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PREFACE 

lnternational Energy Agency 

In order to strengthen cooperation in the vital area of energy policy, an Agreement on an lnternational 
Energy Program was formulated among a number of industrialised countries in November 1974. The 
international Energy Agency (IEA) was established as an autonomous body within the Organisation for 
Economic Cooperation 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 a special arrangement. 

As one element of the lnternational Energy Program, the Participants undertake cooperative 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 Research and Development (CRD), assisted by a 
small Secretariat staff, coordinates the energy research, development, and demonstration programme. 

Energy Conservation in Buildings and Community Systems 

The lnternational Energy Agency sponsors research and development in a number of areas related to 
energy. In one of these areas, energy conservation in buildings, the IEA is sponsoring various exercises 
to predict more accurately the energy use of buildings, including comparison of existing computer 
programs, building monitoring, comparison of calculation methods, etc. The difference and similarities 
among these comparisons have told us much about the state of the art in building analysis and have led 
to further I EA sponsored research. 

Annex V Air infiltration Centre 

The IEA Executive Committee (Buildings and Community Systems) has highlighted areas where the 
level of knowledge is unsatisfactory and there was unanimous agreement that infiltration was the area 
about which least was known. An infiltration group was formed drawing experts from most progressive 
countries, their long term aim to encourage joint international research and to increase the world pool 
of knowledge on infiltration and ventilation. Much valuable but sporadic and uncoordinated research 
was already taking place and after some initial ground-work the experts group recommended to their 
executive the formation of an Air Infiltration Centre. This recommendation was accepted and proposals 
for i t s  establishment were invited internationally. 

The aims of the Centre are the standardisation of techniques, the validation of models, the catalogue 
and transfer of information, and the encouragement of research. It is intended to be a review body for 
current world research, to ensure full dissemination of this research and based on a knowledge of work 
already done to give direction and a firm basis for future research in the Participating Countries. 

The Participants in this task are Canada, Denmark, Italy, Netherlands, New Zealand, Norway, Sweden, 
Switzerland, United Kingdom and the United States. 

( i i i )  
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1 . INTRODUCTION 

Significant energy wastage can resul t  from the uncontrolled 
leakage of a i r  into buildings. The inabi l i ty  t o  reliably 
predict  the energy losses at t r ibutable  to  a i r  i n f i l t r a t ion  
led t o  the establishment of the Air Inf i l t ra t ion  Centre 
(AIC) which provides technical support t o  those engaged in 
research in th i s  specialised subject and t o  those seeking 
t o  apply the resul ts  of such research in building design 
and construction. 

The trend towards bet ter  standards of thermal insulation i n  
buildings has resulted i n  a significant proportional 
increase i n  the effect  of a i r  i n f i l t r a t ion  on energy usage. 
T h i s  in t u r n  has led t o  an increasing programme of research 
and a growing urgency f o r  the development of accurate 
methods of prediction. In this context, AIC i s  playing a 
v i t a l  role i n  providing a central source of relevant up-to- 
date information and high-quality technical expertise with 
the aim of accelerating the effective application of energy 
saving measures i n  buildings. 

2. BACKGROUND 

In the wake of the 1973/4 energy c r i s i s ,  the International 
Energy Agency (IEA) was established as an autonomous body 
w i t h i n  the Organisation f o r  Economic Co-operation and 
Development (OECD). I t s  aims include the promotion of 
co-operation among IEA participating countries t o  reduce 
excessive dependence on o i l  through energy conservation, 
development of a l ternat ive energy sources and energy 
research and development. One of the early collaborative 
research projects related t o  buildings concerned the 
evaluation of analytical models, which had been developed 
f o r  predicting energy consumption. I t  was soon apparent 
t h a t  one of the major causes of uncertainty i n  the models 
was the estimation of the energy losses at t r ibutable  t o  a i r  
i n f i l t r a t ion .  To combat t h i s  problem, the Air Inf i l t ra t ion  
Centre was s e t  up in 1979 t o  a s s i s t  the international 
research community i n  i ts  endeavour t o  improve the under- 
standing of the complex a i r  i n f i l t r a t ion  processes and so 
enable the prediction of the associated energy losses to  a 
degree of confidence a t  l e a s t  comparable w i t h  that  f o r  other 
building energy transmission. 

3.  ORGAN I SAT I ON 

The AIC i s  funded by eight  of the member countries of the 
IEA; Canada, Denmark, I t a ly ,  Netherlands, Sweden, 
Switzerland, United Kingdom and United States of America. 
The  service.^ offered by the Centre are  available only to  the 
funding nations. Other countries have shown in te res t  and i t  
is  hoped tha t  some will become participants i n  the near 
future. 



A Steering Group, comprising one representative from each 
of the participating countries, monitors and directs the 
work of the AIC with the Oscar Faber Partnership in the UK 
appointed as the Operating Agent. 

The Centre is run as an autonomous unit by the Building 
Services Research and Information Association at their 
offices in Bracknell , UK. The full-time staff include two 
qualified scientists, a librarian and a secretarial 
assistant. 

