  by convec t ion  and longwave I R  r a d i a t i o n  o f  t h a t  p a r t  o f  
t h e  i n c i d e n t  s o l a r  r a d i a t i o n  which has been absorbed by t h e  g l a z -  
i ng 

roller shade 

I trans- 
opaque lucent 

light dark white light 



2.2 L i g h t i n g  E v a l u a t i o n  

A p a r t  f rom t h e  e n e r g e t i c  e v a l u a t i o n ,  knowledge o f  t h e  i n f l u e n c e  o f  sun- 
shading dev ices  on t h e  supp ly  o f  d a y l i g h t  f o r  a  room i s  i m p o r t a n t .  M o s t l y ,  
t h e s e  two i n f l u e n c e s  compete w i t h  each o t h e r ,  i .e. f rom t h e  e n e r g e t i c  
p o i n t  o f  v iew a  good sunshading o f t e n  d r a s t i c a l l y  reduces t h e  supp ly  o f  
d a y l i g h t  f o r  a  room and t h i s  o c c a s i o n a l l y  r e q u i r e s  a d d i t i o n a l  l i g h t i n g .  
I n  chap te r  5, d a y l i g h t i n g  s t r a t e g i e s  a r e  e x p l a i n e d  i n  d e t a i l .  For v a r i o u s  
g l a z i n g  t ypes  Tab le  6 shows t h a t  f o r  l ow  SF-values sometimes a  pronounced 
l o s s  o f  supp ly  o f  d a y l i g h t  has t o  be accepted. The s e l e c t i o n  o f  a  sunshad- 
i n g  d e v i c e  has t o  be o p t i m i z e d  by c o n s i d e r i n g  e n e r g e t i c  and l i g h t i n g  eva' lu 
a t i o n s  i n  a  way t h a t  a  r e d u c t i o n  o f  s o l a r  i r r a d i a t i o n  w i l l  n o t  r e q u i r e  
a d d i t i o n a l  l i g h t i n g .  

Tab le  6: Comparison between l i g h t  t r a n s m i s s i o n  and SF- fac to rs  o f  
d i f f e r e n t  doub le  g l a z i n g  t ypes ,  acco rd ing  t o  [ 2 ]  and, . f o r  
comparison, t h e  shading c o e f f i c i e n t  (SC) , c a l c u l a t e d  by way 
o f  eq. ( 2 )  

Double glazing with clear float inner pane (6 mm) 

Outer glass 

Clear float 

Antisun float green 

Suncool float bronze 1 6 ( 0.09 1 0.16 I 0.18 

thickness 
(mm) 

Antisun float bronze 

Antisun float bronze 

Suncool float silver 

6 
10 

6 

light 
transmittance 

6 

10 

6 

Suncool float blue 

0.76 
0.73 

0.63 

SF 

0.44 

0.29 

0.18 

6 

SC 

0.72 
0.66 

0.49 

0.83 
0.76 

0.56 

0.49 

0.38 

0.25 

0.27 0.29 I 

0.56 

0.44 

0.29 

0.33 



3. ADDITIONAL RECOMMENDATION 

I n  v a r i o u s  c o u n t r i e s  maximum window s i z e s  i n  connec t ion  w i t h  SF- fac to rs  
o f  t h e  window system a r e  i n t r o d u c e d  t o  a v o i d  summer o v e r h e a t i n g  o f  rooms. 
I n  Germany, f o r  example, a  maximum va lue  f o r  t h e  p roduc t  o f  s o l a r  f a c t o r  
SF and p r o p o r t i o n a l  window area i s  recommended [ 4 ] .  I n  Tab le  7 these  
va lues  a r e  shown i n  dependence on t h e  mass o f  t h e . i n t e r n a 1  p a r t s  o f  a  
b u i l d i n g  and t h e  p o s s i b i l i t y  o f  v e n t i l a t i o n .  I n  a t h e r  c o u n t r i e s  s i m i l a r  
procedures can be found, e.g. i n  t h e  Ne the r lands  a  g r a p h i c a l  procedure 
f o r  o f f i c e  b u i l d i n g s  [ l l ] .  

Tab le  7: Recommended maximum va lues  (SF . f)  dependent on n a t u r a l  
v e n t i l a t i o n  p o s s i b i l i t i e s  and on t h e  i n n e r  t y p e  o f  con- 
s t r u c t i o n ,  a c c o r d i n g  t o  [ 4 ]  

I heavy I 0.14 I 0.25 

inner type of 
construction 

I f = window area I (facade area inclusive window area) 

recommended maximum values (SF f) 
. 

without 
increased natural 

ventilation 

with 
increased natural 

ventilation 



4. CONCLUSION 

U s u a l l y ,  sunshading dev ices  a re  e n e r g e t i c a l l y  apprec iab le .  Here, t h e  
q u a n t i t y  o f  t h e  s o l a r  energy t r a n s m i t t e d  i s  determined i n  r e l a t i o n  t o  t h e  
s o l a r  energy i n c i d e n t  o n t o  t h e  window. Var ious f a c t o r s  a re  i n t e r n a t i o n -  
a l l y  used t o  d e s c r i b e  these phenomena, b u t  t h e  s o l a r  f a c t o r  (SF) i s  t h e  
v a l u e  which i s  most f r e q u e n t l y  used. The s p l i t t i n g  o f  t h e  SF- fac to r  i n t o  
a  v a l u e  f o r  t h e  g l a z i n g  ( g )  and i n t o  a  r e d u c t i o n  f a c t o r  f o r  t h e  sunshad- 
i n g  d e v i c e  ( z )  i s  i n c o r r e c t  f rom a  p h y s i c a l  p o i n t  o f  view. Always, 
SF- fac to rs  a r e  o n l y  v a l i d  f o r  t h e  t o t a l  u n i t  o f  g l a z i n g  i n c l u d i n g  
sunshading. Besides t h e  e n e r g e t i c  v a l u a t i o n ,  a  sunshading d e v i c e ' s  i n -  
f l u e n c e  on t h e  l i g h t i n g  performance must n o t  be neg lec ted.  A  sunshading 
d e v i c e  can n e c e s s i t a t e  a d d i t i o n a l  l i g h t i n g  which causes an i n c r e a s e  i n  
e l e c t r i c i t y  c o s t s  and i n  i n t e r n a l  hea t  loads which a r e  u n d e s i r a b l e  i n  
summer. 
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1. INTRODUCTION 

The e f f e c t i v e  use  of d a y l i g h t  suppl ied  by f e n e s t r a t i o n  i n  bu i l d ings  is 

impor tan t  t o  energy conse rva t i on  because it may r e p l a c e  o r  supplement t h e  

energy r equ i r ed  f o r  e l e c t r i c  l i g h t i n g .  Th is  presupposes  t h a t  t h e r e  is a  means 

t o  c o n t r o l  t h e  l i g h t  swi tch ing  e i t h e r  manually o r  au toma t i ca l l y .  The des ign  

of t h e  l i g h t i n g  should p rov ide  a  d i s t r i b u t i o n  and i n t e n s i t y  t h a t  a r e  

a p p r o p r i a t e  t o  t h e  v i s u a l  requirements  of t h e  space ,  bo th  f o r  t a s k  

i l l u m i n a t i o n  and f o r  gene ra l  l i g h t i n g  purposes ,  wi thout  c r e a t i n g  e i t h e r  

d i s a b i l i t y  g l a r e  from v e i l i n g  r e f l e c t i o n s  o r  d i scomfor t  g l a r e  from sou rce s  of 

exce s s ive  b r i g h t n e s s .  Th i s  de s ign  p roce s s  r e q u i r e s  t h a t  t h e  d a y l i g h t  

t r a n s m i t t i n g  p r o p e r t i e s  of windows be w e l l  unders tood.  I f  t h e s e  fundamental 

p r i n c i p l e s  of l i g h t i n g  de s ign  a r e  achieved t h e  p o t e n t i a l  energy s av ings  

th rough  l i g h t i n g  c o n t r o l  employing d i r e c t  on/off swi tch ing  o r  p r e f e r a b l y  

con t inuous  dimming can be achieved.  

There may be a d d i t i o n a l  sav ings  a t t r i b u t a b l e  t o  a  day l i gh t ed  bu i l d ing  i n  

a d d i t i o n  t o  d i r e c t  s av ings  of e l e c t r i c  l i g h t i n g  energy.  

A f r a c t i o n  of t h e  thermal  energy a s s o c i a t e d  w i th  e l e c t r i c  l i g h t i n g  w i l l  

t y p i c a l l y  be removed by t h e  bu i l d ing  coo l i ng  and v e n t i l a t i n g  system. I f  

e l e c t r i c  l i g h t i n g  energy requirements  a r e  reduced, t h e s e  a d d i t i o n a l  coo l ing  

lolads may a l s o  be reduced. The magnitudes of t h e s e  p o t e n t i a l  l oads  may a l s o  
4 

b e  reduced. The magnitudes of t h e s e  p o t e n t i a l  coo l i ng  load  s av ings  a r e  h igh ly  

dependent on t h e  i n s t a l l e d  l i g h t i n g  power d e n s i t y ,  t h e  u s e  of t h e  

f e n e s t r a t i o n  i n  t h e  bu i l d ing  and t h e  o p t i c a l  p r o p e r t i e s  of t h e  f e n e s t r a t i o n  

system, s p e c i f i c a l l y  t h e  s p e c t r a l  t r an smi t t ance  p r o p e r t i e s  and t h e  l i g h t  

d i s t r i b u t i o n  e f f e c t s .  P rope r ly  designed f e n e s t r a t i o n  can prov ide  coo l ing  load  

s av ings  bu t  t h e  combination of ove r s i z ed  f e n e s t r a t i o n  and ve ry  e f f i c i e n t  

e l e c t r i c  l i g h t i n g  systems may r e s u l t  i n  an i n c r e a s e ,  r a t h e r  t han  a  dec r ea se  

i n  coo l i ng  l oads  (of course  a  bu i l d ing  w i th  l i g h t i n g  c o n t r o l s  w i l l  always 

r e s u l t  i n  a  coo l i ng  load  lower than  t h e  i d e n t i c a l  b u i l d i n g  w i t h  i d e n t i c a l  

f e n e s t r a t i o n  bu t  wi thout  t h e  c o n t r o l s ) .  In  w in t e r  t h e  h e a t  from t h e  e l e c t r i c  

l i g h t i n g  system w i l l  reduce hea t i ng  requirements  and t h e  u s e  of d a y l i g h t  

c o n t r o l  s t r a t e g i e s  t o  reduce e l e c t r i c  l i g h t i n g  w i l l  i n c r e a s e  hea t i ng  loads .  



However, it w i l l  almost always be more c o s t  e f f i c i e n t  t o  provide t h e  heat  

requirements d i r e c t l y  through an e f f i c i e n t  c e n t r a l  heat ing system r a t h e r  than 

using l i g h t s  a s  a  source of r e s i s t a n c e  hea t .  

Since t h e  o v e r a l l  performance of t h e  f e n e s t r a t i o n  depends on a  c a r e f u l  

balance between t h e  d a y l i g h t  admit t ing p rope r t i e s  of t h e  f e n e s t r a t i o n  and t h e  

s o l a r  heat  ga ins  it is important t o  be ab le  t o  accura t e ly  c h a r a c t e r i z e  both 

e f f e c t s  f o r  any f e n e s t r a t i o n  system under a  wide range of sun and sky 

cond i t ions .  There a re  many a r c h i t e c t u r a l  design s t r a t e g i e s  t h a t  w i l l  f u r t h e r  

enhance t h e  use of day l igh t .  These include t h e  use of r e f l e c t i n g  p ro jec t ions  

and l i g h t  she lves ,  cour tyards  and a t r i a ,  e t c .  but each must be analysed and 

used wi th  appropr ia te  cau t ion  t o  ensure not  only a  sound energy saving design 

but one t h a t  achieves t h e  l i g h t i n g  design ob jec t ives  i n  terms of q u a l i t y  and 

quan t i ty .  

These i s s u e s  a r e  t r e a t e d  thoroughly i n  a  forthcoming r epor t  by t h e  CIE [ I ]  

2 .  .VISIBLE TRANSMITTANCE 

The v i s i b l e  t ransmi t tance  of a  window system is defined by weighting a  

s p e c t r a l  t ransmi t tance  funct ion  by t h e  photopic response func t ion  of t h e  eye 

[ 2 ] .  Determining t h e  window s p e c t r a l  t ransmi t tance  i s  a  rou t ine  c a l c u l a t i o n  

f o r  t h e  case of p l ana r ,  homogeneous glazing8 but becomes much more complex a s  

t h e  g laz ing  elements become more o p t i c a l l y  and geometr ica l ly  complex. 

These d i f f i c u l t i e s  a r e  shared i n  t h e  ana lys i s  of s o l a r  heat  ga in  s o  w i l l  not 

be discussed f u r t h e r  here.  A f u r t h e r  d i s t i n c t i o n  i n  analyzing day l igh t  

performance compared t o  s o l a r  heat  ga in  is t h e  i s sue  of instantaneous vs.  

t ime averaged p rope r t i e s .  Much of t h e  thermal a n a l y s i s  is performed with a  

t ime s t e p  of one hour which suggests  t h a t  hourly average s o l a r  da ta  and 

hourly average t ransmi t tance  va lues  a re  adequate. Daylight must be analysed 

from more of an instantaneous perspec t ive  s ince  t h e r e  is not  an equiva lent  t o  

' thermal s t o r a g e '  t o  j u s t i f y  longer  time averaging. In  f a c t  i n  many ins tances  

it is both p r a c t i c a l  and necessary t o  use averaged d a t a  but  t h e r e  a r e  equal ly  

in s t ances  i n  which t h e i r  use could produce s u b s t a n t i a l  e r r o r s .  



Transmittance for visible light can vary significantly compared to accepted 

values for solar transmission. This difference can be created using selective 

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 

The CIE has defined standard overcast and clear sky luminance distributions 

[3, 4 1 .  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 use. 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 t h e  c l e a r  and t h e  overcas t  s tandards  a r e  idea l ized  

condi t ions ;  not  a l l  observable f u l l  cloudy s k i e s  w i l l  match t h e  C I E  

d i s t r i b u t i o n  and it is d i f f i c u l t  t o  know i f  t hese  v a r i a t i o n s  w i l l  produce a  

s i g n i f i c a n t  v a r i a t i o n .  i n  i n t e r i o r  day l igh t  e f f e c t s .  The g r e a t e s t  p o t e n t i a l  

e r r o r  w i l l  occur  under p a r t l y  cloudy condi t ions  when t h e  sky luminance 

cond i t ions  and t h e  presence and absence of d i r e c t  sun may vary widely. 

I 

4. TRANSMITTANCE PROPERTIES OF FENESTRATION SYSTEMS 

The t ransmi t tance  p r o p e r t i e s  of f e n e s t r a t i o n  systems determine t h e  amount of 

l i g h t  t h a t  reaches t h e  bui ld ing  i n t e r i o r  and t h e  angular d i s t r i b u t i o n  of t h a t  

l i g h t .  From t h e  perspective of t h e  bui lding envelope, t h e  window is a  l i g h t  

t r ansmi t t ing  e lement .  and we tend t o  ask t h e  ques t ion ,  how much of t h e  

inc iden t  l i g h t  is t ransmi t ted?  However, from t h e  perspec t ive  of i n t e r i o r  

l i g h t i n g  a n a l y s i s ,  t h e  window is a  l i g h t  emi t t ing  su r face  and t h e  appropr ia te  

ques t ion  is,  what is t h e  candlepower d i s t r i b u t i o n  of t h e  l i g h t  source? Of 

course one of t h e  s i g n i f i c a n t  d i f f e rences  between windows and o t h e r . i n t e r i o r  

l i g h t  sources  is t h a t  t h e  window i n t e n s i t y  and d i s t r i b u t i o n  change r ap id ly  

with time over  a  wide range. 

For t h e  purposes of t h i s  d iscuss ion  we cons ider  t h e  window t o  be t h e  

c o l l e c t i o n  of e x t e r i o r  shading, g laz ing  and i n t e r i o r  shading elements.  The 

window w i l l  then  have t h r e e  d i s t i n c t  e f f e c t s .  I t  w i l l  a c t  a s  a  l i g h t  

c o l l e c t i n g  element,  a s  a  l i g h t  f i l t e r i n g  element and a s  a  l i g h t  r e d i r e c t i n g  

element. Furthermore we cons ider  here t h e  o p t i c a l  performance re'ative t o  the  

windows r o l e  only a s  a  l i g h t  source.  Window o p t i c a l  p r o p e r t i e s  w i l l  a l s o  

inf luence  t h e  occupant ' s  v i s u a l  environment i n  terms of providing a  view 

( c l e a r ,  obs t ruc ted ,  d i s t o r t e d )  and a s  a  p o t e n t i a l  source of g l a r e .  



Each of these functions 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 high 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 diffusivity 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 is enough to know 

the total transmittance of the window system. For daylighting analysis it is 

usually 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 in 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. There 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 is 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%. 



Nor add a  t h r e e  s t o r y  bui lding adjacent  and .para l le1  t o  t h e  e x i s t i n g  bui lding 

such t h a t  t h e  r o o f l i h e  forms a  cutoff  angle of 45. wi th  r e spec t  t o  t h e  

vindow. The adjacent  bui lding now obs t ruc t s  50% of t h e  sky v iev  and reduces 

t h e  use fu l  day l igh t  by an even g r e a t e r  f a c t o r  due t o  t h e  average angle of 

incidence of l i g h t  from t h e  remaining sky. I f  t h e  adjacent  bui lding is very 

dark i n  co lo r  t h e  r e f l e c t e d  sun l igh t  and sky l igh t  w i l l  be smal l ,  t hus  

r e s u l t i n g  i n  a  n e t  decrease i n  i n t e r i o r  i l luminance r e l a t i v e  t o  t h e  previous 

case.  The e f f e c t s  on indoor il luminance l e v e l s  may be even more pronounced 

s ince  lov  obs t ruc t ions  may e l iminate  t h e  d i r e c t  l i g h t  received a t  a  t a s k  

indoors even i f  t h e  o v e r a l l  e f f e c t  on incident  f l u x  is l e s s  dramatic .  Windov 

s i z e ,  shape and loca t ion ,  a s  well  a s  t a s k  loca t ion  i n  t h e  indoor shape v i l l  

in f luence  these  r e s u l t s .  

Nov consider  t h e  i d e n t i c a l  case but change t h e  adjacent  bui lding t o  a  very 

h i g h , r e f l e c t a n c e  v h i t e .  Under overcast  condi t ions  t h e  r e f l e c t e d  l i g h t  from 

t h e  white  bui lding v i l l  be l e s s  than. t h e  sky it obs t ruc t s .  However, under 

sunny condi t ions  t h e  south  fac ing  white obs t ruc t ion  could be a s  much a s  t e n  

t imes b r i g h t e r  than t h e  deep blue nor th  sky t h a t  it o b s t r u c t s ,  t hus  r a i s i n g  

day l igh t  l e v e l s  r e l a t i v e  t o  t h e  sky alone. I f  ve r o t a t e  both t h e  window and 

t h e  obs t ruc t ing  bui lding by.180' then t h e  e f f e c t  of t h e  obs t ruc t ion  changes 

again. Now t h e  obs t ruc t ion  blocks lov  angle winter  sun and allows midday 

summer sun t o  reach t h e  window. Thus t h e  e f f e c t s  of ad jacent  bui lding 

elements o r  landscaping can serve t o  increase  of decrease both t h e  f l u x  

a v a i l a b l e  a t  t h e  window and t h e  s p a t i a l  d i s t r i b u t i o n  and e f f i c i e n c y  v i t h  

which t h e  f l u x  can be e f f e c t i v e l y  u t i l i z e d  wi th in  t h e  space. 

The ground r e f l e c t e d  component can a l s o  be influenced both by design and by 

v a r i a b l e  outdoor condi t ions  over which t h e  designer  has  l i t t l e  con t ro l .  

Consider t h e  d i f f e rence  i n  ground r e f l e c t e d  l i g h t  between a  dark bare e a r t h  

and t h e  same ground covered by f r e s h  snow. In  many cold northern c l imates  

snow cover may be a  permanent p a r t  of t h e  landscape f o r  many months, i n  o t h e r  

c l imates  it may be a  highly va r i ab le  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 also note that incidence angle for ground reflected light comes from 

below the 'horizon'. For typical 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 vs. altitude angle 

from -90' to +go'. 

As a light reflecting landscape element snow introduces an additional 

difficulty due to its variable surface texture that will greatly alter its 

surface reflectance properties. We normally assume most landscape materiala 

act as diffuse sources. At least some types of snow and ice, however, will 

behave more like specular or semi-specular surfaces which should be accounted 

for in window optical properties when estimating transmittance. 

Similar effects can be expected for bodies of water adjacent to buildings. In 

both cases the light will be transmitted through the glazing at negative 

altitude angles and first strike the ceiling or walls. 
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L i s t  of symbols 

: regress ion  cons tants  

: percentage of open windows 

: heat  flow r a t e  due t o  v e n t i l a t i o n  

: a i r  flow r a t e  of f r e sh  ex te rna l  a i r  

: a i r  flow r a t e  of f r e s h  ex te rna l  a i r  

: Seasonal hea t ing  demand 

: pressure d i f f e rence  

index T = t o t a l  

W = caused by t h e  wind 

S = caused by temperature d i f f e rence  

: shape f a c t o r  or  wind pressure c o e f f i c i e n t  

: wind ve loc i ty  

index w = windward s i d e  

1 = leeward s ide  

: f r i c t i o n  speed 

: shear  s t r e s s  

: height  

: constant  of Von Karman 

Co, Zo, Hg, a ,  a ,  k : cons tan t s  

C : mass flow 

N : exponent i n  the power low' equat ion 

C : leakage c o e f f i c i e n t  

DD : number of degree-days 

n : v e n t i l a t i o n  r a t e  

s : standard devia t ion  

' 5  0 
: a i r  flow r a t e  f o r  a pressure d i f f e rence  of 50 Pa. 

( W )  

(m '/h ) 

(m3/s) 

(Wh ) 

(Pa) 



1. INTRODUCTION 

V e n t i l a t i o n  and a i r  i n f i l t r a t i o n  is a n  impor tan t  a r e a  w i t h i n  t h e  

IEA program "Energy c o n s e r v a t i o n  i n  b u i l d i n g s  and community systems".  

Within  t h e  IEA Execu t ive  Committee (Bui ld ing  and Community Systems)  

t h e r e  was an unanimous agreement t h a t  i n f i l t r a t i o n  was t h e  a r e a  abou t  

which l e a s t  was known. 

A s  a r e s u l t  of  it d i f f e r e n t  working groups  were c r e a t e d  t o  s t u d y  

t h i s  problem i n  d e t a i l  : 

IEA Annex 5 : "Air I n f i l t r a t i o n  Cen t re  (AIC)" 

IEA Annex 8 : "Human behaviour  wi th  r e g a r d  t o  v e n t i l a t i o n "  

IEA Annex 9 : "Minimum v e n t i l a t i o n  r a t e s " .  

E s p e c i a l l y  t h e  A I C  h a s  pub l i shed  a l a r g e  number of p u b l i c a t i o n s  

concern ing  v e n t i l a t i o n  and i n f i l t r a t i o n .  T h e r e f o r e ,  it is l o g i c a l  t o  

l i m i t  t h i s  c h a p t e r  and t o  r e f e r  t o  t h e s e  p u b l i c a t i o n s  f o r  t h o s e  who wish 

t o  know more of  t h i s  t o p i c .  E s p e c i a l l y  t h e  C a l c u l a t i o n  Techniques  gu ide  

C1 .I may be ve ry  h e l p f u l .  

me r e f e r e n c e  list c o n t a i n s  an  overview o f  t h e  p u b l i c a t i o n s  of t h e  

Air I n f i l t r a t i o n  C e n t r e .  The name of A I C  changed i n  1986 i n t o  Air I n f i l -  

t r a t i o n  and V e n t i l a t i o n  Cen t re  ( A I V C ) .  

I t  seems u s e f u l  t o  g i v e  i n  t h i s  i n t r o d u c t i o n  a n  overview of  t h e  rea -  

s o n s  f o r  o b t a i n i n g  v e n t i l a t i o n  l e v e l s  w i t h i n  a c e r t a i n  range.  

1.1 . Energy consumption 

S i n c e  t h e  energy  c r i s i s  of 1973 everyone h a s  become aware t h a t  

the rmal  comfort  must be p a i d  f o r  (sometimes a t  h i g h  e x p e n s e ) .  To l i m i t  

ene rgy  c o s t s  people  s t a r t e d  lower ing t h e  t empera tu re  set  p o i n t ,  r educ ing  

t h e  number of hea ted  rooms, i n s u l a t i n g  t h a i r  w a l l s  and .. improving 

t h e  a i r t i g h t n e s s  of t h e  windows by w e a t h e r s t r i p s  o r  t h e  replacement  of  

t h e  window frames.  



This r e a c t i o n  was l o g i c a l  ! 

V e n t i l a t i o n  and i n f i l t r a t i o n  i n  w i n t e r t i m e  i n v o l v e s  t h e  h e a t i n g  up of 

c o l d  e x t e r n a l  a i r .  A few s imple  c a l c u l a t i o n s  show u s  t h e  r e q u i r e d  ener -  

gy consumption : 

( f o r ' e x p l a n a t i o n  see 2 .4 )  

Suppose : 

- a n  a i r f l o w  aV = 10 m3/h 

- ei = 20°c 

- 'e = 5OC 

- D = 2500 degree-days 

+ h e a t  l o s s e s  aV - 0.34 . 10 . (20 - 5 )  W 

ov = 51 W 

Seasona l  h e a t i n g  demanb QV = 0.34 x  10 x  24 x  2500 

Q~ - 2 0 4 k W W y e a r  (MJ/year)  ( s e e 2 . 4 ) .  

1.2.  A i r  q u a l i t y  

A i r  q u a l i t y  is s t r o n g l y  r e l a t e d  t o  v e n t i l a t i o n  l e v e l s .  I n  t h e  IEA 

annex 9 "Minimum v e n t i l a t i o n  rate" t h e  d i f f e r e n t  p o l l u t a n t s  a r e  d i s c u s s e d  

i n  d e t a i l .  T h e r e f o r e  we refer t o  t h e  p u b l i c a t i o n  i n  t h a t  annex. C2.1. 

T a b l e  1 g i v e s  a  l ist  of the p o l l u t a n t s  which are ana lysed  i n  t h e  

framework of annex 9 C2.1. 

T a b l e  1 : P o l l u t a n t s  a n a l y s e d  i n  t h e  IEA-annex 9 "Minimum v e n t i l a t i o n "  

- Carbon d i o x i d e  - Tobacco smoke - Formaldehyde - B i o c i d e s  
- I o n i z i n g  r a d i a t i o n  
- Micro-organisms 
- Hydrocarbons and o t h e r  o r g a n i c  s u b s t a n c e s  
- Combustion p r o d u c t s  
- Humidity 
- Body odour 



1.3. Comfort and h e a l t h  requirements 

Although 1.2. a l s o  dea ls  with hea l th  aspec ts  we prefer  a s p e c i f i c  

paragraph f o r  t h e  more " c l a s s i c a l "  comfort and h e a l t h  requirements : 

- enough oxygen fo r  t h e  human metabolism 

- enough f r e s h  a i r  t o  avoid odours. 

I n  many cases  t h e  l a t t e r  requirement is t h e  s e v e r e s t  of a l l  t h e  require-  

ments ( inc luding  those  mentioned i n  1.2.) .  

I n  t a b l e  1 requirements and/or recommendations f o r  some coun t r i e s  a r e  

given . 

' 1 . 4 .  Draught 

Draught is i n  many cases  a cause of thermal discomfort.  

Some reasons of draughts : 

- poor a i r t i g h t n e s s  of windows and doors 

- bad adjustment of t h e  mechanical v e n t i l a t i o n  s y s t e m  

- s t ack  e f f e c t  due t o  an open s t a i r c a s e  
- ... 
I t  is important t o  emphasise t h a t  draught problems a r e n ' t  necessa r i ly  

r e l a t e d  t o  high v e n t i l a t i o n  r a t e s ,  although t h e r e  is usual ly  a cor re la-  

t i o n .  



Table 2 : Minimum ventilation rates C4.1 

: " - .. = 
No mmting 

Smking 

0.8 
dm'/% d 

1.6 
drn l l l  nl 

refers t o  . 
AWPAE 
Standards 

1.1 
dm>/% d 

2.5 
dn'lr p r r .  

10 
.id/% per*. 

8 . 3  
per*. 

1 3 . 9  
d"'/l p e n .  



1.5. Condensat ion and mould growth 

Humidity l e v e l s  i n  b u i l d i n g s  a r e  s t r o n g l y  r e l a t e d  t o  v e n t i l a t i o n  

l e v e l s .  The energy c r i s i s  has  encouraged t h e  people  t o  improve t h e  

i n s u l a t i o n  of t h e i r  b u i l d i n g s .  U n f o r t u n a t e l y ,  t h i s  is no t  a lways  done 

accord ing  t o  t h e  r u l e s  o f  good p r a c t i c e  and a l o t  of the rmal  b r i d g e s  

e x i s t s  nowadays i n  many b u i l d i n g s .  T h i s  means low s u r f a c e  t empera tu res .  

Two o t h e r  e f f e c t s ,  namely lower i n t e r n a l t e m p e r a t u r e s  i n  s e v e r a l  coun- 

t r i e s  (Uni ted  Kingdom, Belgium; ...I and a reduced v e n t i l a t i o n  r a t e  have 

r e s u l t e d  i n  an  extreme h igh  number of condensa t ion  problems. 

A c l a s s i c a l  example is t h e  replacement  of windows i n  s o c i a l  hous ing  

e s t a t e s  : 

- b e f o r e  replacement  t h e s e  most ly  smal l  houses  wi th  a h i g h  occupa t ion  

r a t e  have wooden, n o t - a i r t i g h t  windows wi th  s i n g l e  g l a z i n g .  Also a 

r a t h e r  h i g h  v e n t i l a t i o n  r a t e s .  

- a f t e r  replacement  t h e r e  a r e  p e r f e c t l y  a i r t i g h t  windows wi th  a t  l e a s t  

double  g l a z i n g .  There is no l o n g e r  an  i n d i c a t o r  of h i g h  humid i ty  

l e v e l s  (=  s u r f a c e  condensa t ion  on t h e  s i n g l e  g l a z i n g )  and t h e  improved 

a i r t i g h t n e s s  means a lower v e n t i l a t i o n  r a t e .  A s  a r e s u l t  of i t ,  many 

houses  have a f t e r  replacement  condensa t ion  problems on w a l l s .  

More in fo rmat ion  wi th  r e g a r d  t o  condensa t ion  is g i v e n  i n  t h e  chap- 

t e r  on condensa t ion .  

Remark - 
This exemple does  no t  mean t h a t  such a replacement  h a s  t o  be  avoided 

b u t  t h a t  an  o v e r a l l  approach is n e c e s s a r y ,  which i n c l u d e s  an  i n s p e c t i o n  

o f  t h e - b u i l d i n g  and a p p r o p r i a t e  in fo rmat ion  f o r  t h e  occupants .  

The importance  of condensa t ion  is i l l u s t r a t e d  by t h e  f a c t  t h a t  t h e  

I E A  h a s  o r g a n i s e d  a workshop on condensa t ion  i n  Leuven (Belgium) i n  

September 1985 C5.1. 



1.6. Conc lus ion  

T h i s  l i m i t e d  a n a l y s i s  can  be summerised a s  f o l l o w s  : 

1 )  There  a r e  r equ i rements  concern ing  t h e  v e n t i l a t i o n  l e v e l  from d i f f e r e n t  

p o i n t s  of view. However, some of t h e  r e q u i r e m e n t s  c o n f l i c t  : 

m i n i m i s a t i o n  of t h e  energy consumption and o p t i m i s a t i o n  of t h e  a i r  

q u a l i t y  c a n  no t  be provided a t  t h e  same t ime .  

A compromise has  t o  be found.  

2 )  A i r  change r a t e s  a r e  s t r o n g l y  r e l a t e d  t o  c l i m a t o l o g i c a l  c o n d i t i o n s  : 

wind s p e e d s  and t m p e r a t u r e  d i f f e r e n c e .  

One can  r e d u c e  t h i s  dependence on t h e  one  hand by making t h e  b u i l d i n g  

enve lop  a s  a i r t i g h t  a s  p o s s i b l e ,  and on t h e  o t h e r  hand by p r o v i d i n g  

' t h e  b u i l d i n g  w i t h  s p e c i a l  v e n t i l a t i o n  a r rangements  ( v e n t i l a t i o n  

g r i d s ,  f a n s , . . ) .  

T h i s  approach means t h a t  t h e  windows must be a s  a i r t i g h t  as p o s s i b l e  

(depending on t h e  c l i m a t e  and t h e  economic s i t u a t i o n ) .  

I n  t h e  framework of  t h i s  annex i t  i s  t h e r e f o r e  u s e f u l  t o  i n d i c a t e  

t h e  p h y s i c a l  p r o c e s s  of a i r  f low through components, e s p e c i a l l y  windows 

(2. ) t o  i n d i c a t e  t h e  s t a n d a r d s  and r e q u i r e m e n t s  c o n c e r n i n g  a i r t i g h t n e s s  

of window ( 3 . )  t o  r e l a t e  l a b o r a t o r y  r e s u l t s  t o  r e s u l t s  o b t a i n e d  i n  occu- 

p i e d  houses  and t o  r e l a t e  a i r t i g h t n e s s  l e v e l s  t o  p r a c t i c a l '  v e n t i l a t i o n  

r a t e s  ( 4 . ) .  

These  d i f f e r e n t  t o p i c s  w i l l  be d i s c u s s e d  i n  t h e  f o l l o w i n g  pa ragraphs .  



2. THEORY 

Air f low through b u i l d i n g  components is i n f l u e n c e d  by a l a r g e  

number of pa ramete r s  : 

- c l i m a t o l o g i c a l  d a t a  : 

. wind v e l o c i t y  

. wind d i r e c t i o n  

. o u t s i d e  t e m p e r a t u r e  

- a i r  t i g h t n e s s  of t h e  components 

- i n s i d e  t e m p e r a t u r e  

- sur round ings  

- ... 
However, under s t e a d y  s t a t e  c o n d i t i o n s  t h e  problem is very  s i m p l e  t o  

d e s c r i b e  p h y s i c a l l y  : 

- t h e r e  is t h e  p o t e n t i a l  f i e l d  : a p r e s s u r e  d i f f e r e n c e  a c r o s s  t h e  

component 

- t h e r e  a r e  t h e  v a r i o u s  d i f f e r e n t  r e s i s t a n c e s  w i t h i n  t h e  b u i l d i n g  

component t o  a i r  p e n e t r a t i o n .  

The p r e s s u r e  d i f f e r e n c e  a c r o s s  t h e  b u i l d i n g  component is d i s c u s s e d  i n  

2.1. and t h e  a i r  f low th rough  l e a k a g e  open ings  is a n a l y s e d  i n  2.2. 

2.1. The p r e s s u r e  d i f f e r e n c e  a c r o s s  b u i l d i n g  components C3.1. 

P r e s s u r e  d i f f e r e n c e  a c r o s s  components can be caused by two r e a s o n s  : 

- p r e s s u r e  d i f f e r e n c e  caused by t h e  wind : A Pw 

- p r e s s u r e  d i f f e r e n c e  caused by t empera tu re  d i f f e r e n c e s  : A Ps 

I n  fo rmula  : 

A P T S A P W +  A P s  

A PT = t o t a l  p r e s s u r e  d i f f e r e n c e .  

2.1.1. d e a l s  wi th  t h e  wind e f f e c t s ,  t h e  s t a c k  e f f e c t  is d i s c u s s e d  i n  

2.1.2.. A l i t e r a t u r e  r e f e r e n c e  w i t h  r e g a r d  t o  t h e  e f f e c t  of f l u c t u a t i n g  

p r e s s u r e s  is g iven  i n  2.1.3. and a b r i e f  summary of t h e  impact of m o l e  

c u l a r  d i f f u s i o n  i n  2.1.4. 