4. DESIGN DATA 

The main emphasis of the work of AIC is in relation to the 
prediction of air infiltration in buildings. For the 
design of new buildings, reliable assessments of the 
potential rates of air infiltration are required for the 
proper analysis of the seasonal and peak energy consumption 
and hence, of the economic solutions for the provision of 
heating or air conditioning. For existing buildings, the 
requirement is particularly re1 ated to the economic 
comparison of alternative measures for reducing energy 
consumption. Without a proven method of predicting air 
infiltration rates, neither the physical implications nor 
the cost-effectiveness of the options can be evaluated 
correctly. 

To meet these needs, AIC has been considering various 
important design aspects as detailed below. So far this 
work has been concerned mainly with dwellings but future 
studies will encompass commercial and industrial buildings 
as we1 1. 

4.1 Re1 iable Datasets 

The basis of acceptable design techniques should be methods 
of prediction which have been verified by comparison with 
experimentally derived results , Many, if not a1 1 , of the 
available predictive models for air infiltration have a 
very limited basis of validation and so one of the major 
activities of AIC is to collect a number of comprehensive 
sets of numerical data derived from practical studies in 
real buildings of various types, and to make these available 
for comparison with the model calculations. 

Each dataset consists of a detailed description of the 
building in question including the characteristics of the 
known air flow paths, information on the climatic conditions 
prevailing during the testing and, where possible, the 
pressures on the building surfaces. Results of leakage 
testing by pressurisation are also included. Some or all of 
this information may be used as input data depending on the 
requirements of the particular model under consideration. 
For examp1 e, some models are based on standard surface 
pressure coefficients and so the actual pressure data need 



not be used. Others may require l i t t l e  more than the 
pressurisation t e s t  results.  

The datasets also include the resul ts  of the measurement of 
a i r  inf i l t ra t ion  by t racer  gas methods so that  the 
in f i l t r a t ion  rates predicted by the models can be compared 
w i t h  the actual measured values. 

To date, fourteen se t s  of data relating to  houses and 
apartments have been evaluated and prepared i n  a standard 
format. These datasets have been circulated t o  model owners 
so that  they can conduct the i r  own validation t r i a l s .  The 
particular value of t h i s  exercise l i e s  i n  the wide range of 
experimental data which has been drawn from several 
countries and which re la tes  to  dwellings of various types 
and locations. This will provide a broad basis for  
validation and will enable the models so verified t o  be used 
w i t h  confidence over an extended f i e ld  of application. 

4.2 Design Calculations 

Having validated models for  predicting a i r  inf i l t ra t ion  
ra tes ,  the next logical step is  to  develop them for use i n  
design offices to  complement other procedures for  the 
estimation of bui 1 ding performance and energy consumption. 

AIC will actively encourage this development and the 
effective integration of the a i r  inf i l t ra t ion  calculation 
procedures into design routines so tha t  proper account can 
be taken of the energy implications of alternative building 
types and structural features. 

I t  will also be possible t o  assess more reliably the cost- 
effectiveness of alternative measures for  reducing energy 
consumption i n  existing buildings. For such evaluations, 
data acquiried from the building in i t s  existing s t a t e  by 
measurement or observation can be used t o  advantage. 

4.3 Structural Design 

Another design aspect w i t h  which the AIC i s  involved, 
concerns the structural designs which are appropriate for  
the control of a i r  inf i l t ra t ion  i n  buildings. Until 
recently, very l i t t l e  attention has been paid to  the leakage 
of a i r  through the building envelope, other than that  
through doors and windows. Now, new structural designs and 
techniques for  both new and existing buildings are being 
developed w i t h  a view to  reducing the extraneous a i r  leakage 
t o  an acceptable minimum. 

In th i s  context, the Swedish participant has accepted the 
leading role in the preparation of a handbook to  be t i t l e d  
"Air Inf i l t rat ion Control i n  Housing - A Guide to 
International Practice" which will provide detailed 
guidance on minimum acceptable rates of ventilation and on 



materials and methods of construction for  achieving the 
required low levels of a i r  leakage. T h i s  Conference has 
been called to  provide a forum for  discussing the general 
content of the handbook. The presentations and discussions 
here will help to ensure tha t  the information produced will 
be direct ly appropriate t o  the needs of energy-conscious 
engineers and designers. 

TECHNICAL INFORMATION 

AIC provides a high-quality technical information service i n  
the f i e ld  of a i r  in f i l t r a t ion  i n  buildings and closely 
associated subjects. 

Qualified s t a f f  respond to  specific enquiries from 
participating countries and give technical advice based on 
t h e i r  own expertise supported by close contact w i t h  sources 
of up-to-date information world-wide. 

In i t s  short history, AIC has gathered a comprehensive stock 
of relevant international 1 i te ra ture  which i s  available f o r  
reference o r  loan by enquirers. AIC also has compiled a 
versa t i le  database, AIRBASE, which contains fu l l  
bibliographic de ta i l s  of pertinent published papers, 
together w i t h  concise, informative abstracts i n  Engl ish. 
The main content relates  t o  the prediction, measurement and 
reduction of a i r  in f i l t r a t ion  and leakage rates  i n  buildings 
but AIRBASE also includes abstracts of papers on indoor 
pollutants and a i r  quality, natural and mechanical 
ventilation, the character of wind and i t s  influence on 
bui  1 dings, w i  nd-tunnel studies and energy-saving measures 
such as the use of air- to-air  heat exchangers. 

The number of entr ies  i n  AIRBASE i s  approaching 1000 and 
these can be rapidly searched by a free-text retrieval 
system to  find papers on specific subjects, restr ic ted i f  
required by language or  date of publ ication. On request, 
A I C  additional ly  provides photocopies of papers of 
part icular  interest ,  subject t o  the usual copyright 
l imitations . 
A subject analysis of the content of AI~BAsincorporated by 
November 1980 has been publ ishedl. In addition to  a tabular 
classif icat ion by subject, the publication includes a 
l i s t i n g  of t i t l e ,  author and source of a l l  the entr ies  i n  
numerical order. Since tha t  time, a b i  -monthly bulletin 
"Recent Additions t o  AIRBASE" has been distributed t o  
interested organisations i n  participating countries. This 
bul l e t in  keeps the recipients ful ly aware of the scope of 
the material being added t o  the database from sources 
throughout the world. This i s  of particular value i n  view 
of the rapid growth i n  the number of publications on a i r  
in f i l t r a t ion  i n  recent years. 

Enquiries fo r  pub1 ished information are eff icient ly handled 
by the AIC Librarian b u t  f a c i l i t i e s  have also been provided 
t o  allow countries outside the UK t o  gain direct  access t o  



AIRBASE via the normal telephone network and sui table  
terminal equ i pment . 
As an additional service t o  research and industry, AIC 
publishes bibliographies and digests of available informa- 
t ion on specific topics. This provides, in a single 
document, a broad analysis of the scope and value of the 
available material together w i t h  a l i s t  of references for  
the reader who wishes t o  study the subject in greater depth. 
Exampl es of such review documents are  References2 33. To 
keep participants informed of the AIC publications and of 
international developments i n  the f i e l d  of a i r  inf i l t ra t ion ,  
AIC publishes a quarterly newsletter "Air Inf i l t ra t ion  
Review" which i s  widely circulated. 

The effective international communication of technical 
information depends on the correct understanding of the 
terms used. To f a c i l i t a t e  th i s ,  AIC i s  producing a multi- 
lingual glossary of those terms which re la te  to  a i r  
in f i l t r a t ion .  Approximately 750 words and the i r  definitions 
are  being incorporated. These include sc ient i f ic  terms 
relating to  the a i r  inf i l t ra t ion  process as well as 
descriptive terms fo r  building materials and components 
which may be encountered by those concerned w i t h  controlling 
a i r  1 eakage. 

COLLABORATION 

One of the underlying reasons for  the establishment of AIC 
was the recognition that'much of the relevant research was 
sporadic and unco-ordinated so i t s  potential value was not 
being fu l ly  real ised. A1 though the role of the AIC cannot 
extend to authoritarian control of international research, 
i t  i s  encouraging collaboration and technical interchange, 
not only between research experts b u t  also between the 
research conmuni ty  and those concerned w i t h  the application 
of the resul ts  of research i n  the design and operation of 
energy-frugal buildings. This Conference i s  an example of 
the l a t t e r .  A previous conference drew researchers together 
t o  discuss modern developments i n  instrumentation and 
measurement techniques4 and other conferences on topical 
subjects are planned fo r  the future. 

An important pre-requisite for collaboration i s  the 
awareness of the scope of the research being undertaken by 
others. To provide t h i s ,  AIC conducts an extensive annual 
survey of current research and publishes an analytical 
summary of the resul ts  together w i t h  a synopsis of the many 
project de ta i l s .  As a resul t  of the f i r s t  survey conducted 
in 1980, de ta i l s  of 65 projects from 14 countries were 
collated and analysed. In the report5 the scope of these 
projects i s  sumarised i n  terms of specific objectives, 
type of investigation and parameters w i t h  which a i r  
in f i l t r a t ion  i s  related. A more detailed tabular 
classif icat ion by subject, building type, measurement 
techniques and parameters considered i s  also included. This 
can be used as an index to the project descriptions which 
are reproduced in f u l l .  



Information presented i n  t h i s  way not only promotes a 
general awareness of the scope of on-going research, i t  also 
encourages co-operati on between personnel involved i n  
research on similar subjects and highlights to  engineers and 
designers w i t h  specific problems the potential sources of 
research data i n  advance of i t s  formal publication. 
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AIR INFILTRATION CONTROL IN HOUSING - 
A GUIDE TO INTERNATIONAL PRACTICE 

A1 BACKGROUND AND INTRODUCTION 

Energy for heating and ventilating buildings comprises a significant 

proportion of the total energy consumption in different countries. 