P r e s s u r e  d i f f e r e n c e s  a c r o s s  t h e  climatic s h i e l d  which are caused 

by t h e  wind are c a l c u l a t e d  a c c o r d i n g  t o  t h e  formula  : 

where : 

Pw is t h e  p r e s s u r e  of t h e  wind on t h e  o u t e r  s i d e  of t h e  b u i l d i n g  compo- 

n e n t  ( r e f e r e n c e  : a tmospher ic  p r e s s u r e )  (see 2.1.1.1.)  

P is t h e  p r e s s u r e  i n  t h e  d w e l l i n g  or room ( r e f e r e n c e  : a tmospher ic  p r e s -  
i 

s u r e ) .  P. is f u n c t i o n  of  t h e  d i s t r i b u t i o n  of  t h e  a i r  l e a k a g e s  and t h e  
1 

p r e s s u r e . d i s t r i b u t i o n  P around t h e  b u i l d i n g .  I t  can be  c a l c u l a t e d  by 
W 

a p p l y i n g  t h e  c o n t i n u i t y  e q u a t i o n  : t o t a l  outward flow - to ta l  inward 

f low ( f o r  t h e  whole d w e l l i n g ) .  T h i s  d e f i n i t i o n  is on ly  v a l i d  i f  
- ei - Be. 

A  l o t  of  i n f o r m a t i o n  can be found i n  t h e  p r o c e e d i n g s  of  t h e  A I C  1984 

wind p r e s s u r e  workshop C6.1. 

2.1 .1 .1 . Mind p r e s s u r e  on t h e  o u t e r  s i d e .  

The wind p r e s s u r e  on t h e  o u t e r  s i d e  of  an e lement  can be expressed  

a s  f o l l o w s  : 

pw 
= 1 / 2  p C  v 2  

P 

p : d e n s i t y  of t h e  a i r  (kg/m3) 

C  : s h a p e  f a c t o r  ( - )  (see 2.1.1.3.)  
P 

v : wind v e l o c i t y  a t  a r e f e r e n c e  h e i g h t  ( m / s ) .  

By assuming p = 1.28 kg/m3, one o b t a i n s  : 

2.1.1.2.  The wind v e l o c i t y  at a certain h e i g h t .  

I n  meteorology is t h e  windspeed measured a t  t h e  h e i g h t  o f  10 m. 

D i f f e r e n t  f o r m u l a s  e x i s t s  t o  e s t i m a t e  t h e  wind speed a t  o t h e r  h e i g h t s .  



a )  Formulas based on "Law of P r a n d t l "  

- Law of P r a n d t l  

where : 

v ( h )  : windspeed a t  h e i g h t  h  h / s )  

h  : h e i g h t  (m) 

v  * : f r i c t i o n  speed (m/s)  

T 
= J 6 where T : s h e a r  s t r e s s  (N/m2) 

6 : d e n s i t y  (kg/m '1 

k : c o n s t a n t  of  Von Karman (=  0.4) 

ho 
: e q u i v a l e n t  h e i g h t ,  which is a  f u n c t i o n  of  t h e  roughness  of 

t h e  t e r r a i n  (m) ( t a b l e  3 . ) .  

Tab le  3  : ho v a l u e s  f o r  Law of P r a n d t l  

I T e r r a i n  I 
~ p - ~  

L e e  wa te r  s u r E c e  

uncovered t e r r a i n  

g r a s s  (10 cm) 

(100 cm) 

wood 

1 urban a r e a  I 

For p r a c t i c a l  a p p l i c a t i o n s  is  t h e  fo rmula  s i m p l i f i e d  t o  : 

v  : measured windspeed : 1 0  m above t h e  t e r r a i n  (m/s)  
r e f  

c  and z : t e r r a i n  parameters  
0 0 
z : h e i g h t  above t h e  t e r r a i n .  

The, parameters  co and z a r e  a  f u n c t i o n  of t h e  environment.  
I 0 

The v a l u e s  a p p l i e d  i n  Belgium and Denmark a r e  g iven  i n  t a b l e  4 .  



Table 4 : v = vref . c 1 ~ 3 1  and 171. 
0 

0 

Class  

I 

B : c i t i e s ,  suburbs,  i n d u s t r i a l  s t a t e s ,  woods 0.23 0.30 
DK : buil t -up a rea ,  wood I 2 0 . 3  / 

I1 

The d i f f e rences  a r e  almost neg lec t fu l .  

Te r ra in  c l a s s i f i c a t i o n  

B : coas t a l  a r ea  ( 5  2 km f r m  t h e  s e a )  
DK : "smooth" t e r r a i n  : e.g. s t r e t c h e s  of water 

and moor without windbreak , . 

b) Formula of Davenport 

B : r u r a l  a rea  with indiv idual  houses and 
DK : a g r i c u l t u r a l  land with windbreak, farms 

with gardens, e t c . . .  

When HG and a a r e  funct ion  of the  roughness of the  t e r r a i n .  

Davenport proposes t h e  values mentioned i n  t a b l e  5. 

Co 

0.166 
0.17 

Table 5. : Values of a and HG (m) 

z 
0 

0.005 
0.01 

0.20 
0.19 

F l a t  land 
Suburban area  and small towns 
Center of t h e  c i t y  

0.07 
0.05 

B.R.E. E8.1 and t h e  LBL-inf i l t ra t ion  model 19.1 use t h e  same type of 

formula f o r  es t imat ing  wind speeds : 
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v  . wind veloc i ty  10 m above the  ground i n  a  f l a t  and open land ( m / s )  10 ' 
K and a  : cons tants  funct ion  of loca t ion  ( t a b l e  6 . ) .  

Table 6  : Constants i n  B.R.E.-formula 

LBL-infiltration model C9.1 C10.1 

The free-stream wind speed a t  c e i l i n g  height  V is given by : 
R 

F l a t  and open land 
Agr icul tura l  and with small obs tac le s  
Suburban area  and small towns 
Center of the  c i t y  

where : 

v 
R : free-stream speed a t  c e i l i n g  height  ( m / s )  

v 
M 

: wind speed a t  measuring s t a t i o n  (m/s) 

H~ 
: c e i l i n g  height  ( m )  

HM : height of measurement sensor (m) 

a ,Y . constants  from t a b l e  7. appropr ia te  t o  loca t ion  of measu- 
M M '  

rement s t a t i o n  

'M'~R : constants  from t a b l e  7. appropr ia te  t o  loca t ion  of bui lding 

0.68 
0.52 
0.40 
0.31 

0.17 
0.20 
0.25 
0.33 



Table 7 : Terra in  parameters f o r  Standard Terra in  Classes  

Class -7 Descript ion 

Ocean or  o ther  body of water u i t h  a t  
l e a s t  5 km of un res t r i c t ed  expanse 

F l a t  t e r r a i n  u i t h  some i s o l a t e d  obs tac le s  
(e.g. bui ld ings  o r  t r e e s  well separated 
from each o t h e r )  

Rural a reas  u i t h  low bui ld ings ,  t r e e s  
e t c . . .  

Urban, i n d u s t r i a l  or  f o r e s t  a reas  

Center of l a r g e  c i t y  (e.g. Manhattan) 

Wind v e l o c i t i e s  : 

a )  Monthly averages 

Table 8.  g ives  a s  an example the  measured average wind speed f o r  2 

l oca t ions  i n  Belgium [ 3 ] ,  Denmark C l l l  and West-Germany. 

Table 8 

Average wind speed (m/s) f o r  loca t ions  i n  Belgium (Kleine Brogel : 

r u r a l  a rea  w i t h  low bui ld ings ,  Middelkerke : Coastal a r e a ) ,  Denmark 

and West-Germany . 

Location 

Belgium 

Kleine 
Brogel 

Middelkerkl 

Denmark 

Coastal 
stations 

Inland 
stations 

West-Germar 

Wuerzburg 

D .  HOf 

~reiburg 

-- 
JAN 
- 

3.4 

5 .7 
--- 

5.5 

4.5 --- 

3.5 

4.7 

1 .8 

- 
FEB 
- 

3.4 

6 .o - 

6.1 

4.5 - 

4.1 

4.4 

3.4 
- 

MAR APR 

3.8 3.3 

6.5 5.8 

5.4 4.9 

4.2 4.2 , 3.1 3.2 2.5 3.1 

- 
JUN 

- 

2.9 

5.2 
- 

4.5 

3.8 - 

2.6 

3.0 

2.7 
- 

- 
JUL 
- 

2.7 

4.8 - 

4.5 

3 .7 - 

2.5 

2.8 

3.2 
- 

- 
NOV 
- 

3.5 

6.3 -- 

6.2 

4.1 
- 

2.5 

3.8 

2.4 

- 
DEC AV Period 



b )  D i s t r i b u t i o n  of t h e  wind v e l o c i t y  

I t  i s  important  f o r  some a p p l i c a t i o n s  t o  know t h e  time of  t h e  h e a t i n g  

season  d u r i n g  which t h e  wind speed is  h i g h e r  t h a n  a  c e r t a i n  va lue .  

F ig .  1 g i v e s  a  g r a p h i c a l  p r e s e n t a t i o n  of t h i s  i n f o r m a t i o n  f o r  t h e  

Be lg ian  s i t u a t i o n .  The t h r e e  c u r v e s  cor respond  t o  t h e  t h r e e  t y p i c a l  

a r e a s  i n  Belgium f o r  wind v e l o c i t y .  

0 ,  
I 

* 
1 2 3 L 5 6 7 8 9 10 11 12 13 vBlrn/sl 

Fig : Percen tage  of t h e  h e a t i n g  s e a s o n  d u r i n g  which t h e  wind v e l o c i t y  

i s  lower  t h a n  t h e  v a l u e  i n d i c a t e d  on t h e  x-axis.  

Curve 1 : c o a s t a l  r e g i o n  - Curve 2 : t h e  Campine and t h e  r e g i o n  between 

t h e  Samber and t h e  Maas - Curve 3 : t h e  r e s t  of t h e  Country.  



2.1.1.3. The shape factor or pressure coefficient 

The g e n e r a l  form of t h e  p r e s s u r e  c o e f f i c i e n t  f o r  a p o i n t  on a 

b u i l d i n g  is  d e f i n e d  by t h e  e q u a t i o n  [ I 2 1  

where : 

P ( 0 )  : u s u a l l y  t h e  s ta t ic  p r e s s u r e  of  t h e  f r e e  s t r e a m  w i t h o u t  t h e  

b u i l d i n g  ( P a )  

v : r e f e r e n c e  wind (m/s ) .  

2.1.1.3.1. Reference  wind C171. The c h o i c e  of  r e f e r e n c e  wind h a s  

v a r i e d  widely .  Each method h a s  i ts  advan tages  and d i s a d v a n t a g e s .  The 

d i f f e r e n t  methods a r e  o n l y  mentioned h e r e  : 

1. windspeed a t  10 meters 

a .  s i m u l t a n e o u s  mean wind 

b. m e t e o r o l o g i c a l  s t a n d a r d  wind speed  f o r  t h e  s i te .  

2. windspeed a t  roof  r i d g e  h e i g h t  upstream 

3. wind a t  c e i l i n g  h e i g h t  

4 .  g r a d i e n t  wind 

5. l o c a l  wind p r o f i l e  

6 .  a modi f i ed  l o c a l  r e f e r e n c e  p r e s s u r e .  

Fig .  2. g i v e s  an example of t h e  d i s t r i b u t i o n  of  t h e  C -va lue  based on 
P 

f u l l s c a l e  measurements C131. 

// wind a.zm/s 

F i g .  2. : C - v a l u e s  based on f u l l - s c a l e  measurements. The v a l u e s  measu- 
P 

r e d  are e n t e r e d  on each house  s u r f a c e  - walls, g a b l e ,  r o o f ,  etc... 



P r a c t i c a l  d a t a  f o r  e s t i m a t i n g  wind p r e s s u r e  c o e f f i c i e n t  a r e  g iven  i n  

t h e  c a l c u l a t i o n  t e c h n i q u e s  g u i d e ,  p u b l i s h e d  by t h e  A I C  [ l  .I 

2.1 . l .  4. Pressure differences : practical values 

2.1.1.4.1. P r e s s u r e  d i f f e r e n c e s  a c r o s s  t h e  whole b u i l d i n g .  

a )  Average v a l u e s .  

If one assumes f o r  t h e  windward s i d e  an  average  C-value Cw = 0.5  and 

f o r  t h e  leeward s i d e  C = - 0.3,  i t  i s  p o s s i b l e  t o  e s t i m a t e  t h e  
1 

average  p r e s s u r e  d i f f e r e n c e  a c r o s s  a  b u i l d i n g .  

I n  t a b l e  9. v a l u e s  a r e  g iven  f o r  t h e  Belgian s i t u a t i o n .  

Tab le  9 .  : P r e s s u r e  d i f f e r e n c e  a c r o s s  t h e  whole b u i l d i n g ,  Belgian 

s i t u a t i o n .  [31 

Cw 
- C1 = 0.8  average  s i t u a t i o n .  

- -- 

P r e s s u r e  d i f f e r e n c e  
f o r  ave rage  wind 

speed ( P a )  

-- - 

Region 

C o a s t a l  r e g i o n  

Campine + Samber-Maas 

- 

Average wind v e l o c i t y  
( m / s )  

Rest of t h e  coun t ry  

- unpro tec ted  5 . 3  - p r o t e c t e d  4.4 

- unpro tec ted  3.2 - p r o t e c t e d  2.6 

- unpro tec ted  4.4 - p r o t e c t e d  3.6 

b )  Upper l e v e l .  

An i d e a  of t h e  maximum p r e s s u r e  d i f f e r e n c e  can  be found by t a k i n g  

t h e  99.5% l e v e l .  T h i s  is t h e  wind speed  which is o n l y  0 .5  % of t h e  

t i m e  exceeded.  ~ e s u l t s  f o r  t h e  Belgian s i t u a t i o n  a r e  g iven  i n  t a b l e  

10.  



T a b l e  10 : P r e s s u r e  d i f f e r e n c e s  a c r o s s  t h e  whole b u i l d i n g  which a r e  

o n l y  exceeded i n  0.5 % of t h e  d u r a t i o n  of t h e  h e a t i n g  s e a s o n  Cw - C1 

= 0.8 

Region 
Air v e l o c i t y  I P r e s s u r e  d i f f e r e n c e  

( p a )  I 
C o a s t a l  r e g i o n  - u n p r o t e c t e  4 14.2  - p r o t e c t e d  11.4 

Campine + - u n p r o t e c t e  4 9.8 
Samber-Maas - p r o t e c t e d  7.9 

Rest of t h e  - u n p r o t e c t e d  12.7 
c o u n t r y  - p r o t e c t e d  10.2 

2.1.4.2. P r e s s u r e  d i f f e r e n c e  a c r o s s  t h e  b u i l d i n g  e lement  

The p r e s s u r e  d i f f e r e n c e  a c r o s s  a wall depends on t h e  d i s t r i b u t i o n  

l e a k a g e  of t h e  whole b u i l d i n g .  

minimum : APw + 0 

maximum : APw + p r e s s u r e  d i f f e r e n c e  a c r o s s  t h e  b u i l d i n g .  

F ig .  3. p r e s e n t s  2 d i f f e r e n t  s i t u a t i o n s  L3.1 

Facades  a and b have an 

i d e n t i c a l  a i r  t i g h t n e s s  

a 

Pa- 
Facade a is more l e a k y  t h a n  

f a c a d e  b .  



2.1 .2 .1 .  Airtight. roao with 1 opening 

Assuming a comple te ly  a i r t i g h t  room w i t h  t h e  e x c e p t i o n  of one 

opening j u s t  above t h e  f l o o r  ( f i g .  4 . ) .  1 Qr] 
Fig.  4. C3.1 

' e 
: e x t e r n a l  t e m p e r a t u r e  

@i 
: i n t e r n a l  t empera tu re  

T r i a n g l e  w i t h  a r rows  : v a r i a t i o n  of  P - i z  'ez 
w i t h  : P i z  

= i n t e r n a l  a i r  p r e s s u r e  a t  h e i g h t  z 

'ez = e x t e r n a l  a i r  p r e s s u r e  a t  h e i g h t  z.  

Other  assumpt ions  : - s t e a d y  s t a t e  c o n d i t i o n  

- T i  > Te. 

Under s t e a d y - s t a t e  c o n d i t i o n s  t h e r e  is no a i r f l o w  through t h e  opening.  

A t  t h e  h e i g h t  of  t h e  opening,  Pio - - 'eo 
( Z  = 0 ) .  For a h e i g h t  z ,  o n e  ob- 

t a i n s  : 

- P i z  = - z . p i . g  

P i  
= d e n s i t y  of  t h e  a i r  a t  t e m p e r a t u r e  T (kg/m2) 

i 
g - g r a v i t a t i o n a l  a c c e l e r a t i o n  (9.87 rn/s2) 

- P  = P  
ez  e o  

- z . p e . g  

o r ,  because  Pio - Peo : 



Conc lus ions  .: 

1 )  a room w i t h  o n l y  one  open ing  j u s t  above t h e  f l o o r  is s u b j e c t e d  t o  

o v e r p r e s s u r e  w i t h  r e s p e c t  t o  t h e  environment.  . , 

2 t h e  o v e r p r e s s u r e  v a r i e s  l i n e a r l y  w i t h  t h e  h e i g h t  z, as i l l u s t r a t e d  

i n  f i g .  4. 

3)  a n  a d d i t i o n a l  opening made j u s t  under t h e  c e i l i n g  would c r e a t e  an  a ir-  

f low th rough  t h i s  open ing  from t h e  e x t e r i o r  towards  t h e  i n t e r i o r .  

2.1 2 . 2  Airtight roau with two openings 

a )  Two i d e n t i c a l  open ings ,  one  j u s t  above t h e  f l o o r ,  t h e  o t h e r  j u s t  

under t h e  c e i l i n g .  