Traditionally, a building's energy status has been characterised 

primarily by the U-values - the coefficient of thermal conductance - 
of different sections of the building. For this reason, there is a 

considerable amount of knowledge and detailed regulations in different 

countries as to how U-values are to be calculated and which maximum 

permissible values are accepted for the different structural components 

in a building. Energy consumption resulting from transmission through 

the building envelope is therefore relatively well-defined by the struc- 

tural component's U-value and the indoor/outdoor temperature difference. 

In contrast to energy consumption far more limited knowledge is avail- 

able on the subjects of ventilation and airtightness. Standards and 

regulations are lacking to a great extent. In the research work that 

has been carried out over recent years, efforts have been made to 

consider air leakage and ventilation in more detail. To save energy, 

this has led, in many respects, to the development of completely new 

construction technology. The aim of this construction technology is 

to make the building envelope so airtight that undesirable air leakage 

can be minimized and to do so in a safe manner. In the same context, 

calculation methods have been developed which explain the mechanisms 

which govern the air leakage in a house. The driving forces for air 

leakage and ventilation are air pressure differences, These are made 

up of components from temperature, wind effects and fan effects when 

mechanical ventilation is used. In addition, the leakage characteristic 

for the building envelope is difficult to quantify. This means that 

sufficient accurate calculation of energy losses resulting from air 

leakage and ventilation is relatively complicated. Attention must be 

paid to attaining an acceptable air quality in dwellings by ensuring 

that a certain minimum ventilation is maintained independent of the 

effects of the outdoor climate. This can be achieved with mechanical 

ventilation or sometimes with controlled natural ventilation. Therefore. 

it is becoming more and more important to consider the interaction 

between building technology and ventilation technology. 



Several new measurement methods have been developed to check the 

airtightness of a building envelope. Some of these methods can be 

applied to determining air leakage and ventilation during different 

climatic conditions. Certain of the methods are, suitable for produc- 

tion control - others for research purposes. 

It has been considered a matter of urgency to consolidate available 

research results and other experience in the form of a handbook. 

This handbook, which forms part of the work of the AIC (Air Infiltra- 

tion Centre) reviews the state of the art with respect to problems 

associated with a building's airtightness in the countries which take 

part in the work within the AIC. General principles, motives, standards, 

assumptions, climate, energy balance in a house, common recurring design 

solutions for both existing and new buildings etc are treated in the 

handbook's general section, Part A. 

Part B of the handbook contains detailed information about the climate 

in different countries. Part B has a main section for each country. In 

each respective section there are several design examples showing how 

building structures can be produced to achieve a reasonable 

grade of airtightness. In general, these show examples of good design 

technology in the respective country. 

By tradition, building technology differs from country to country 

and thus the design and grade of airtightness are also different. In 

some cases, new building technology is necessary to minimise air leakage. 

Using other solutions, better airtightness can be achieved with relati- 

vely simple measures. Several examples are shown whereby irnproy-ements 

are possible using such simple methods. 

In most design, the design technology will be affected by new and 

more stringent requirements for building low-energy, ie well insulated 

and airtight, houses. The handbook also shows how thermal insulation 

demands are satisfied while retaining the goal of building problem-free 

houses with energy demands as low as possible. 

NOTE: Th i s  handbook w i l l  be pub l i shed  i n  1982 
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INTRODUCTION 

Energy conservat ion e f f o r t s  of p a s t  years  have d i r e c -  
t e d  t h e  a t t e n t i o n  towards hea t  l o s s e s  due t o  v e n t i l a -  
t i o n .  I n  t h i s  connection s t u d i e s  on indoor a i r  qua l i -  - 
t y  became more important,  Improved i n s u l a t i o n  of 
c racks  and s l i ts  of doors  and windows as w e l l  as t h e  
reduced opera t ion  of eventua l ly  a v a i l a b l e  forced ven- 
t i l a t i o n  systems have l e d  t o  reduced a i r  exchanges 
and hence t o  t h e  considerable  reduct ion  i n  supply of 
f r e s h  a i r ,  From t h e  hygienic po in t  of view t h e  ques- 
t i o n s  a r e  r a i s e d  as t o  what a r e  t h e  e f f e c t s  of such 
measures on indoor environment and what a r e  t h e  mini- 
mum v e n t i l a t i o n  r a t e s  necessary i n  order  t o  f u l f i l  t h e  
hygienic requirements of indoor ai-r q u a l i t y .  

The f i r s t  p a r t  of t h i s  paper d e a l s  wi th  an overview on 
important sources of indoor a i r  p o l l u t a n t s ,  The second 
p a r t  d i scusses  t h e  ways and means of measuring t h e  
contaminants emit ted by t h e  very presence of man i n  a 
room (carbon d ioxide  and odors ) .  Based on our own in- 
v e s t i g a t i o n s  w e  have made some recommendations on min- 
imum v e n t i l a t i o n  r a t e s  o r  minimum supply of f r e s h  air .  

MAN AS A SOURCE OF A I R  POLLUTION 

Pol lu t ion  of indoor a i r  where t h e  sources themselves 
a r e  indoors  depends on t h e  furn ish ing  of t h e  room and 
t h e  a c t i v i t i e s  the re in .  H e r e  one should concent ra te  
on decomposition of bu i ld ing  m a t e r i a l s  and t h e i r  long- 
t e r m  e f f e c t  due t o  d a i l y  exposure (WANNER, 1980).  The 
e f f e c t  on indoor a i r  q u a l i t y  by man himself i s  n o t  
only due t o  h i s  a c t i o n s  l i k e  smoking and cooking. De- 
pending upon h i s  a c t i v i t i e s  t h e  a i r  q u a l i t y  w i l l  be 
a f f e c t e d  by t h e  temperature,  t h e  r e l a t i v e  humidity, 
carbon d ioxide  concent ra t ions ,  v i a b l e  and nonviable 
p a r t i c l e s  emit ted by t h e  s k i n  a s  w e l l  as p e r s p i r a t i o n  
- depending upon what he does i n  t h a t  room (BRUNNER, 
1977). The number of persons i n  a given room o r  t h e  
space per  person, and t h e  supply of  f r e s h  a i r  d e t e r -  
mine t h e  e f f e c t s  of t h e s e  parameters. 

The s u b j e c t i v e  assessment of indoor a i r  p o l l u t i o n  
caused by man can b e s t  be made by odors  and o b j e c t i v e  
assessment simply by carbon dioxide.  Concentration of 
carbon d ioxide  i n  ambient a i r  l ies between 0.03 and 
0.04 % which can reach up t o  double of t h i s  value i n  
c i t i e s  and i n  i n d u s t r i a l  a reas .  I n  European coun t r i e s  
w e  have a recommended l e v e l  of maximum 0.1 % C02 i n  
indoor a i r  of l i v i n g  p laces  (so-cal led Pettenkofer- 
Number), and i n  some cases  even 0.15 % C02 (BORNEFF 
1974, RIGOS 1981).  In  t h e  USA t h e  MAC value of 0.5 % 
f o r  workplaces i s  appl ied f o r  t h e  indoor a i r  i n  l i v -  
ing p laces  a s  w e l l  (ASHRAE, 1980). Reduction of t h i s  
l i m i t  t o  0.25 % i s  under d iscuss ion .  



METHODS OF MEASURING CARBON DIOXIDE AND ODOR 

Primary aim of  t h i s  i n v e s t i g a t i o n  was t o  s tudy carbon 
dioxide and odor p o l l u t i o n  caused by man. Carbon dio- 
xide was measured by phys ica l  i n f r a r e d  method of gas 
a n a l y s i s .  Odor was measured by sensory method whereby 
s e l e c t e d  test  panel eva lua ted  t h e  instantaneous odor 
s i t u a t i o n  i n  our  odor i n t e n s i t y  measuring appara tcs  
c a l l e d  GIMA (HUBER 1981 a ) .  H e r e  t h e  perceived odor 
i n t e n s i t y  of t h e  a i r  sampled from a test-chamber i s  
compared with t h e  odor i n t e n s i t y  of re ference  substan- 
ce  pyr id ine  a t  a known concent ra t ion .  So-called annoy- 
ance l e v e l  i n d i c a t e d  t h e  threshold  l i m i t  of a substan- 
ce  above which i t s  odor i s  perceived a s  a d i s t u r b i n g  
one. 

TESTS AT STANDARD CONDITIONS 

Twentyone runs were made i n  a test-chamber of 30 m3 
volume ( l i t t l e  more than 1000 cubic  f e e t )  by changing 
t h e  fol lowing va r i ab les :  
- Number of persons: 1, 2 ,  o r  4 ( i n  o t h e r  words, 

space volume pe r  person: 30, 
15,  o r  7,5 m3, o r  about 1000, 
500, and 250 c f t )  

- A c t i v i t y  of persons: Rest (50-70 W) , 
Bicycle ergometer (250 W) 

- A i r  exchange r a t e :  0 . 1 ,  0.2, 0.8, o r  1 - 6  per hour 

Each run took two hours and b icyc le  ergometer w a s  used 
f o r  45 minutes. Odor i n t e n s i t y  of t h e  indoor a i r  was 
evaluated a t  every 15 minutes. Temperature, r e l a t i v e  
humidity, and carbon dioxide concent ra t ions  w e r e  moni- 
to red  continuously.  

RESULTS AND CONCLUSIOPJS 

F i  u r e  1 shows carbon dioxide concent ra t ions  a s  a 2- 
funct ion  of t i m e  and perceived odor i n t e n s i t y .  Corre- 
l a t i o n s  between carbon dioxide concent ra t ions  and odor 
i n t e n s i t i e s  f o r  a l l  t h e  twentyone runs a r e  shown i n  
Figure 2 (HUBER 1981 b)  . 
From t h e r e s u l t s  of t h i s  s tudy it can be concluded t h a t  
i n  t h e  rooms where no smoking i s  allowed, with space 
volume of about 1 2  - 15 m3/person, a t  a carbon dioxide 
concentrat ion of more than  0.15%an inc rease  of annoy- 
ance due t o  odor can be expected. This l i m i t  of 0,15% 
C02 can be maintained i n  t h e  rooms by supplying t h e  
f r e s h  a i r  of usual  C02 content  of0.03 -0.04% a t  t h e  
r a t e  of 15 m3/h/person- assuming t h a t  only l i g h t  physi- 
c a l  work i s  performed i n  t h e  rooms. 