T h i s  s i t u a t i o n  w i l l  c r e a t e  a  p r e s s u r e  p r o f i l e  a s  i l l u s t r a t e d  i n  f i g .  5.. 

The a i r  e n t e r s  t h e  room th rough  t h e  lower  open ing  and l e a v e s  i t  

through t h e  upper one. 

One h a s  : APlouer + AP = h ( p e  - p i ) ' g  (Pa)  
upper 

'e 
= e x t e r n a l  t e m p e r a t u r e  

'i 
= i n t e r n a l  t e m p e r a t u r e  

h  = v e r t i c a l  d i s t a n c e  between t h e  two openings .  

Fig .  : 5  L3.1 

) Two openings  w i t h  d i f f e r e n t  a i r  r e s i s t a n c e s  

Such a s i t u a t i o n  is p r e s e n t e d  i n  f i g .  6. 

- lower  s i d e  : l a r g e  s e c t i o n ,  small r e s i s t a n c e  

- upper s i d e  : s m a l l  s e c t i o n ,  l a r g e  r e s i s t a n c e .  

One o b t a i n s  a g a i n  : 
APlower + AP upper = h (P ,  - pi)  g  (Pa)  



'e 
: external  temperature 

: i n t e rna l  temperature 

h : v e r t i c a l  dis tance between t h e  two openings. 

Fig. 6. C3.1 

2.1.2.3. Generalisation 

1)  In a  room a t  a  higher temperature than t h e  surroundings the  ove ra l l  

driven pressure f o r  a i r  movement is : 

Ap = h ( p e  - p i )  g  (Pa) 

Values f o r  p a r e  given i n  t a b l e  11. C31.. 

Table 11 : Density of dry and sa tu ra t ed  a i r  (kg/m3) C31 

Temperature 
( O C )  

p dry a i r  
(kg/m3) 

p sa tu ra t ed  a i r  
(kg/rn3) 



2 T h i s  p r e s s u r e  w i l l  c r e a t e  an  i n f l o w  of a i r  through t h e  lower l e a k a g e  

open ings  ( c r a c k s ,  j o i n t s )  and a n  o u t f l o w  th rough  t h e  upper  l e a k a g e  

open ings .  

3 )  The o v e r a l l  p r e s s u r e  d i f f e r e n c e  i n c r e a s e s  if  t h e  v e r t i c a l  d i s t a n c e s  

h i n c r e a s e s  and i f  t h e  t e m p e r a t u r e  d i f f e r e n c e  T i  = Te i n c r e a s e s .  

4)  The fo rmula  g iven  i n  1 )  can  be t r ans fo rmed  : 

where 

- ci and G : mass f low ( k g / s )  
e - 0 and Q : volume f l o w s  ( m 3 / S )  

i e 

w i t h  G i  = G e 

e 
. T 

and Qi = 
i 

T 
e 

G T - T  
e 

T h e r e f o r e  : Ap = gh ;i;. ( 
i 

e, 
e 

Ti 

2.1.2.4. Example 

Assume : 
ei 

= 15OC, e - O°C 
e 

h = 1 m (window) 

h = 5 m ( o n e  f a m i l y  d w e l l i n g )  

h = 50 m (appar tment  b u i l d i n g )  

A p p l i c a t i o n  of t h e  fo rmula  g i v e s  : 

h - l m  Ap = 0.7 Pa 

h = 5 m  Ap = 3.3  Pa 

h = 5 0 m  bp = 33 Pa. 



During t h e  l a s t  few y e a r s  t h e  c o n t r i b u t i o n  a r i s i n g  from f l u c t u a t i n g  

flow on a i r  i n f i l t r a t i o n  has  been s t u d i e d .  A good overview of t h i s  

r e s e a r c h  i n  t h i s  f i e l d  is g iven  i n  111 

2.1.4. Molecular d i f f u s i o n  ------------------- 
According t o  17.1 and 114.1 t h e  e f f e c t  of molecular  d i f f u s i o n  i n  

p r a c t i c e  is n e g l e c t i b l e .  

2.2. Air flow th rough  l e a k a g e  openings  

I f  a p r e s s u r k  d i f f e r e n c e  is a p p l i e d  a c r o s s  a l e a k a g e  opening,  t h e  

induced a i r  flow r a t e  may be approximated by t h e  power low e q u a t i o n .  

APT : a p p l i e d  p r e s s u r e  d i f f e r e n c e  ( P a )  

C : l e a k a g e  c o e f f i c i e n t  ( m 3  s-' pabN) ( m 3  hbl  pabN) 

N : f low exponent.  

C and N a r e  determined by t h e  shape and s i z e  of  t h e  opening.  The 

exponent N v a r i e s  w i t h  t h e  f low regime a s  f o l l o w s  : 

l aminar  : N = 1  

t u r b u l e n t  : N = 0.5 

U n f o r t u n a t e l y ,  t h e  dimensions and v e l o c i t i e s  found under o r d i n a r y  condi-  

t i o n s  a r e  such  t h a t  one c a n  o n l y  s a y  t h a t  t h e r e  e x i s t s  a concave 

f u n c t i o n  t h a t  can be approximated by t h e  form g iven  above w i t h  some 

compromise N between 0.5 and 1 [151. The C -  and N-values are 

determined from measurement r e s u l t s .  



2.3. The e s t i m a t i o n  of  a i r  f l o w s  i n  b u i l d i n g s  

The two r e a s o n s  f o r  p r e s s u r e  d i f f e r e n c e s  are i n  p r a c t i c e  always 

obse rved  t o g e t h e r .  Due t o  t h e  non- l inear  r e l a t i o n s h i p  between p r e s s u r e  

d i f f e r e n c e  and a i r  f low ( s e e  2.2.)  i t  is no t  p o s s i b l e  t o  add t h e  a i r  

f lows o b t a i n e d  i n  t h e  two s e p a r a t e  sys tems .  

S e v e r a l  mathemat ica l  models have been developed f o r  e s t i m a t i n g  a i r  

f lows.  A comparison of 10 of these models  i s . d e s c r i b e d  i n  t h e  A I C  

T e c h n i c a l  Note 10 1163. 163 - 741 
T a b l e  12 shows t h e  r e s u l t s  which were o b t a i n e d  when a p p l i c a t i n g  t h e s e  

models on 3 s p e c i f i c  b u i l d i n g s  f o r  a l o t  of c l i m a t o l o g i c a l  s i t u a t i ~ n s .  



Table  12 : Comparison of c a l c u l a t e d  and measured a i r  change r a t e  [I61 

Model 

1. BSRlA 

2. NRC3 

NRC4 

3. IMG-TNO 

4. OscarFaber5 

5. British Gas6 

British Gas7 

6. NBRl 

7. IGT 

8. LBL 

9. BRE 

10. Reeves et ale 

Swiss data set 

1. 'Exposed' wind directions only. Calculation restricted. 

2. Stack effect only. 

3. BS5925pressure coefficients. 

4. NRCpressure coefficients. 

5. Component leakages only modelled. 
6. Without turbulent correcrion. 

7. With turbulent correction. 

Canadian data set 

8. First inlilrrarion measurement oldata set usedas input data 



The f i g u r e s  g ive  t h e  percentage of c a l c u l a t i o n s  of which t h e  d i f f e r e n c e  

between t h e  ca l cu la t ed  values and t h e  measured values is l e s s  than 25%. 

One can conclude t h a t  t h e s e  models a r e  a b l e  t o  give a r a t h e r  good estima- 

t i o n  of t h e  a i r  flows i n  bui ld ings .  

2.4. Energy l o s s  due t o  v e n t i l a t i o n  and seasonal  energy demand 

2.4.1. The energy l o s s e s  due t o  v e n t i l a t i o n  can be est imated by 

applying t h e  next formula : 

where : 

@ v : heat  flow r a t e  due t o  v e n t i l a t i o n  ( W )  

P : dens i ty  of t h e  incoming a i r  (kg/m3) 

c : s p e c i f i c  heat capac i ty  of t h e  incoming a i r  (J/kgm3) 

9 : i n t e r n a l  a i r  temperature (OC) 

' e 
: ex te rna l  a i r  temperature (OC) 

"AIR: a i r  flow r a t e  of f r e s h  ex te rna l  a i r  (m3/s) .  

For p r a c t i c a l  purposes t h i s  formula can be s impl i f i ed  assuming 

P = 1.23 kg/m3 ( 0  = 15OC) 

C - lOOOJ/kgK ' 

and expressing t h e  a i r  flow r a t e  i n  m3/h : 
'AIR' 

Then : 1.230 
- - 

@ V  3.600 'AIR 

= 0.34 OAIR ( B i  



2.4.2. The s e a s o n a l  h e a t i n g  demand Q, c a n  a l s o  be e s t i m a t e d .  

where : 1 = summation over  t h e  whole h e a t i n g  s e a s o n  day per  day k. 

For p r a c t i c a l  purposes  t h i s  formula  can be  s i m p l i f i e d  : 

where DD = number of degree  days.  

2.4.3. The above mentioned fo rmula  is v a l i d  i f  t h e r e  is no c o o l i n g  demand. 

If one  wants t o  t a k e  a l s o  c o o l i n g  i n t o  a c c o u n t ,  a n o t h e r  fo rmula  shou ld  

be used: 

The ASHRAE proposa l  SP 110 uses  t h e  d e f i n i t i o n  " i n f i l t r a t i o n  

degree-days" which i n c l u d e  h e a t i n g  and c o o l i n g  pe r iods .  A good 

d e s c r i p t i o n  of t h i s  method is g iven  i n  [181. 



3. MEASvRElENT TECHNIQUES C 41 

3 . 1 .  Laboratory t e s t i n g  

Tables ( i n t e r n a t i o n a l  s tandards)  and (na t ional  s tandards)  g ive  .an 

overview of s tandards concerning a i r t i g h t n e s s  of windows. The comments 

w i t h  regard t o  t h e  measurement techniques a r e  copied from the  paper of 

Mr. P. Jackman C41. 

Table 13  : In te rna t iona l  s tandards f o r  window a i r t i g h t n e s s .  

Year Organi s a t i o n  

~ n t e r n a t i o n a l  Organisa- 
t i o n  f o r  S tandardisa t ion  

T i t l e  Standard 
nr 

European Committee f o r  
s t andard i sa t ion  

Windows and door height 
windows-air permeability 
t e s t  

IS0 661 3  

Methods f o r  t e s t i n g  
windows: a i r  permeability 

1980 

EN 4 2  1975 



- 27 - 

~ a b i e  14 : Nat iona l  s t a n d a r d s  f o r  window a i r t i g h t n e s s  

Country  

Belgium 

Denmark 
. .  . 

Germany 

I t a l y  

Norway 

l e t h e r l a n d s  

leu-Zealand 

;weden 

;wi  t s e r l a n d  

IK 

USA 

Standard  
n r  

lBNB25-204 

IS (EN 42) 

)IN (EN42) 

:N 42 

IS 3206 

NEN 3660 

NZS 4211 

SS 81 81 26 

BS 5368 

BS 4315 

ASTM E283 

Year 

1977 

1976 

1976 

1976 

1974 

1975 

1979 

1983 

1976 

1968 

1973 

T i t l e  - d e s c r i p t i o n  

lethod of  t e s t i n g  windows : a i r  perme- 
~ b i l i t y  tests 

le thods  of t e s t i n g  windows : a i r  perme- 
i b i l i t y  test 

le'thods of t e s t i n g  windows : a i r  perme- 
t b i l i t y  t e s t  

(ethods of  t e s t i n g  windows : a i r  perme- 
l b i l i t y  test . . 

le thods  of t e s t i n g  windows : a i r  t ight-  
n e s s  

Windows : A i r  p e r m e a b i l i t y ,  wa te r  
t i g h t n e s s ,  r i g i d i t y  and s t r e n g t h  method 
of  t e s t  

S p e c i f i c a t i o n  f o r  performance of windows 
(appendix  9) 

Windows and d o o r s - a i r t i g h t n e s s - t e s t i n g  

Methods of t e s t i n g  windows : P a r t  1 
A i r  p e r m e a b i l i t y  t e s t  

Methods of test f o r  r e s i s t a n c e  t o  a i r  
and wa te r  p e n e t r a t i o n  : P a r t  1 : 
Windows and s t r u c t u r a l  glasket- 'glazed 
sys tems  

S tandard  t e s t  method f o r  r a t e  of  a i r  
l e a k a g e  through e x t e r i o r  windows, 
c u r t a i n  w a l l s  an  doors  

The two i n t e r n a t i o n a l  s t a n d a r d s  EN 42 and IS0 6613 a r e  v i r t u a l l y  i d e n t i c a l  

and a s  most of t h e  European member c o u n t r i e s  have adopted t h e s e  a s  t h e  

b a s i s  f o r  t h e i r  n a t i o n a l  s t a n d a r d s ,  t h e r e  is a  s u b s t a n t i a l l y  common 

approach t o  t h e  a i r  l e a k a g e  t e s t i n g  of  windows. 



S p e c i f i c a l l y ,  t he  s tandards of Belgium (NBN 825-204), Denmark (DS/EN 

421, Netherlands (NEN 3660). Norway (NS 3206), Sweden (SS 81 81 261, UK 

(BS 5368) and West Germany ( D I N  EN 42) a r e  e i t h e r  i d e n t i c a l  t o  or  

c lose ly  r e l a t e d  t o  t h e  in t e rna t iona l  versions. The windows under t e s t  

is i n s t a l l e d  over t h e  opening of a chamber by which con t ro l l ed  pressures 

a r e  applied across  t h e  window assembly. 

Before t h e  main t e s t i n g  commences, extraneous a i r  leakage from the  cham- 

ber is measured and preferably  eliminated. I n  add i t ion ,  t h r e e  pressure  

pulses a r e  applied - each of 3 seconds dura t ion  and up t o  a t  l e a s t  500 

Pa. The window is then opened and closed f i v e  times and f i n a l l y  

secured i'n t h e  closed pos i t ion .  Pressure is applied i n  s t ages  of 50, 

100, 150, 200, 300 and 100 Pa i n t e r v a l s  t h e r e a f t e r  up t o  t h e  maximum 

t e s t  pressure  d i f ference .  Then t h e  pressure is reduced t o  t h e  same 

l e v e l s  i n  r eve r se  order .  Of these  s t andards ,  t h e  Swedish version is 

unique i n  a l s o  speci fy ing  t e s t s  w i t h  pressure  d i f ferences  i n  t he  

opposi te  d i r ec t ion .  The in t e rna t iona l  and o ther  na t ional  s tandards 

include t h e  r eve r sa l  of pressure as  an option.  

The remaining s tandards  while  not s o  c l e a r l y  ak in  t o  t h e  in t e rna t iona l  

s tandards ,  spec i fy  a very s imi la r  t e s t  procedure though without the  

i n i t i a l  pressure pulsa t ions .  

The New Zealand (NZS 4211 ) ,  UK (BS 4315) and USA (ASTM E283-73) s tandards 

a r e  s p e c i f i c  i n  r equ i r ing  t h e  extraneous leakage from t h e  t e s t  chamber 

t o  be subs t r ac ted  from the  leakage r a t e  measured w i t h  t h e  window i n  

place. 

The maximum t e s t  pressures s p e c i f i e d  range from 1000 Pa  i n  BS 4315 (UK) 

t o  75 Pa i n  ASTM Standard E283-73 (USA) i f  no o ther  pressure d i f f e rence  

is designated.  



The one standard spec i f ica l ly  re la ted t o  component a i r  leakage tes t ing  

on s i t e  is A S T M \ E ~ ~ ~ - 8 1 .  I t  describes a procedure for  determining the  

a i r  leakage character is t ics  of exterior windows and doors b u t  i t  is 

s ta ted  t ha t  the  method may also be adapted for  other leakage routes i n  

the building s t ructure .  The t e s t  involves sealing a substant ia l ly  

a i r t i gh t  enclosure t o  cover the  internal  or external face  of the  window 

of door and maintaining a specified pressure difference across the 

component by supplying a i r  t o ,  or exhausting a i r  from, the  enclosure. 

The required a i r  flow r a t e  is measured and recorded a s  the leakage 

through the  canponent. The measurement and correction for  extraneous 

leakage through the  t e s t  enclosure is a l so  detailed.  



4, REVIEW OF PRESENT STANDARD VALUES C41 

4.1. I n t r o d u c t i o n  

A d e t a i l e d  overview of s t a n d a r d s  and r e q u i r m e n t s  w i t h  r e g a r d  t o  

a i r t i g h t n e s s  is g iven  i n  t h e  A I C T e c h n i c a l  Note 14 : "A r ev iew of b u i l -  

d i n g  a i r t i g h t n e s s  and v e n t i l a t i o n  s t a n d a r d s w .  [ I 9 1  

A more condensed overview was p r e s e n t e d  by M r .  P. Jackman, head 

of t h e  A I C ,  a t  t h e  5 t h  A I C  Conference  "The implementa t ion and 

e f f e c t i v e n e s s  of a i r  i n f i l t r a t i o n  s t a n d a r d s  i n  bu i ld ings" .  141 

The major  p a r t  of t h i s  paragraph is a copy of h i s  paper w i t h  r e g a r d  

t o  t h e  a i r t i g h t n e s s  of windows. 