This relationship between C02 and perceived odor in- 
tensity is not valid for the rooms where smoking is 
permitted. In order to ensure satisfactory air quality 
in such rooms, one must reckon with fresh air supply 
of double the above quantity (WEBER, 1981) . 

ABSTRACT 

In a test-chamber the carbon dioxide and the odor in- 
tensity were measured as function of room occupancy 
and ventilation rate. When the supply of fresh air was 
12 - 15 m3 per person per hour, the carbon dioxide con- 
centration was less than 0.15 % and the odor intensi- 
ty was evaluated only as "slight annoyance". Higher 
ventilation rates are necessary if increased physical 
activities and smoking is done in the rooms. 
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Figure  1: Carbon d iox ide  concen t r a t ion  and odor in t en -  
s i t y  a s  a f u n c t i o n  of t i m e .  Odor i n t e n s i t y  
was eva lua ted  a t  t h e  i n t e r v a l  of 15 minutes 
du r ing  f i r s t  hour and 30 minutes du r ing  
second hour. T e s t  cond i t ions :  4 persons 
s i t t i n g  i n  a room of 3 0  m3 volume wi th  a i r  
exchange r a t e  of  0-8 (corresponding t o  t h e  
supply of  f r e s h  a i r  a t  t h e  r a t e  of 6 m3 
pe r  person pe r  h o u r ) .  

0 .06000 .I2000 .18000 .2Y 000 .30.000 

CRRBBN DIBXIDE (PER CENT1 

Figure  2: Re la t ion  between carbon d i o x i d e  concentra-  
t i o n  ( i n  pe rcen t )  and perceived odor in t en -  
s i t y  (100 u n i t s  a r e  equ iva len t  t o  a refer- 
ence odor of 365 ppb p y r i d i n e ) .  
I n v e s t i g a t i o n  i n  a test-chamber wi th  v a r i -  
a b l e  occupancy and v e n t i l a t i o n  r a t e s ,  
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EFFECTS OF ENERGY CONSERVATION MEASURES I N  EXISTING BUILDINGS 

Approximately 40 % of t h e  t o t a l  energy consumption i n  Sweden i s  

used f o r  t h e  h e a t i n g  and v e n t i l a t i o n  of houses and premises.  

I n  1978 t h e  Swedish Parliament passed an energy conserva t ion  

p lan  f o r  e x i s t i n g  bu i ld ings .  Aiming a t  a gross  energy saving  of 

between 39 t o  48 TWh p e r  annum u n t i l  1988. This  corresponds t o  

a r educ t ion  of t h e  t o t k l  energy consumption i n  today's houses 

by 25-30 %. 

Several  d i f f e r e n t  i n v e s t i g a t i o n s  formed t h e  b a s i s  f o r  the  

Energy Conservat ion Plan and t h e  eva lua t ion  of  t he  same. 

E s s e n t i a l l y ,  t h e s e  were of two types - s u b s t a n t i a l  t h e o r e t i c a l  

c a l c u l a t i o n s  of  p o t e n t i a l  energy saving from d i f f e r e n t  measures 

c a r r i e d  ou t  and t h e  eva lua t ion  o f  energy.saving e f f e c t s  s t u d i e d  

i n  i n d i v i d u a l  housing groups o r  i n  a small  number of houses 

under s c i e n t i f i c  c o n t r o l ,  and very accu ra t e  condi t ion ,  so 

c a l l e d  P i l o t - p r o j e c t .  (e.g.  Ulvsundaprojektet ,  HSglund e t  a 1  1981) 

However, nobody i n  Sweden has e a r l i e r  i n v e s t i g a t e d  the  a c t u a l  

e f f e c t s  of d i f f e r e n t  t echn ica l  energy-saving measures on t h e  

b a s i s  of  energy consumption, i n  a l a r g e  number of  houses s e l e c t e d  

a t  random, where d i f f e r e n t  measures have been c a r r i e d  out .  

This  has  now been done i n  a r e sea rch  p r o j e c t  a t  t h e  Div is ion  

of Building Technology, t h e  Royal I n s t i t u t e  of  Technology i n  

cooperat ion wi th  t h e  o t h e r  i n s t i t u t e s  of technology i n  Sweden. 

The main purpcrse o f  t h i s  i n v e s t i g a t i o n  has been t o  eva lua t e  

t h e  a c t u a l  e f f e c t s  of energy-saving measures by s e l e c t i n g  a 

l a r g e  number of  houses a t  random where such measures have been 

c a r r i e d  ou t .  The o b j e c t s  have been chosen s t a t i s t i c a l l y  among 

houses r ece iv ing  energy saving  loans  and g ran t s  i n  d i f f e r e n t  

provinces of Sweden. An on-s i te  i n spec t ion  has been performed 

of each house which was s e l e c t e d  f o r  t he  i n v e s t i g a t i o n .  

In  t o t a l ,  1144 bu i ld ings  have been inspec ted  comprising 944 

s ingle-family houses and 200 mu1ti.- family houses.  \ h e n  c a l -  

c u l a t i n g  t h e  sav ing  obta ined ,  c l ima te  co r r ec t ed  energy 

consumption before and a f t e r  measures undertaken has been com- 



pared. The investigation was carried 

out in the following five counties: 

Norrbotten, Vzsterbotten, Stockholm, 

Gteborg-Bohus and Malmijhus . 
See fig. 1. 

The measures and combination of 

measures studied in the investigation 

were selected because they had, to 
- Coo" 

date, attracted most of the govern- 

ment support and/or were very common. 

The following measures were studied 

in one or more counties: 

Single family houses 
Figure 1. 

- additional insulation of 
external walls 

- additional insulation of attics 

- additional insulation of external walls and attics 

- additional insulation of attics and the installations of 
radiator thermostatic valves 

- installation of radiator thermostatic valves and motor 
shunt 

- change to, or modification to, triple glazing windows 

- additional insulation of external walls and change to, 
or modification to, triple glazing windows. 

Multi-family houses 

- additional insulation of external walls 

- additional insulation of attic 

- installation of radiator thermostatic valves 

- installation of variator equipment 

RESULTS 

The'following gives examples of some of the results. Importance 

is attached to comparing the theoretical savings with actual 

savings and showing the variations in actual savings in the. 

modified houses. 
2 2 



Energy savings .  Externa l  w a l l  i n s u l a t i o n  

Resul t s  i n d i c a t e  t h a t  supplemantary i n s u l a t i o n  f i t t e d  t o  

e x t e r n a l  w a l l s  produced almost t h e  intended t h e o r e t i c a l  sav ings  

i n  bo th  s i n g l e  and multi-family houses.  

iABLE 1. Modif icat ion:  Ex te rna l  wa l l  i n su la t ion .  

c.nergy consumption be fo re  and a f t e r  modif icat ion.  
Actual energy savings  (A) and t h e o r e t i c a l  savings  (TI. 
8.ltres o f  o i l  p e r  r e f e rence  y e a r  and apartment f o r  s i n g l e  family  houses and p e r  m2 heated dwel l ing a rea  f o r  multi-family houses. 
(X = average value ,  s = s t anda rd  dev ia t ion )  

V i s t e rbo t t en  1 20 1 132 ( 130 1 3871 842 1 3523 729 1 348 366 1 590 323 1 

q i n r l e  Family- 
lmuses - 
':orrbot t e n  

Gbg and Bohus 1 41 1 143 1 125 1 3538 1188 1 3054 1091 1 484 454 1 614 298 1 

 louse type 
and county 

' ;~ t l  t i-family- I 

No.of houses 
i n v e s t i g a t e d  

Heated dwel l ing 
a r e a  p e r  
apartment 

m2 

25 

Cog and Bchus ( 1 8  ( 28 1 25.7 7.3 1 23.2 5.1 1 2 . 5  4.5 1 2.9 1.9 1 
1 )  

The populat ion o f  t h e  group is too smal l  f o r  t h e  r e s u l t s  t o  be gene ra l ly  va l id  

Single-family houses --- -------- ------- 

Modified a r e a  
m2/house 
f o r  s i n g l e  
family  houses 
m2/apartment 
f o r  mul t i -  
family houses 

128 

The a c t u a l  energy savings v a r i e s  f o r  d i f f e r e n t  houses w i t h i n  

r e s p e c t i v e  count ies .  Table 1. The reasons f o r  t h e  v a r i a t i o n s  

a r e  many. Small o r  no sav ings  can depend on no adjustments  

having been c a r r i e d  out  on t h e  h e a t i n g  system a f t e r  modi f ica t ions  

wherein t h e  r e s u l t  may have been a  h ighe r  indoor temperature 

a f t e r  i n s u l a t i o n .  Actual sav ings  g r e a t e r  than  those  expected 

were obta ined  i n  many houses which i n  t u r n  may have r e s u l t e d  

from t h e  houses be ing  made t i g h t e r  a f t e r  modi f ica t ion  s o  t h a t  

v e n t i l a t i o n  l o s s e s  were l e s s .  

It i s  a l s o  p o s s i b l e  t h a t  wal l  i n s u l a t i o n  has  c r ea t ed  cond i t i ons  

t o  a l low a reduct ion  i n  room temperature w h i l s t  s t i l l  r e t a i n i n g  

the  r equ i r ed  comfort. The h a b i t s  of occupants may have changed 

consc ious ly  o r  unconsciously a s  a  r e s u l t  of information,  c o s t  

changes e t c .  