4.2. A i r t i g h t n e s s  r equ i rements  f o r  b u i l d i n g s  : overview. [41 

Belgium : STS 52.0 

E x t e r n a l  j o i n e r y  - g e n e r a l  p r i n c i p l e s  

INL D r a f t  1983 

Canada : Measures f o r  energy c o n s e r v a t i o n  i n  new b u i l d i n g s  

A s s o c i a t e  Committee on t h e  N a t i o n a l  B u i l d i n g  Code 

Na t iona l  Research Counc i l  of Canada, no  16574, 

Ot tawa,  1978 

N e t h e r l a n d s  : NEN 3661 

Windows : Air p e r m e a b i l i t y ,  wa te r  t i g h t n e s s ,  

r i g i d i t y  and s t r e n g t h  

Requirements 

Ne the r lands  S t a n d a r d s  I n s t i t u t e  (NNI), 1975 

New Zealand : NZS 4211 : 1979 

S p e c i f i c a t i o n  f o r  performance of  windows 

S t a n d a r d s  A s s o c i a t i o n  of New Zealand,  1979 



Norway : Chapter  54. Termal i n s u l a t i o n  and a i r t i g h t n e s s  

( r e v i s e d  1980) 

B u i l d i n g  Regu la t ions  of 1 s t  August 1969 

Royal M i n i s t r y  of Local  Government and Labour 

Sweden : 

Swit  

Chapter 33. SBN 1980. Thermal i n s u l a t i o n  and 

a i r t i g h t n e s s  

Swedish B u i l d i n g  Code w i t h  Comments 

N a t i o n a l  Swedish Board of  P h y s i c a l  P lann ing  and 

B u i l d i n g  (1981) 

S I S  81 81 03 

Windows. C l a s s i f i c a t i o n  w i t h  r e g a r d  t o  f u n c t i o n  

Swedish S t a n d a r d s  Commission, 1977 

, l a n d  : SIA 180/1 

Thermal i n s u l a t i o n  of  b u i l d i n g s  i n  w i n t e r  

Swiss  Eng ineer ing  and A r c h i t e c t u r a l  A s s o c i a t i o n ,  1980 

United BS 6375 : P a r t  1 : 1983 

Kingdom : Performance of windows. P a r t  1  : C l a s s i f i c a t i o n  f o r  

w e a t h e r t i g h t n e s s  

B r i t i s h  S t a n d a r d s  I n s t i t u t i o n ,  1983 

Uni ted  ASHRAE Standard  90-80 

S t a t e s  of Energy c o n s e r v a t i o n  i n  new b u i l d i n g  d e s i g n  

America : The American S o c i e t y  of Hea t ing ,  R e f r i g e r a t i n g  

and A i r - c o n d i t i o n i n g  Eng ineers  I n c . ,  1980 

West Germany: D I N  18055 

Windows : Air p e r m e a b i l i t y  of  j o i n t s  and d r i v i n g  

r a i n  (wa te r  t i g h t n e s s )  p r o t e c t i o n .  Requirements 

and t e s t i n g  

German S t a n d a r d s  I n s t i t u t e  (DIN), 1981. 



4.3. Whole b u i l d i n g .  C u r r e n t l y  Norway and  Sweden a r e  t h e  o n l y  c o u n t r i e s  

t h a t  have recommendations f o r  t h e  a i r t i g h t n e s s  of whole b u i l d i n g s .  

T a b u l a t e d  summaries of t h e  Norwegian and Swedish r e q u i r e n e n t s  

are g iven  below : 

I Norwegian B u i l d i n g  R e g u l a t i o n s  I 

Swedish B u i l d i n g  Code 

B u i l d i n g  t y p e  

S i n g l e  f a m i l y  d w e l l i n g s  

B u i l d i n g s  up t o  2 f l o o r s  

B u i l d i n g s  exceed ing  2 f l o o r s  

B u i l d i n g  t y p e  

Airchange r a t e / h r  a t  50 Pa 

4  

3  

195 

F r e e s t a n d i n g  s i n g l e f a m i l y  houses  
and l i n k e d  houses  

Other  r e s i d e n t i a l  b u i l d i n g s  of 
no t  more t h a n  2 s t o r e y s  

Resi d e n t i  a 1  b u i l d 1  ngs of 3  o r  
more s t o r e y s  

Airchange r a t e / h r  a t  50 Pa 

The Swedish s p e c i f i c a t i o n s  a r e  t h e  more s t r i n g e n t .  

4.4. Windows. The s t a n d a r d s  of s e v e r a l  c o u n t r i e s  s p e c i f y  t h e  maximum a l l o w a b l e  

l e a k a g e  of windows w i t h  s a n e  g r a d i n g  a c c o r d i n g  t o  a p p l i c a t i o n .  I n  o t h e r s ,  a  

l e a k a g e  c l a s s i f i c a t i o n  sys tem is d e t a i l e d  bu t  w i t h  no r e f e r e n c e  t o  a c c e p t a b i l i t y  

f o r  p a r t i c u l a r  uses .  

The f o l l o w i n g  l is t  summarises t h e  r e q u i r e n e n t s  o r  c l a s s i f i c a t i o n s  g iven  

i n  t h e  r e l e v a n t  s t a n d a r d s .  



Be1 g i  um : Standard  STS 52.0 

Maximum r a t e  of l e a k a g e  a t  100 Pa f o r  

different grades  of window 

1 Window c l a s s i f i c a t i o n  

PA2 

Canada : 

Nether lands  : 

Exposure l e v e l  - h e i g h t  of b u i l d i n g  
i n  which window is s i t u a t e d  ( m )  

Air l e a k a g e  ma/h p e r  meter  
(dm3/s m) 

Measures f o r  energy c o n s e r v a t i o n  i n  new 

b u i l d i n g s  

A i r  l e a k a g e  of windows i s  no t  t o  exceed 0.755 

dm3/s p e r  meter of j o i n t  a t  a  75 Pa p r e s s u r e  d i f f e r e n t i a l  

0-1 0 

6 
(1 .67)  

S t a n d a r d  NEN 3661 

T e s t  p r e s s u r e s  f o r  d i f f e r e n t  window c a t e g o r i e s  f o r  

which a i r  l e a k a g e  must no t  exceed 5 dm3/s m .  

10-1 8 

3 
(0 .83)  

Height  of b u i l d i n g  i n  which I Exposure 
window, is  s i t u a t e d  (m) 

>18 

2 
(0 .56)  

P r e s s u r e  
d i f f e r e n c e  Pa I 

Normal 
Normal 
Normal 
Coast  
Coast  
Coast  



New Zealand : Standards NZS 4211 

The r a t e , o f  leakage a t  a l l  t e s t  pressure d i f f e rences  

up t o  150 Pa s h a l l  not exceed those  i n  t h e  Table below. 

Norway : Norwegian Building Regulations - Chapter 54 

Grade 

A 
B 
C 

Windows s h a l l  be s u f f i c i e n t l y  a i r t i g h t  s o  t h a t  a i r  leakage 

a t  a pressure d i f f e rence  of 50 Pa does not exceed 

1.7 mJ/h m 2  (0.47 dms/s m a )  

Sweden : %POPICP-%-1%!? 

The maximum a i r  leakage of windows is spec i f i ed  a s  follows : 

dms/s per meter of 
opening j o i  nt  

0 , 6  
2,O 
490 

dm3/s per m 2  of 
of t o t a l  window area  

2 
8 

17 

Pressure d i f f e rence  
Pa 

Leakage r a t e  m3/h m 2  (dms/s m 2 )  f o r  windows 
i n  building height  (number of f l o o r s )  



Standard SIS 81 81 03 (1 977) ..................... 

Windows a re  c l a s s i f i e d  a s  A ,  B or C and t h e  permissible  a i r  

leakage (q )  f o r  windows i n  each c l a s s  is determined by the  

equat ion : - 

q = k p 2 l 3  

.. . 

where q = a i r  leakage i n  m3/h per m 2  of window area .  

k = a c o e f f i c i e n t  (0.2 f o r  Class  A and 0.125 f o r  

c l a s s e s  B and C) 

p = pressure d i f f e rence  i n  Pa between inner  and ou te r  

su r faces  of window. 

nes corresponding t o  these c l a s s e s  have been p l o t t e d  i n  

Figure 8.  

The values quoted above from SBN 1980 coincide with c l a s s e s  B 

and C .  

Switzerland : Standard SIA 180/1 

Maximum l e a k a g e : r k t e s ' f o r  t h e  various c i a s s e s  of windows. 

Test pressure d i f f e rence  (Pa) 
Height of bui lding (m) 
Allowable c o e f f i c i e n t  of a i r  
permeabil i ty  ( m 3 h  m pa2/3) 

(drn3/s m pa2/3) 

Class  I 



USA : - 

Standard BS 6375 Part 1 

Four ca tegor i e s  a r e  s p e c i f i e d  w i t h  t h e  fol lowing t e s t  pres- 

s u r e  c l a s s i f i c a t i o n s .  The acceptable  r a t e s  of a i r  leakage a r e  

expressed graphica l ly  and a r e  shown on Figure 7. 

The standard a l s o  s p e c i f i e s  tha t  the  a i r  leakage through f ixed  

l i g h t s  s h a l l  not exceed 1 m3/h (0.28 dm9/s) per meter 

length  of the  v i s i b l e  perimeter of the  g l a s s  when t e s t e d  a t  t h e  

same pressure a s  f o r  opening l i g h t s .  

Class  

ASHRAE Standard 90-80 

Test pressure  

Leakage r a t e  of windows a t  75 Pa pressure d i f f e rence  t o  be no 

more than 0.77 dms/s per meter of sash  j o i n t .  



West Germany : Standard  D I N  18055 

The c l a s s i f i c a t i o p  of windows is as f o l l o w s  : 

Window c l a s s i f i c a t i o n  

The a i r  l e a k a g e  requ i rements  are presen ted  g r a p h i c a l l y  and 

t h e s e  have been reproduced i n  F i g u r e  7. 

T e s t  p r e s s u r e  ( P a )  up t o  

Height  of b u i l d i n g  (m) up t o  
- 

Most s t a n d a r d s  s p e c i f y  t h e  l e a k a g e s  i n  r e l a t i o n  t o  u n i t  l e n g t h  of t h e  

opening j o i n t  w h i l e  a  few s p e c i f y  them i n  t e r m s  of u n i t  window a r e a .  

Thus d i r e c t  comparison of a l l  t h e  s t a n d a r d s  is not p o s s i b l e .  

However, comparison h a s  been made i n  each of t h e  two forms by p l o t t i n g  

t h e  a l l o w a b l e  l e a k a g e  v a l u e s  o n  F i g u r e s  7 .  and 8. The p l o t  of  l e a k a g e  

expressed  

per  meter  of j o i n t  l e n g t h  show, s u r p r i s i n g l y ,  t h a t  t h e  h i g h e s t  c l a s s i -  

f i c a t i o n s  are t o  be found i n  c o u n t r i e s  having r e l a t i v e l y  mi ld  climates, 

1.e. Belgium, New Zealand and U K .  The h igh  Scand inav ian  s t a n d a r d s  are 

e v i d e n t  i n  t h e  o t h e r  f i g u r e  where t h e y  a r e  compared w i t h  t h e  New 

Zealand c l a s s i f i c a t i o n s  which a r e  expressed  i n  both  forms.  

A 

150 

8 

B 

300 

20 

C 

600 

100 

D 

unspe- 
c i f  i e d  
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~ i g u k e  7 .  : Window air  leakage rates - per in joint length 

Pressure 
d i f f e r e n c e  
(pa 

BE = Belgium 
CA = Canada 
CH = S w i t z e r l a n d  
OE = Germany 
NL = Nether lands 
NZ = New Zealand 
UK = Uni ted  Kingdom 
USA- U n i t e d  S t a t e s  of  America 

A i r  leakage ( d d / s  per  m) 



- 39 - 

Figure 8 : Window a ir  leakage rates - per m 2  window area 

Pressure 
d i f fe rence  
(Pa) 

NO = Norway 
NZ = New Zealand 
SE = Sweden 

I 
I 

0 . 1  0 .2  
I I I I ,  

0.A 0 . 6  0 .8  1 . 0  2  4  6  8 1 0  20 40 60 80 100 
A i r  leakage (dm3/s per  m2) 



A l l  t h e s e  s t a n d a r d s  assume N = 2/3. T h e r e f o r e ,  i t  is p o s s i b l e  t o  

e x p r e s s  t h e s e  c r i t e r i a  by g i v i n g  1 f i g u r e .  

T a b l e  1 5  g i v e s  t h e  a i r  f l o w s  f o r  A P = 50 Pa. T h i s  is a u s e f u l l  

v a l u e  w h i l e  t h e  b u i l d i n g  a i r t i g h t n e s s  is i n  many c o u n t r i e s  e x p r e s s e d  a s  

a v e n t i l a t i o n  r a t e  f o r  A P = 50 Pa. 

T a b l e  1 5  : Window a i r  l e a k a g e  r a t e s  (mS/h) a t  50 Pa. 

I p e r  m j o i n t  l e n g t h  I p e r  m z  window a r e a  I 
Belgium 
Canada 
Ne ther lands  
New r e a l a n d  
Norway 
Sweden 
S w i t z e r l a n d  
UK 
USA 
West-Germany 

Fig .  9 g i v e s  a v i s u a l  overview of t h e  r e q u i r e m e n t s .  They are a l l  

p r e s e n t e d  as a l l o w a b l e  l e a k a g e  r a t e s  p e r  meter j o i n t  l e n g t h .  The 

r e q u i r e m e n t s  expressed  per  m 2  window a r e a  are t rans fo rmed  t o  meter 

j o i n t  l e n g t h  by assuming 3 t o  4 m j o i n t  l e n g t h  p e r  m 2  window a r e a .  

HZ 

.N 

5 

C" 

68 

USA 

0 

F i g .  9 : Overview of t h e  r e q u i r e m e n t s  f o r  window l e a k a g e .  

8 

CAN 

NL 

17777777;1 

I - 



Fig. 10 - Measured a i r  leakage at  50 Pa [2O] . 

Table 16 - Air leakage ra te s  as a  function of pro f i l e .  

Uuminium mnder 
armircha onderbre- 
ing 

Uuminium met ter- 
nirche onderbreking 

'olyurethaan 

'VC 

GEMlDDELDE 



5.1. Measured window l e a k a g e s  i n  p r a c t i c e  

S tandard  v a l u e s  g i v e  an  i n d i c a t i o n  of good q u a l i t y  l e v e l s .  Laboratory  

and on s i t e  measurements g i v e  a b e t t e r  i d e a  of t h e  ach ieved  a i r t i g h t n e s s .  

F i r s t l y  t h e  r e s u l t s  of l a b o r a t o r y  measurements a r e  g iven  and a f t e r w a r d s  

i n  s i t u  measurements. 

5.1.1. ~ ~ ~ ~ r _ ~ ~ ~ y y - ~ _ e ~ s _ ~ r e m e n t s  

P. V e r o u g s t r a e t e  [20] h a s  a n a l y s e d  100 l a b o r a t o r y  measurements which 

have been c a r r i e d  o u t  a t  t h e  Be lg ian  Bulding Research I n s t i t u t e .  

F ig .  10. shows t h e  measured a i r  l e a k a g e  f o r  a p r e s s u r e  d i f f e r e n c e  of 50 Pa. 

The c u r v e s  a c c o r d i n g  t o  STS a r e  a l s o  p r e s e n t e d .  

The a i r  l e a k a g e  a s  a f u n c t i o n  of  p r o f i l e  and window t y p e  is g iven  i n  

t a b l e  16. 

Major c o n c l u s i o n s  : 

- 90  % o f  t h e  t e s t e d  window have an a i r  l e a k a g e  lower t h a n  1 .9  m 3 / h m  a t  

50 Pa which is r e q u i r e d  f o r  a b u i l d i n g  wi th  a t o t a l  h e i g h t  less t h a n  

1 8  in. Even 15% have an a i r  l e a k a g e  below 0 . 1 3  m 3 / h m  a t  50 Pa which is 

less t h a n  1 / 1 0  of the  a l lowed l e a k a g e  r a t e  f o r  b u i l d i n g s  h i g h e r  t h a n  

18 m .  

T h i s  c l e a r l y  i n d i c a t e s  t h a t  windows w i t h  a n  ext reme a i r t i g h t n e s s  can  

be  b u i l t .  

- A c e r t a i n  tendency of  a i r  l e a k a g e  a s  f u n c t i o n  of p r o f i l e  and window 

t y p e  can  be observed.  However, t h e  l i m i t e d  sample  number makes a 

g e n e r a l  isat i o n  r a t h e r  dangerous .  

A s  opposed t o  l a b o r a t o r y  measurements,  2 t y p e s  of l e a k a g e s  a r e  observed 

i n  p r a c t i c e  : 

- a i r  which p a s s e s  through t h e  c r a c k s  between t h e  movable and t h e  f i x e d  

p a r t s  of the  windows ( t h e  s a s h  p e r i m e t e r )  and which can  b e ' s u b j e c t  t o  

w e a t h e r s t r i p  a p p l i c a t i o n  



- a i r  which p a s s e s  through t h e  c r a c k s  between t h e  f rame and t h e  surroun-  

d i n g  w a l l .  

Van Cunst  C431 h a s  measured i n  1959 t h e  a i r t i g h t n e s s  of more t h a n . 1 0 0  

windows i n  exper imenta l  d w e l l i n g s  i n  t h e  Ne ther lands .  S i x t e e n  

d i f f e r e n t  t y p e s  were r e p r e s e n t e d .  Only t h e  l e a k a g e  through t h e  c r a c k s  

between t h e  movable and t h e  f i x e d  p a r t  was measured. 

H i s  r e s u l t s  a r e  summarized i n  t a b l e  17. 

Tab le  17 : 050-values [431 

Average 

Wooden f rames  . s i m p l e  f rame : s i n g l e  g l a z i n g  
double  g l a z i n g  . double  f rames 

The major p a r t  of t h e s e  windows d o n ' t  f u l f i l l  a t  t h e  p r e s e n t  Dutch 

requ i rements  C Q  : 4.5 t o  8.7 m3/hmI. Even t h e  average  v a l u e  is 50 

I I 
Min. 

S t e e l  frames 

T o t a l  

h l g h e r  t h a n  t h e  v a l u e  a l lowed f o r  t h e  smal l  b u i l d i n g s  i n  well p r o t e c t e d  

Max 

15.5  
4.9 

12.2 

a r e a s  . 

6.1 

11.7 

Knol l  and De C i d s  C211 have r e p o r t e d  r e s u l t s  of measurements on 21 

window sys tems  i n  Dutch houses .  

T h e i r  r e s u l t s  can be summarized a s  f o l l o w s  : 

- I n  contradiction wi th  t h e  Dutch NEN 8661 t h e  l e a k a g e  between f rame 

and s u r r o u n d i n g  w a l l  is i m p o r t a n t .  On t h e  average  : abou t  40 % of  

t h e  l e a k a g e  through t h e  c r a c k s  between movable and f l x e d  p a r t  ( p e r  

meter  l e n g t h ) .  

1.2 
1 .6  
4.3 

34 
6 

1 9  

1.4 

1 .2  

8 

34 



- A l a r g e  v a r i a t i o n  was found : The f o l l o w i n g  a i r  f lows  at  50 Pa (N - 
2/31 were  d e r i v e d  : 

c r a c k s  f  r ame/ua l l  : between 0 . 2  and  15 m S / h m  ( 1  t o  65) 

c r a c k s  f  i x e d h o v a b l e  : be tueen  1 .6  and 36  rn'/hm ( 1 t o  2 0 ) .  

40 % of t h e  t e s t e d  u indous  don* t f u l f i l l  t h e  r e q u i r e d  s t .andard .  

- A unique v a r i a t i o n  of t h e  a i r  t i g h t n e s s  a s  a  f u n c t i o n  of t h e  s e a s o n  

doesn' t e x i s t .  

5.1.3. Cpnc luggg  

As one  c o u l d  expec t  i n d i c a t e  on t h e  o n e  s i d e  l a b o r a t o r y  me&urements 

t h a t  t h e  s t a n d a r d  v a l u e s  f o r  window a i r t i g h t n e s s  are r e l a t i v e l y  e a s y  t o  

a c h i e v e  .and t h a t  even a  t e n  times h i g h e r  a i r t i g h t n e s s  is p o s s i b l e .  

On t h e  o t h e r  hand i n  s i t u  measurements show us t h a t  : 

a )  t h e  e x i s t i n g  hous ing  s t o c k  c o n t a i n s  u indous  w i t h  a l a r g e  v a r i a t i o n  

of a i r t i g h t n e s s .  A l o t  of u indous  do not a r r i v e  at  t h e  r e q u i r e d  

a i r t i g h t n e s s .  

b )  t h e  c r a c k s  between f rame and w a l l  c o n t r i b u t e  i n  many c a s e s  t o  an  

i m p o r t a n t  i n c r e a s e  of t h e  a i r  l eakage .  

5.2. B u i l d i n g  a i r t i g h t n e s s  

A good i n d i c a t i o n  of  t h e  a i r t i g h t n e s s  of b u i l d i n g  enve lopes  can  be o b t a i n e d  

from t h e  p r e s s u r i s a t i o n  t e s t  method. S e v e r a l  c o u n t r i e s  have s t a n d a r d s  f o r  

t h e  p r e s s u r i s a t i o n  test method (Sweden, Norway, Uni ted  S t a t e s ) ,  w h i l e  

Canada h a s  a  d r a f t  s t a n d a r d  and t h e  Nether lands1 s t a n d a r d  i s  i n  prepara-  

t i o n .  

The p rocedure  d i f f e r s  somewhat from one c o u n t r y  t o  a n o t h e r ,  s o  t h a t  t h e -  

r e s u l t s  a r e  no t  f u l l y  comparable : 

1 )  Canada i n c l u d e s  t h e  basement i n  t h e  house  volume even though i t is 

not hea ted .  The rest of t h e  c o u n t r i e s  u s e s  h e a t e d  v o l m e s .  

2)  When p r e s s u r e  t e s t i n g  a b u i l d i n g  i n  Canada, Norway o r  Sweden o c c u r s ,  

t h e  v e n t i l a t i o n  sys tem is s e a l e d  of t o  g e t  t h e  l e a k a g e  of t h e  

enveloppe.  



The United S t a t e s ,  United Kingdom, the Netherlands and Belgium pre fe r  

not t o  make any modifications t o  the  dwelling. 

Several count r ies  have r e s u l t s  fo r  a l a rge  number of dwellings. 

Table 18 resumes the  r e s u l t s .  

Table 18 

Country 

Belgium 

Canada 

Netherla1 

Norway 

Sweden 

United 
Kingdom 

United Si 

New Zeal .  

Local i sa t ion  
Type 

Namur 
a l l  types 

Saskatoon 
residences 

Amersfoort 
dwellings 

Random1 y 
detached dwell1 

Randmly f l a t s  

Different  types 

randomly 

3 c i t i e s  - 

Samplr 
Ref .  1 s i z e  

Average and 
tandard dev ia t io  

M i  I Max 

- 
< 1945 n-10.4 4.2 33 
1945-1960 G 4.6 2 12 
1960-1980 := 3.6 16 10 
a i r t i g h t  n= 1.5 0.3 4.7 
- ,  

n - 12 s - 4.6 3 33 

The average heated volume is between 250 and 400 m 3 .  This gives the  f o l -  . . 
lowing a i r  flows a t  50 Pa : - '50. - United S t a t e s  : n 3 20 ac/h + 050 = 5.000 . . 10.000 m '/h 

( including HVAC) 

- Belgium 

- Netherlands 

- New Zealand n = 10 ac/h + 050 = 2.500 .. 4.000 m3/h 

- Can., SW, Norway 

o lde r  dwellings ) 



- Canada new houses] 

- Sweden - 
n 2 2.5 ac /h  + 950 = 500 .. 1.500 m3/h - Norway 

new dwell ings 

5.3. Contr ibut ion of the  window leakage i n  t h e  t o t a l  bui ld ing  leakage 

I n  1.2. was indica ted  t h a t  t h e  s tandard value f o r  t h e  a i r  leakage 

of uindous a t  50 Pa v a r i e s  betueen 0.5 and 10 m'/hm. The t o t a l  length  

of t h e  cracks between t h e  movable and t h e  f ixed  uindou p a r t s  i n  most 

houses is less then 100 m, i n  a l o t  of cases  even l e s s  than 50 m. T h i s  

means . t ha t  t he  t o t a l  leakage r a t e  through t h e  uindou cracks is for  

uindous according t o  t h e  s tandard betueen 50 and 1000 m'/h a t  50 Pa. A 

comparison w i t h  t h e  values f o r  t h e  t o t a l  house i n d i c a t e  t h a t  t h e  uindou 

leakage through new uindous is on t h e  average not t h e  major path of a i r  

i n f i l t r a t i o n  i n  houses. 

A s imple c a l c u l a t i o n  f o r  a Norwegian s i n g l e  family due l l ing  b u i l t  accor- 

ding t h e  s tandards  leads  t o  t h e  same conclusion : 

- bui ld ing  : 

. requirement (4.3.) : r~~~ 5 4 h-' 

. f o r  a volume betueen 200 and 400 m'  
: $50 < 800 ... 1600 m9/h  

- uindous : 

. requirement (4.4.) : $50 5 1.7 m 3 / h m 2  

. window a rea  5 30 m 2  + $50 5 51 m'/h 

. r e l a t i v e  con t r ibu t ion  of t h e  windows 

On s i t e  measurements reveal  the  same conclusion : t he  Air I n f i l t r a t i o n  

Centre has published t h e  Technical Note A I C  16 C301, i n  which informa- 

t i o n  on leakage d i s t r i b u t i o n s  measured i n  s i t u ,  taken from papers i n  

t h e  Air I n f i l t r a t i o n  Centre 's  b ib l iographic  database AIRBASE, is 

smmarised.  

A summary of these  r e s u l t s  w i t h  regard t o  uindou (and door) leakage is  

given i n  t a b l e  19 and f i g .  11. 



Tabel 19 : Contrib. o f  windows and/or doors i n  t o t .  bui lding leakage ( 5 ) .  

Ref. 

44 

45 

46  

47 

48 

49 

50 

51 

52 

53 

54 

55 

56 

57 

58 

59 

60  

6 1 

62 

Windows a Doors a 

16, 4 

5 

11, 1 0  

22, 20, 23, 3 

18, 15, 3 

lindows + doors 

20, 22, 19, 24 
24, 22  

27 

4 0 

5 

46 - 73  

2 0 

11 

17, 23 

37 

1 5  

I 

Fig.  11 : Contrib. o f  windows and/or doors i n  t o t .  bui ld ing  leakage ( 5 ) .  

% 
Windows I Doors I Windows + 

I I Doors 
n l I 



6. PRACTICAL EXECUTION OF JOINTS B-EN WINDOW FRAMES AND MALLS - 
WEATHERSTRIPS [ 221 

6.1. In t roduct ion  

There a r e  a  number of p o s s i b i l i t i e s  i n  order  t o  ob ta in  j o i n t s  

which a r e  wel l  a i r t i g h t .  

Several  techniques a r e  described i n  "Air I n f i l t r a t i o n  con t ro l  i n  

Housingv (Swedish Council f o r  bui ld ing  research  and A I C )  [221. 

These techniques a r e  mostly based on t h e  Swedish t r a d i t i o n .  

Nevertheless  they  give a  good i n d i c a t i o n  of t h e  p o s s i b i l i t i e s  and 

l i m i t a t i o n s .  

The p a r t s  which deal  with windows a r e  represented h e r e a f t e r .  

They a r e  an i n t e g r a l  reproduct ion of t h e  information i n  t h e  handbook 

"Air i n f i l t r a t i o n  con t ro l  i n  housing". 

6.2. J o i n t s  between window (door)  franie and wall [221 

There a r e  many d i f f e r e n t  s o l u t i o n s  f o r  j o i n t s  between window o r  

door frames and wa l l s  [311. [32]. Sane of t hese  s o l u t i o n s  a r e  discus-  

sed i n  t h e  fol lowing,  and t h e  advantages and disadvantages oP t h e  respec- 

t i v e  methods a r e  given. I n  t h i s  handbook we only desc r ibe  t h e  problems 

concerning a i r t i g h t n e s s  and thermal i n s u l a t i o n  i n  t h e  j o i n t s .  

SEALING WITH MINERAL WOOL STRIPS BETWEEN FRAME A N D  WALL 

The j o i n t  is covered w i t h  a  ba t ten  and/or ad jacent  p l a s t e r .  

Fig. 12. : Mineral wool s t r i p  s e a l i n g  ~ 2 2 1  



The j o i n t  w i l l  be n e i t h e r  a i r  - nor vapour - t igh t .  A c e r t a i n  d e g r e e  of 

a i r t i g h t n e s s  can ,  however, be ach ieved  wi th  c a u l k i n g ,  p a r t i c u l a r l y  if 

m i n e r a l  wool is used.  Hard c a u l k i n g  demands e x t r a  anchorage of t h e  

f rame  t o  s t o p  it b u l g i n g  outwards .  

Cur ren t  Swedish requ i rements  f o r  energy management a r e  u s u a l l y  f u l f i l l e d .  

The method does have an advan tage  i n  t h a t  temporary  dampness if t h e  j o i n t  

is no t  c a t a s t r o p h i c  s i n c e  d r y i n g  o u t  t a k e  p l a c e  r e l a t i v e l y  unhindered.  

INTERNAL SEALING WITH MASTIC AND MINERAL WOOL CAULKING 

Wooden batten 
"Odic l 

Wooden Mineral wool Bottoming Mas t i c  
bat ten  

F ig .  13 : Two methods f o r  j o i n t i n g  w i t h  m a s t i c .  C221 

To f a c i l i t a t e  good s e a l i n g ,  i t  is recommended t h a t  t h e  j o i n t  dimension 

is 15 + 5 mm and t h e  j o i n t  is s e a l e d  w i t h  mastic. The a c t u a l  a i r t i g h t -  

n e s s  is ach ieved  w i t h  t h e  m a s t i c  which forms a n  e l a s t i c ,  t i g h t  j o i n  if 

t h e  a p p r o p r i a t e  m a s t i c  is used.  



The i n t e n d e d  purposes  of  t h e  m a s t i c  a r e  d i f f u s i o n  s e a l i n g  and a i r t i g h t -  

n e s s .  I n  some c a s e s ,  t h e  w a l l ' s  c o r r e s p o n d i n g  l a y e r s  a r e  j o i n e d  - o f t e n  

a n  a i r / v a p o u r  b a r r i e r .  The b e s t  method is t o  bake t h e  f i l m  i n t o  t h e  

j o i n t .  Mas t i c  must c l o s e  t i g h t  and a d h e r e  well t o  t h e  w a l l  and f rame 

wi thou t  s e p a r a t i n g  a s  a  r e s u l t  of movement between t h e  f rame and t h e  

w a l l .  P a r t i c u l a r  a t t e n t i o n  is p a i d  t o  j o i n t s  i n  c o r n e r s  where wedges 

and a t t achment  d e v i c e s  might remain.  

The purpose  of  t h e  bot toming s t r i p  is to  p r o v i d e  a  r e a r  b a r r i e r  t o  t h e  

mastic i n  t h e  j o i n t .  The bot toming s t r i p  is s e l e c t e d  s o  t h a t  i t  sits 

t i g h t  even if t h e  j o i n t  width  is 15  + 5  = 20 mm. Two s i z e s  of bot toming 

s t r i p  shou ld  be a v a i l a b l e  d u r i n g  i n s t a l l a t i o n  work. 

Cau lk ing  is done w i t h  m i n e r a l  wool and is s t o p p e d  abou t  15  mm from t h e  

edge  of t h e  j o i n t .  The pr ime f u n c t i o n  of c a u l k i n g  is the rmal  i n s u l a t i o n .  

C o r r e c t l y  a p p l i e d  c a u l k i n g  p r o v i d e s  good i n s u l a t i o n .  

A i r t i g h t n e s s  is s i g n i f i c a n t  i n  a  j o i n t  wi thou t  any o t h e r  s e a l i n g  b u t ,  

when compared w i t h  m a s t i c ,  is of minor impor tance  t o  t h e  t o t a l  

a i r t i g h t n e s s .  

The i n n e r  moulding is used f o r  a e s t h e t i c  r e a s o n s  and t o  cover  and 

p r o t e c t  t h e  m a s t i c .  

The o u t e r  gap l e a d s  t o  t h e  o u t s i d e  a i r .  Its most impor tan t  f u n c t i o n  is 

t o  f a c i l i t a t e  d r y i n g  t h e  a i r .  The o u t e r  moulding is i n t e n d e d  t o  p r o v i d e  

p r o t e c t i o n  a g a i n s t  d r i v i n g  r a i n .  

For t h e  j o i n t  t o  f u n c t i o n  a s  i n t e n d e d ,  i t  is assumed t h a t  s t a t e d  j o i n t  

t o l e r a n c e s  a r e  main ta ined .  

JOINTING WITH POLYURETHANE FOAM 
Wooden . Ex~anded 
botten -, poi yurethane 

OUT 1 N 

Fig .  14 : How a  p o l y u r e t h a n e  foam j o i n t  s h o u l d  be made. [22] 



The j o i n t  width shou ld  not be  l e s s  t h a n  7 mm, b e a r i n g  i n  mind t h e  a p p l i -  

c a t i o n  of t h e  foam. 

The j o i n t  has very good thermal  i n s u l a t i o n  p r o p e r t i e s  compared w i t h  

f rame t imber  and a d j a c e n t  wall m a t e r i a l .  The j o i n t  i s  normally 

s u f f i c i e n t l y  d i f f u s i o n  t i g h t  and a i r t i g h t  even when j o i n t s  a r e  

r e l a t i v e l y  wide ( ?  20 mm). 

I n  unfavourab le  c a s e s ,  t h e  j o i n t i n g  foam can p ro long  t h e  d r y i n g  time of 

t imber  t h a t  is t o o  mois t .  Foam should be a p p l i e d  t o  r e a s o n a b l y  d ry  t imber .  

I t  i s  not easy t o  a d j u s t  window frames when foam has  been a p p l i e d .  

JOINTING WITH GLASS FIBRE ENCLOSED IN THIN PLASTTC FILM 

in plosfoc folm 

Fig.  15 : A i r t i g h t n e s s  achieved w i t h  g l a s s  f i b r e  enclosed i n  t h i n  

p l a s t i c  f i l m .  C221 

Thermal i n s u l a t i o n  i n  j o i n t s  i s  provided by minera l  wool. The a c t u a l  

a i r t i g h t n e s s  (and d i f f u s i o n  s e a l )  i s  achieved through t h e  p l a s t i c  f i l m  

around t h e  i n t e r n a l  mineral  wool s t r i p .  

Good a i r t i g h t n e s s  is ach ieved  f o r  j o i n t s  between 10 and 20 mm. Po in t  

l eakage  o f t e n  o c c u r s  a t  window c o r n e r s  and around wedges. 

JOINTING WITH TSBULAR STRIP, ANGULAR STRIP, ETC. 

Mineral wool r E P D M  tube 

Fig .  1 6  : Tubular s t r i p .  [221 



J o i n t  s e a l i n g  be tueen  frame and u a l l  by u s i n g  p r o f i l e s  of EPDM rubber  

t o  p r o v i d e  t h e  a c t u a l  a i r t i g h t e n i n g  i n  t h e  j o i n t .  The gap s h o u l d  be 

be tueen  10 and 20 mm. A t  l e a s t  two d i f f e r e n t  mouulding s i z e s  a r e  

r e q u i r e d  f o r  i n s t a l l a t i o n ,  b e a r i n g  i n  mind d i f f e r e n t  t o l e r a n c e s .  To 

a c h i e v e  good a i r t i g h t n e s s ,  b o t h  frame and a d j a c e n t  w a l l  s h o u l d  be ve ry  

smooth. The t u b e  s h o u l d  not  be s t r e t c h e d  t o o  much d u r i n g  i n s t a l l a t i o n .  

P l a s t i c  films i n  t imber  w a l l s  would be j o i n e d  t o  t h e  t u b u l a r  moulding 

i n  t h e  j o i n t .  Minera l  wool p r o v i d e s  the rmal  i n s u l a t i o n  i n  t h e  j o i n t .  

JOINTING USING PLASTIC FILM 

A t e c h n i q u e  has  been developed i n  Canada where a  p l a s t i c  f i l m  s t r i p  i s  

a p p l i e d  t o  t h e  window frame w i t h  s t a p l e s  and u s i n g  g l a s s  f ib re  t a p e  and 

m a s t i c .  T h i s  p l a s t i c  f i l m  s t r i p  is j o i n e d  by o v e r l a p p i n g  and edge 

s e a l i n g  t o  t h e  p l a s t i c  f i l m  i n  t h e  u a l l .  I t  is n e c e s s a r y  t o  f i t  t h e  

p l a s t i c  s t r i p  a g a i n s t  t h e  f rame  b e f o r e  i t  is i n s t a l l e d  i n  t h e  w a l l .  S e e  

f i g u r e  17. 



Insulating sheathing _;.ST Double or 
t r lp le  glozing 1 . 

- Caulk with acoustical sealant 
and staple over gloss f i b r e  tope 

I- 150 p m  (6 mil) vapour barrier 

.? 
wallboard I I 

I ,-Interior t r im 

Coul k with acoustical sealant 
and staple with gloss f ibre  
tape I 

Note : Attach  vapour b a r r i e r  s t r i p  t o  window c a s i n g  b e f o r e  b e i n g  - 
i n s e r t e d  i n t o  rough opening.  Allow s u f f i c i e n t  m a t e r i a l  a t  

c o r n e r s  t o  f o l d  vapour b a r r i e r .  

F i g u r e  17 : Air /vapour  b a r r i e r  i n s t a l l a t i o n  a t  window (Canadian example) 



6.3. W e a t h e r s t r i p  f o r  windows and doors  [221 

T_re_es-_of -u-e_at_h_efstfi~9~?,"-t_h_e~!-uiL-di,"~~m_a~k_et 

W e a t h e r s t r i p s  i n  t h e  modern s e n s e  of t h e  term have a  r e l a t i v e l y  s h o r t  

h i s t o r y  i n  b u i l d i n g  t echno logy .  The s t r i p s  were f i rs t  made of  spun 

wool o r  c o t t o n  f i b r e .  They bea r  a  c l o s e  ressemblance  t o  a  s o f t  s t r i n g  

and o f t e n  have a  d iamete r  of 8 mm. Nowadays t h e y  a r e  a l s o  made of 

s y n t h e t i c  f i b r e s  and may have a  c o r e  of foamed p l a s t i c  o r  porous  

rubber .  S e l f - a d h e s s i v e  w e a t h e r s t r i p s  of foamed p l a s t i c  and foam s t r i p s  

were a l s o  used i n  t h e  e a r l y  days .  

N a t u r a l l y ,  t h e s e  t y p e s  of s t r i p s  caused a n  a p p r e c i a b l e  improvement i n  

a i r t i g h t n e s s  a t  t h e  time. However, i t  is a  common c h a r a c t e r i s t i c  of 

f i b r e  s t r i p s  and foam s t r i p s  t h a t  t h e y  a r e  permeable  t o  a i r  and must 

t h e r e f  o r e  be e x t e n s i v e l y  compressed t o  perform a s  i n t e n d e d .  Foam 

s t r i p s  a r e  nowadays mainly  s o l d  a s  d u s t  e x c l u d e r s  and a r e  p l a c e d  

between t h e  casement i n  doub le  g l a z e d  windows. 

The modern t y p e s  of s t r i p s  a r e  made of impermeable m a t e r i a l s  and have a  

p r o f i l e  of s u c h  d e s i g n  t h a t  t h e y  can  be deformed r e l a t i v e l y  e a s i l y  s o  

t h a t  t h e  door o r  window is e a s y  t o  c l o s e  w h i l e  p r o v i d i n g  a  s a t i s f a c t o r y  

s e a l .  The s t r i p  must a t  a l l  t imes  endeavour t o  r e g a i n  t h e i r  o r i g i n a l  

s h a p e s  ( i . e .  t h e y  must be r e s i l i e n t ) .  S t r i p s  of t h i s  t y p e  o f t e n  have a  

t u b u l a r  o r  a n g u l a r  p r o f i l e .  D i f f e r e n t  t y p e s  of s t r i p s  are shown i n  

f i g u r e  15. 

Tubular  s t r i p s  a r e  made i n  p r o f i l e  h e i g h t s  of about  5 mm upwards, and  

a n g l e  s t r i p s  abou t  7 mm upwards. The m a t e r i a l s  most c a m o n l y  used are 

s y n t h e t i c  rubber  (EPDM and c h l o r o p r e n e )  and p l a s t i c i z e d  PVC. EPDM 

probab ly  h a s  t h e  g r e a t e s t  s h a r e  of t h e  market .  S i l i c o n e  r u b b e r  is a l s o  

u s e d ,  b u t  t h i s  m a t e r i a l  is c o n s i d e r a b l y  more expens ive  t h a n  t h o s e  

ment ioned above and is t h e r e f o r e  used t o  a  l e s s  e x t e n t .  

Expanded s t r i p s ,  i .e. porous  rubber  s t r i p s  w i t h  c l o s e d  p o r e s ,  a r e  a l s o  

r e l a t i v e l y  new on t h e  market .  These  s t r i p s  must not  be compressed more 

t h a n  30 $, o r  t h e  p o r e s  may r u p t u r e .  They a r e  made i n  h e i g h t s  r a n g i n g  

from 3  mm upwards. 



F i g u r e  18. : Type8 

iWuZar s t r i p  ( O s t r i p )  with toe for nwunting i n  a 
groove. I t  i s  pressed in to  the groove 

lhbular s t r ip  (0 s t r i p )  for mounting on a f la t  surface. 
Self-adhesive, or mounted by stapling,  nail ing or gluing 

Angle s t r i p  fV s t r i p )  with toe for mounting i n  a groove. 
I t  i s  pressed into  the groove 

Angle s t r i p  fV s t r i p )  for mounting on a f l a t  surface. 
Mounted by stapling, nailing or gluing 

lhbular s t r ip  (D s t r i p )  with toe for mounting i n  a 
groove. I t  i s  pressed in to  the groove 

Ezpanded s t r i p  for mounting on a f la t  surface. Sel f -  
adhesive 

Foam s t r i p  for mounting on a f la t  surface. Se l f -  
adhesive 

Fibre s t r i p  for &mting on a f la t  surface. Mounted 
by nail ing or stapling 

of w e a t h e r s t r i p s  f o r  windows and doors .  [22] 

!ictig!tness_or_uin9ows 
1- -~ 

S t u d i e s  of a i r t i g h t n e s s  of windows have been made by Huglund & WBggren 

C331. I n  de te rmin ing  t h e  l e a k a g e  of a i r  through windows t h e  guarded pres-  

s u r e  box method was used. The m e a s u r m e n t s  were made i n  wood windows 

which had a d e s i g n  i n  conformity  w i t h  t h e  a p p r o p r i a t e  Swedish s t a n d a r d .  

Both double-glazed and t r i p l e - g l a z e d  windows were used.  The u e a t h e r -  

s t r i p s  were p laced  where t h e  casement a b u t s  on t h e  frame. The gap f o r  

t h e  w e a t h e r s t r i p s  v a r i e d  from about  2 mm t o  over  4 mm. 

The r e s u l t s  a r e  summarized i n  f i g u r e  19 .  The t y p e s  which b e s t  s a t i s f i e d  

t h e  a i r t i g h t n e s s  r e q u i r m e n t s  i n  t h e  Swedish B u i l d i n g  Code were S t r i p s  

of t u b u l a r  o r  a n g u l a r  p r o f i l e .  A p r o p e r l y  chosen expanded s t r i p  cou ld  

a l s o  p rov ide  s a t i s f a c t o r y  a i r t i g h t n e s s .  I n m o s t  c a s e s  foam and f i b r e  

s t r i p s  d i d  no t  s a t i s f y  t h e  requ i rements  s t a t e d  i n  t h e  r e g u l a t i o n s .  

The r e s u l t s  a l s o  showed t h a t  i t  was ex t remely  impor tan t  f o r  mounting t o  

be done wi th  c a r e .  A good r e s u l t  was e a s i e r  t o  r e a c h  w i t h  t u b u l a r  

s t r i p s  t h a n  w i t h  a n g u l a r  s t r i p s .  



Req. in Swqdish Building Code 
1 

Expabed strips 

I 

Angular strips 

Tubular strips 

I 
100 200 300 LOO 5M) 600 Pa 

Pressure difference 

F i g u r e  19  : Summary of  t e s t  r e s u l t s  f o r  w e a t h e r s t r i p s  i n  windows. [22] 

S t r u c t u r a l  s o l u t i o n s  .................... 

Caps between f rames o f t e n  can  be d e t e c t e d  by i n s p e c t i n g  t h e  open ing  and 

c l o s i n g  a c t i o n  and w e a t h e r s t r i p s .  Caps can  a l s o  be  d e t e c t e d  by u s i n g  a 

c a n d l e  o r  smoke, o r  by a p p l y i n g  thermography. D e t e c t i o n  is f a c i l i a t e d  

i f  t h e  room is s u b j e c t e d  t o  n e g a t i v e  p r e s s u r e .  

R e s e a l i n g  of windows and doors  s h o u l d  i n c l u d e  t h e  f o l l o w i n g  s t e p s  : 

a )  I n s p e c t  t h e  windows and doors .  Do t h e y  r e q u i r e  r e p a i n t i n g  o r  t h e  

p u t t y  r e p l a c i n g  ? 

b )  Check t h a t  t h e  casement/door can  be c l o s e d  and opened e a s i l y  and 

a d j u s t  were  n e c e s s a r y  

C )  Check t h a t  t h e  window/door f u r n i t u r e  works p r o p e r l y  and a d j u s t  and 

l u b r i c a t e  where n e c e s s a r y  

d )  Check t h a t  t h e  a i r  gap between t h e  casements  of a l l  doub le  windows/doors 

h a s  not  been rendered  i n e f f e c t i v e  a s  a  r e s u l t  of  r e p a i n t i n g  e t c . .  A 

gap of 1-2 mm is r e q u i r e d .  I f  t h e  gap between t h e  casements  is grea-  

t e r  t h a n  2 mm, 2 p rev ious  d u s t - t i g h t  s t r i p s  can  b e  f i t t e d  i n  o r d e r  

t o  r e d u c e  t h e  a i r  c i r c u l a t i o n  between t h e  panes t h e r e b y  a c h i e v i n g  

c e r t a i n  s a v i n g s  i n  energy.  



e )  Always pa in t  exposed wood su r faces  ( sur faces  which l ack  f i n i s h i n g  

coa t ,  g laz ing  p a i n t ,  e.tc.. .) before reapplying put ty and f i t t i n g  

weathers t r ipping  

f )  Se lec t  s u i t a b l e  s t r i p s  dimensions bearing i n  mind t h e  width of t h e  

gap between t h e  casement/door and frame. The s i z e  of t h e  gap when 

t h e  window/door is closed can be measured by us ing  P l a s t i c i n e  pres- 

sed  onto a  few places on t h e  r e b a t e  i n  t h e  frame. 

g)  Se lec t  the  weatherstr ipping.  When s e l e c t i n g  strips f o r  use between 

t h e  casement and t h e  door, t h e  gap width measured i n  f )  must be 

considered. When s e l e c t i n g  wea the r s t r ip s ,  s t r i p s  of s i l i c o n e  rubber 

and EPDM rubber have exhib i ted  t h e  bes t  s e a l i n g  and ageing p rope r t i e s .  

Tubular s t r i p s  provide t h e  bes t  s e a l  but angular s t r i p s  a r e  a l s o  

e f f ec t ive .  Angular s tr ips a r e  recommended f o r  doors where a  low 

c los ing  pressure is required.  

h )  The way i n  which weathers t r ips  a r e  f i t t e d  is important f o r  t h e i r  

c o r r e c t  funct ion .  Special  a t t e n t i o n  must be paid t o  t h e  corners  

where gaps o f t en  occur.  

6.4. R e t r o f i t s  i n  e x i s t i n g  bui ldings c221 

Air leakage i n  o lder  bui ldings has of ten  been found t o  be unnecesseri ly  

high, cons ider ing  t h e  requirements f o r  a i r  q u a l i t y  f o r  both hea t ing  and 

a i r  condit ioning [341. 

Considerable energy savings a r e  poss ib le  i n  many cases  using r e l a t i v e l y  

cheap and simple s e a l i n g  measures. As example of t h i s  is t h e  "House 

Doctorf s Program" c a r r i e d  out  i n  the  United S t a t e s .  Another example 

is given i n  t a b l e  20 which shows t h a t  energy consumption is lower i n  

houses i n  which good q u a l i t y  weatherstr ipping has been f i t t e d  t o  windows 

C351, C361. 

Since t h e r e  a r e  few data on t r u e  energy savings t h a t  r e s u l t  from ca r ry ing  

out  s e a l i n g  measures, t h i s  chapter only discusses t h e  measure themselves 

without considering t h e i r  cos t -e f fec t iveness .  



Problems that a r i s e  from i n a d e q u a t e  v e n t i l a t i o n  must always be c o n s i d e r e d  

when s e a l i n g  measures a r e  used i n  a  b u i l d i n g .  I n  houses  w i t h  n a t u r a l  

v e n t i l a t i o n ,  a i r  is s u p p l i e d  p a r t l y  th rough  l e a k s  i n  t h e  s t r u c t u r e  and 

p a r t l y  th rough  openab le  v e n t i l a t i o n  p r o v i s i o n s .  T h i s  limits how f a r  

s e a l i n g  measures  can be t aken  wi thou t  hav ing  t o  i n s t a l l  s p e c i a l  s u p p l y  

a i r  d e v i c e s .  

I n  houses w i t h  mechanical  exhaus t  v e n t i l a t i o n ,  t h e  i n f l u e n c e  of t h e  f a n  

has  a dominat ing e f f e c t  on t h e  amount of v e n t i l a t i o n .  Flow t h r o u g h ' t h e  

f a n  is not changed s i g n i f i c a n t l y  a s  t h e  b u i l d i n g  enve lope  is f u r t h e r  

s e a l e d .  However, t h e  n e g a t i v e  p r e s s u r e  i n  t h e  house  does  i n c r e a s e .  

T h i s  a l s o  limits how t i g h t  t h e  b u i l d i n g  s h e l l  can be  made. 

F u r t h e r  s e a l i n g  does  not  p r o v i d e  any more energy  s a v i n g s .  T h e r e  may be 

o t h e r  v a l i d  r a i s o n s ,  a p a r t  from energy s a v i n g s ,  for  s e a l i n g  t h e  b u i l d i n g ,  

e.g. d r a u g h t s  i n  occup ied  a r e a s ,  d e s i r e d  v e n t i l a t i o n  d i s t r i b u t i o n ,  see 

f i g u r e  C371. 

Houses w i t h  ba lanced  e x h a u s t  and s u p p l y  v e n t i l a t i o n  s h o u l d ,  however, be  

made a s  t i g h t  a s  p o s s i b l e  t o  a v o i d  u n n e c e s s a r i l y  v e n t i l a t i o n .  T h i s  is 

p a r t i c u l a r l y  i m p o r t a n t  i f  ene rgy  r e c o v e r y  u s i n g  a  h e a t  exchanger f i t t e d  

t o  t h e  e x h a u s t  a i r  is t o  be op t imized .  

The main p r i n c i p l e  f o r  s e a l i n g  e x i s t i n g  b u i l d i n g s  m u s t  be t o  e n s u r e  - 
t h a t  s u f f i c i e n t  bu t  no t  e x c e s s i v e  v e n t i l a t i o n  is a c h i e v e d  and t h a t  t h e  

s u p p l y  a i r  e n t e r s  t h e  b u i l d i n g  where i t  c a u s e s  t h e  l e a s t  d r a u g h t ,  c o l d  

dqwndraught or o t h e r  d i scomfor t .  If t h e s e  c r i t e r i a  a r e  f u l f i l l e d ,  t h e  
\ 

a i r t i g h t n e s s  of t h e  house  can be improved t o  t h e  e x t e n t  t h a t  is economi- 

c a l l y  and t e c h n i c a l l y  f e a s i b l e .  
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Table  20 : Average energy consumption and h e a t e d  volume w i t h  s t a n d a r d  

d e v i a t i o n s  a f t e r  r e t r o f i t  f o r  e x i s t i n g  s i n g l e - f a m i l y  houses  

i n  Sweden w i t h  d i f f e r e n t  t y p e s  of w e a t h e r s t r i p s  i n  windows. 

Almost a l l  of t h e  houses have n a t u r a l  v e n t i l a t i o n .  C221 

P r i n c i p a l  t y p e  of  Number 

casement 

W e a t h e r s t r i p s  
non-ex i s t en t  

Foamstr ips  surrounded 
w i t h  f i b r e  

F i b r e  s t r i p s  (wool o r  
c o t t o n )  

~ o & n s t r i p s ( f o a m p l a s t i c s  
wi th  open p o r e s )  

Tubu la r  s t r i p s  
( s y n t h e t i c  r u b b e r )  

Angular s t r i p s  
( s y n t h e t i c  r u b b e r )  

Expanded s t r i p s  (porous  
r u b b e r  wi th  c l o s e d  
pores  ) 

Fixed windows 
( n o t  openable)  

3nergy consumption 
a f t e r  measures 

b e i n g  under taken  
L i t r e  o i l / d w e l l i n g  

devi  a t i o l  

lea ted  volume per  
dwel l ing  

m 3  

Standard 
j e v i a t i o  



Common p o i n t s  where a i r  l e a k a g e  o c c u r s  ( a p a r t  from t h e  w a l l ,  c e i l i n g  

and f l o o r  s t r u c t u r e s  themse lves )  a r e  j o i n t s  between b u i l d i n g  s e c t i o n s  

and p e n e t r a t i o n s  i n  s t r u c t u r e s  f o r  i n s t a l l a t i o n s ,  e t c . .  

F i g u r e  2 0 . :  Flow change i n  a n  exhaus t  a i r  v e n t i l a t e d  house  when windows 

a r e  f i t t e d  w i t h  new w e a t h e r s t r i p p i n g .  The r e l a t i v e l y  

c o n s t a n t  t o t a l  f low is r e d i s t r i b u t e d  i n  p r o p o r t i o n  t o  t h e  

p r e v i o u s n e s s  of t h e  d i f f e r e n t  l e a k a g e  l o c a t i o n s .  Wind 

f o r c e s  a r e  o f t e n  o f  s u b o r d i n a t e  importance  a s  t h e  d r i v i n g  

f o r c e  of t h e  a i r  l eakage .  [221 

J o i n t s  between d i f f e r e n t  b u i l d i n g  s e c t i o n s  and between d i f f e r e n t  

m a t e r i a l s  a r e  u s u a l l y  weak p o i n t s  wi th  r e s p e c t  t o  a i r  l e a k a g e .  I n  

b u i l d i n g s  made of b r i c k  o r  c o n c r e t e ,  f o r  example, a i r  l e a k a g e  is o f t e n  

g r e a t e s t  around windows and doors  and a t  j o i n t s  between b u i l d i n g  

e l e m e n t s .  

( . . . I  
Mois tu re  s h o u l d  a l s o  be c a r e f u l l y  c o n s i d e r e d  when s e l e c t i n g  t i g h t n e s s  

measures .  
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Methods f o r  s e a l i n g  between window and door f rames i n  new houses  have 

been d e s c r i b e d  e a r l i e r .  D i f f e r e n t  t y p e s  of w e a t h e r s t r i p p i n g ,  and 

methods of  f i t t i n g  t h e s e  t o  doors  and windows, a re  d i s c u s s e d  i n  d e t a i l .  

Such methods a r e  a l s o  sometimes a p p l i c a b l e  when improving e x i s t i n g  

b u i l d i n g s .  C a r e f u l  c o n s i d e r a t i o n  of  m a t e r i a l  c h o i c e  is n e c e s s a r y  s i n c e  

many windows and doors  i n  e x i s t i n g  b u i l d i n g s  have not been des igned  f o r  

t h e  i n s t a l l a t i o n  of w e a t h e r s t r i p p i n g .  

D i f f e r e n t  t y p e s  of w e a t h e r s t r i p p i n g  i n  windows seem t o  a f f e c t  energy 

consumption i n  d i f f e r e n t  ways. 

I n v e s t i g a t i o n s  i n  s i n g l e - f a m i l y  houses  have shown t h a t  expanded a n g u l a r  

and t u b u l a r  s t r i p s  of s y n t h e t i c  rubber  (EPDM) r e s u l t  i n  lower energy con- 

sumpt ion t h a n  when w e a t h e r s t r i p p i n g  of foam and/or  f i b r e  is used [35] 

( s e e  t a b l e  20). These  r e s u l t s  were confirmed by s i g n i f i c a n c e  t e s t s  on 

t h e  d a t e  g iven  i n  t h e  t a b l e .  

There  was an  obvious  d i f f e r e n c e  i n  energy consumption between houses  

where w e a t h e r s t r i p s  d i d  not  e x i s t  and houses  where f i x e d  windows ( n o t  

openab le )  were i n s t a l l e d ,  though t h e r e  were few houses wi th  f i x e d  

windows. 

Ther r e s u l t  co r respond  well t o  t h e  r e s u l t s  of an  e a r l i e r  i n v e s t i g a t i o n  

where t h e  e f f i c i e n c y  of d i f f e r e n t  t y p e s  of w e a t h e r s t r i p s ,  i n  terms of 

a i r  l e a k a g e ,  h a s  been e v a l u a t e d  i n  l a b o r a t o r y  t e s t s  [%I. 



7. INHABITANTS BEHAVIOUR WITH RECARD TO THE USE OF WIWDOWS 

A s  mentioned i n  t h e  i n t r o d u c t i o n  i n h a b i t a n t s  behav iour  is t h e  t o p i c  of 

IEA annex 8 l t ~ u m i n  behaviour  wi th  r e g a r d  t o  v e n t i l a t i o n  C391.  his 

working group w i l l  f i n i s h  t h e i r  a c t i v i t i e s  i n  1986 and t h e  f i n a l  r e p o r t s  

w i l l  be p u b l i s h e d  e a r l y  1987. There fo re  t h i s  paragraph d i s c u s s e s  o n l y  

a f e u  t o p i c s  : 

- what is t h e  effect  of u indou opening on t h e  v e n t i l a t i o n  r a t e  and t h e  

energy  consumption ? 

- t h e  use  of  u indous  

- t h e  i n f l u e n c e  of occupancy on t h e  v e n t i l a t i o n  r a t e .  

7 .1 .  The e f f e c t  of  u indou opening on t h e  v e n t i l a t i o n  rate and t h e  energy  

consumption 

7.1 . l .  g$V&clJpc 

A d e t a i l e d  s t u d y  h a s  been c a r r i e d  o u t  i n  1980 by ing .  J.C. P h a f f ,  ing .  

W.F. De Gids ,  J . A .  Ton, P. Van de Ree, L.L.M. Van S c h i j n d e l  C401. T h i s  

pa ragraph  resumes t h e i r  conc1"sions.  

7.1.2. Dpspriet~pn-pf-&~g-e~gJgc; CQ01 

The aim u a s  t o  o b t a i n  d a t a  concern ing  t h e  v e n t i l a t i o n  rate, t h e  induced 

energy  co,nsumption"and t h e  i n t e r n a l  c l i m a t e  i f  one uindou is opened i n  

a bedroom. 

The measurements have been carried o u t  i n  t h r e e  b u i l d i n g s  s i t u a t e d  i n  3 

d i f f e r e n t  l o c a t i o n s  i n  t h e  Ne ther lands .  About 40 measurements were done 

f o r  d i f f e r e n t  t empera tu re  d i f f e r e n c e s  ( 5 ,  15OC) and wind v e l o c i t i e s  

(15..10 m / s ) .  The rooms were no t  h e a t e d  d u r i n g  t h e  measurements. 

7.1.3. Resu149 

The f o l l o u i n g  range  of magnitude u a s  measured : 

a i r  v e l o c i t y  i n  uindou opening : 0.1 - 0.5  m / s  

v e n t i l a t i o n  r a t e  : 0.2 - 25 h-' 

energy  l o s s e s  due t o  v e n t i l a t i o n  : 200 - 3000 W.  

Remark : The room volume v a r i e d  between 2 3  and 5 3  m 3 .  



The inf luence  of temperature d i f ference  and wind ve loc i ty  f o r  a  room of 

25 m 3  and an open window of 0.5 m' on the  v e n t i l a t i o n  r a t e  and t h e  

energy los ses  a r e  given i n  t a b l e s  21 and 22. 

Table 21 : Vent i la t ion  r a t e  (ac /h)  f o r  a  25 m 3  room with an open window 

(0.5 m ' ) .  

Wind ve loc i ty  

(m/s) 

Table 22 : Vent i la t ion  l o s s e s  (W) f o r  a  25 m 3  room with an open window 

(0.5 m2) 

The seasonal energy demand can a l s o  be estimated (Dutch condit ions : wind 

veloc i ty  : 5 m / s ,  temperature d i f ference  12 .. 15°C). Table 23 gives an 

Temperature d i f ference  (OC) 

Wind veloc i ty  

W s )  

ind ica t ion  of the  energy demand f o r  two 25 m'-rooms with an open window of 

0.5 m 2 .  

I S i t u a t i o n  I Windows 

15 0  

Temperature d i f ference  (OC) 

I Heating demand 
kwh/ year I 

5 

0  

Table 23 : Estimated heat ing demand f o r  two 25 m 3  - rooms with window 

(0.5 m2) 

10 

I I I 
10 5  

1 
2  
3  

15 

closed 
3  hours a  day open 
25 min.  a  day open 

100 . . 600 
1500 . . 2000 

300 . . 800 



7.2. The u s e  of  windows 

Research w i t h  r e g a r d  t o  t h e  u s e  of  windows have been c a r r i e d  o u t  by se- 

v e r a l  r e s e a r c h e r s .  I t  is a l s o  one  of t h e  t o p i c s  under i n v e s t i g a t i o n  i n  

t h e  IEA-annex 8 working group.  

Lyberg [411 and  De C i d s ,  P h a f f ,  Van Dongen and Van S c h i j n d e l  C421 came 

t o  t h e  same t y p e  of c o n c l u s i o n .  

"The weekly mean of t h e  number of open windows is s t r o n g l y  c o r r e l a t e d  

w i t h  t h e  mean o u t s i d e  t empera tu re" .  

However, t h e  formula  t h e y  d e r i v e d  is not t h e  same : 

Lyberg : H.AT = cte 1 1.8 .. 2.6 ( h y p e r b o l i c )  

De C i d s  and C i e  : H - A + B T ( l i n e a r  f u n c t i o n )  ( A  = 10, B = 0 .65) .  

w i t h  : H = p e r c e n t a g e  of open windows ( 0  .. 1 )  

T = e x t e r n a l  t e m p e r a t u r e  ( O C )  

AT = t h e  t e m p e r a t u r e  d i f f e r e n c e  between i n s i d e  and O u t s i d e  (OC) 

A q u a l i t a t i v e  comparison is g iven  i n  f i g .  21. B a s i c a l l y ,  t h e r e  is no 

fundamental  d i f f e r e n c e  f o r  t h e  r e g i o n  where t h e  measurements of De Cids  

have been c a r r i e d  o u t  ( -  5 . . 10°C). The r a t h e r  impor tan t  d i f f e r e n c e s  

f o r  T > 15OC is probab ly  caused by t h e  assumpt ion Ti = 20°C which i s n ' t  

r e a l i s t i c  f o r  Te > 15OC. 

3 -  I I I I - - 

-10  0 10 20 Te .C 

Fig .  21 - Comparison between t h e  formula  of  De C i d s  1421 and Lyberg C411. 

Assumption f o r  t h e  Lyberg-formula Ti = 20°C. 



7.3. The inf luence  of occupancy on t h e  v e n t i l a t i o n  r a t e  

Kvisgaard, Col le t  and Kure 171 have measured v e n t i l a t i o n  r a t e s  i n  25 

dwellings during periods varying between 3 and 18 days. A l l  t h e  dwel- 

l i n g s  were s i t u a t e d  i n  Denmark whose housing mass is among t h e  most 

t i g h t l y  sea led  i n  Europe. 

T h i s  research r e su l t ed  i n  the  following conclusions : 

a )  t h e  occupants' behaviour has a very considerable inf luence  on t h e  

t o t a l  a i r  change r a t e .  On average, t h e  air-change r a t e  is 3-4 times 

higher than t h e  bas ic  air-change r a t e .  An absolu te  f i g u r e  f o r  t h e  

behaviour inf luence is poss ib le  by expressing t h e  e f f e c t  a s  an abso- 

l u t e  inc rease  of t h e  v e n t i l a t i o n  r a t e .  

This is done i n  t a b l e  24. Results f o r  t h e  na tura l  ven t i l a t ed  dwel- 

l i n g s  (14) and t h e  mechanically ven t i l a t ed  ones ( 8 )  a r e  given separa- 

t e l y .  

Natural 
Mechanical 

n n B 1 MECH I " ~ O T A L  1 OCCUPANCY 1 
I I I 

s Averag s Averg. s 
I I I I I I I 

Table 24 : Summary of r e s u l t s  of measured v e n t i l a t i o n  r a t e s  (ac /h)  

Remarks : 

- t he  v e n t i l a t i o n  r a t e  nmech has been estimated i n t u i t i v e l y  w i t h  t h e  

a i d  of t h e  f i g u r e s  i n  C7.1 

- t h e  column "OCCUPANCY" respresents  the  influence of the  e f f e c t  of 

occupancy. 

T h i s  t a b l e  leads  us t o  t h e  cons ta t a t ion  t h a t  - on t h e  average - t he  

occupants increase  t h e  v e n t i l a t i o n  r a t e  with 0.3 ac/h. 

However t h e  indiv idual  r e s u l t s  vary l a r g e l y  a s  i l l u s t r a t e d  i n  f i g .  19. 



b)  There  is a  ve ry  l a r g e  s c a t t e r  i n  t h e  r e s u l t s  f o r  t h e  t a b l e  a i r -change  

rate. T h i s  is showed i n  t a b l e  25. 

I T o t a l  a i r  change r a t e  ( a c / h )  

Tab le  25 : D i s t r i b u t i o n  of measured t o t a l  a i r  change rate. 

N a t u r a l  and 
v e n t i l a t e d  

Mechanical  
v e n t i l a t e d  

T h i s  t a b l e  i n d i c a t e s  t h a t  : 

- more t h a n  50 $ of t h e  n a t u r a l  v e n t i l a t e d  d w e l l i n g s  d i d  n o t  a r r i v e  

d u r i n g  t h e  measurement p e r i o d  a t  t h e  recommended a i r -change  rate 

i n  Denmark o f  0 .5  h-I 

- A l l  t h e  mechanical  v e n t i l a t e d  d w e l l i n g s  have a v e n t i l a t i o n  r a t e  

above t h i s  recommendation. 

7.4. Conc lus ion  

0-0.25 

2 .  

T h i s  c h a p t e r  h a s  b r i e f l y  d e s c r i b e d  some r e s u l t s  o b t a i n e d  i n  t h e  f i e l d  

of human behaviour  wi th  r e g a r d  t o . v e n t i l a t i o n n .  I t  c l e a r l y  i n d i c a t e s  

t h a t  t h e  occupan t s  p lay  a n  i m p o r t a n t  r o l e  wi th  r e g a r d  t o  t h e  v e n t i l a t i o n  

of t h e i r  homes. T h i s  becomes more and more i m p o r t a n t  whi le  t h e  air- 

t i g h t n e s s  of  t h e  b u i l d i n g s  is improving r a p i d l y  i n  a  l o t  of c o u n t r i e s .  

Another a s p e c t  of t h e  i n h a b i t a n t s  behaviour  : d r a u g h t  s t r i p p i n g  h a s  n o t  

been a n a l y s e d  i n  t h i s  c h a p t e r  nor  t h e  changed behav iour  due t o  t h e  

energy  c r i s i s  wi th  r e g a r d  t o  window u s e ,  h e a t i n g  p a t t e r n s ,  ... P r a c t i c e  

i n  a l o t  of  c o u n t r i e s  i n d i c a t e s  t h a t  a  reduced v e n t i l a t i o n  p a t t e r n  

t o g e t h e r  w i t h  t h e  p resence  of  the rmal  b r i d g e s  a r e  probably  t h e  2  most 

i m p o r t a n t  r e a s o n s  f o r  t h e  l a r g e  number of  c o n d e n s a t i o n  and mould growth 

problems of t h e  l a s t  decennium. 

More i n f o r m a t i o n  concern ing  t h i s  s u b j e c t  w i l l  be  g i v e n  i n  t h e  IEA-annex 

8 p u b l i c a t i o n s  : Human behav iour  wi th  r e g a r d  t o  v e n t i l a t i o n .  

0.25-0.50 

6 

0.50-0.753.75-1 

4  

1 

.OO 

1 

4 

> 1 .OO 

1 

3 



8. HIIIDOHS IN RELATION WITH VENTILATION PROVISIONS 

There is i n  a  number of c o u n t r i e s  tendency t o  c o n s t r u c t  b u i l d i n g s  w i t h  

an  a i r t i g h t  envelope.  The r e q u i r e d  v e n t i l a t i o n  l e v e l s  a r e  ach ieved  by 

adding v e n t i l a t i o n  p r o v i s i o n s  : v e n t i l a t i o n  g r i l l s ,  v e n t i l a t i o n  chimneys,  

exhaus ted  v e n t i l a t i o n  sys tem,  balanced v e n t i l a t i o n  system. 

I n  a  number of c a s e s  t h e s e  p r o v i s i o n s  a r e  i n t e g r a t e d  i n  t h e  window 

d e s i g n .  

Two examples a r e  g iven  a s  i l l u s t r a t i o n .  

a )  V e n t i l a t i o n  g r i l l s  i n t e g r a t e d  i n  t h e  window 

a .1 .  grginary-ipgpi 

Fig .  22  shows a  g r i l l  which 1,s mounted i n  t h e  frame. 



Fig. 23 shows a g r i l l  with 2 spec ia l  features  : 

a )  thermal barrier t o  reduce the heat l o s s e s  and the condensation 

r i sks  

b)  the g l a s s  can be d i r e c t l y  mounted i n  the g r i l l  ( for  renovation 

purposes . 



a.3.  Grill w i t h  n o i s e  r e d u c t i o n  .......................... 
I n  c a s e s  w i t h  a  h igh  e x t e r n a l  n o i s e  l e v e l ,  v e n t i l a t i o n  g r i l l s  a r e  

i n  many c a s e s  undes i red  g iven  t h e  low a c o u s t i c  i n s u l a t i o n .  

However improved v e r s i o n s  e x i s t  a s  i l l u s t r a t e d  i n  f i g .  24 

b) Windows a s  p a r t  of t h e  mechanical  exhaust  system 

S e v e r a l  sys tems a r e  developed which u s e  t h e  g l a z i n g  sys tem a s  a  

f i rst  h e a t i n g  exchanger i n  o r d e r  t o  o b t a i n  a  lower h e a t i n g  demand. 

T h i s  can of c o u r s e  be combined w i t h  a  second h e a t  exchanger i f  a  

f u r t h e r  h e a t  exchange w i t h  t h e  incoming a i r  is d e s i r e d .  

Two p o s s i b i l i t i e s  a r e  i l l u s t r a t e d  i n  f i g .  25 and  f i g .  26 



F i g .  25 - Windows a s  part  o f  the mechanical exhaust system. 



Double i s o l a t i n g  g l a s s  
S i n g l e  ha rdened  and c o l o u r e d  g l a s s  
Sunshad ing  
S i n g l e  moving o r  removing g l a s s  
F l o o r  
S e l f s u p o r t i n g  f i r e p r o o f  p a n e l  
F i r e p r o o f  m a c e r i a l  
Suspended c e i l i n g  
E x t r a c t i o n  conduc t  o f  v i c i o u s  a i r  
I n s u l a t i o n  p a n e l  
O u t p u t  o f  v i c i o u s  s i r  

12. S u c t i o n  o f  f r e s h  a i r  
13 .  Luminous e l e m e n t  on e x t r a c t i o n  

conduc t s  
14. A i r  c o n d i t i o n i n g  i n s t a l l a t i o n  
15 .  I n p u t  f r e s h  a i r  
16. I n d i c e t i o n  o f  v i c i o u s  a i r  i n  

ho l low s p a c e  o f  che c u r t a i n  f a c a d e  
17 .  Heat  exchanger  f o r  e v e n t u a l  ene rey-  

r e c u p e r a t i o n  
18. S o l i d  p a n e l  

F ig .  26 - Windows a s  p a r t  o f  the  mechanical  exhaus t  system. 
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