Energy consumption 
l i t r e s  o i l l y e a r ,  apar tment ,  
(s ingle-family  houses) 
l i t r e s  o i l l y e a r ,  m2 
(multi-family houses) 
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Energy sav ing  
l i t r e s  o i l l y e a r ,  apartment 
(s ingle-family  houses) 
l i t r e s  o i l l y e a r ,  m2 
(multi-family houses) 

Before - r e t r o f i t  
X 5  

3628 761 

A f t e r  - r e t r o f i t  
X S 

3300 526 

- A 
X s 

327 566 

- T 
X s  

456 236 



Multi-family houses ----------- ------- 

The average  a c t u a l  savings a r e  approximately equa l ,  t o  o r  

g r e a t e r  than ,  those  c a l c u l a t e d  t h e o r e t i c a l l y .  Table I.  The 

g r e a t e r  sav ings  than  those  expected might have occured when 

improvements o t h e r  than those  r e s u l t i n g  from supplementary 

i n s u l a t i o n  have occured.  Improved a i r t i g h t n e s s  may be one 

example. B e t t e r  maintenance of  t he  hea t ing  system a f t e r  r e t r o f i t  

cannot be discounted e i t h e r .  The v a r i a t i o n  i n  r e s u l t s  i n  

d i f f e r e n t  houses i s  however cons iderable .  The p o t e n t i a l  bene- 

f i t s  o f  supplementary i n s u l a t i o n  have not  always been r e a l i s e d  

s i n c e  moni tor ing  and adjustment  of t h e  h e a t i n g  system has no t  

been c a r r i e d  ou t .  

Energy sav ings .  A t t i c  i n s u l a t i o n  

A t t i c  i n s u l a t i o n  i n  s ingle- fami ly  houses r e s u l t e d  i n  t h e  

expected energy savings  f o r  t h e  most p a r t .  I n  mult i - family 

houses t h e  a c t u a l  energy savings  were g r e a t e r  than  t h e  expected 

from i n s t a l l a t i o n  of  t h e  a c t u a l  i n s u l a t i o n .  

TAtlLE 2. Mod i f i c a t i on :  A t t i c  i n s u l a t i o n .  

Cnergy consumption be fo r e  and a f t e r  mod i f i c a t i on .  
Actual  ene rgy  s av ings  ( A )  and t h e o r e t i c a l  s av ings  (TI. 

L i t r e s  o f  o i l  p e r  r e f e r e n c e  y e a r  and apar tment  f o r  s i n g l e  fami ly  houses  and p e r  mZ h e a t e d  dwe l l i ng  a r e a  f o r  multi-facnily I I U U ~ L . ~ .  
(2  = ave rage  va lue ,  s = s t a n d a r d  d e v i a t i o n )  

yulci-family- 
llouses 

Stockholm 

House t y p e  
and county  

S*n!Z-famil~- 
1- 

: ;dr rbot tenl  

~ . i s t e r b o t t e n '  

Stockholm 

Gbg and Bobus 

blalmohus 

Modified a r e a  
m2/tiouse 
f o r  s i n g l e  
fami ly  houses  
m2/apartment 
f o r  mul t i -  
fami ly  liouses 

9 3  

97 

108 

9 1 

113  

25 

No.of houses  
i n v e s t i g a t e d  

1 3  

1 3  

23 

26 

31 

llailted dwe l l i ng  
a r e a  p e r  
apar tment  

m2 

164 

182 

186 

149 

167 

Energy consumption 
l i t r e s  o i l l y e a r ,  apa r tmen t ,  
( s ingle- fami ly  houses)  
l i t r e s  o i l l y e a r ,  mZ 
(mul t i - fami ly  houses)  

Before  - r e t r o f i t  A f t e r  - r e t r o f i t  
X s X s 

4517 1182 4022 953 

4454 1629 4115 1481 

4576 788 4246 742 

3491 1018 3100 890 

4463 2864 3897 2380 

71 

Energy s a v i n g  
l i t r e s  o i l l y e a r ,  a p a r c a a ~ ~ l c  
( s i ng l e - f ami ly  houses)  
l i c r e s  o i l l y e a r ,  mZ 
(mul t i - fami ly  houses)  

- - A T 
X S X 

494 482 273 157 

339 464 401 178 

330 398 430 273 

391 524 372 364 

566 728 769 542 

16 29.9 3.8 27.4 3.3 2.5 1 . 5  0 .8  0 .7  

I 



Single-family houses --- -------- ------- 
The a c t u a l  sav ings  va r i ed  cons iderably  between d i f f e r e n t  

houses which means t h a t  very good savings were measured i n  many 

whereas o t h e r s  i n d i c a t e d  small  o r  no sav ings .  Table 2. 

The sav ings  achieved i n  i n d i v i d u a l  s ing le- fami ly  houses i n  

t h e  county of  Stockholm a r e  i l l u s t r a t e d  i n  f i g u r e  2 .  

F igu re  2. 



Multi-family houses ----------- ------- 

The a c t u a l  sav ings  i n  mult i - family houses were very good 

compared wi th  t h e  t h e o r e t i c a l  sav ings .  Table 2. 

In  many houses w i t h  badly ad jus t ed  h e a t i n g  systems, t h e  h ighes t  

s i t u a d e d  apartments  a r e  designed i n  t h e  b a s i s  of t h e  r a d i a t o r  

supply temperature.  Apartments s i t u a t e d  lower down i n  t h e  b u i l d i n g  

a r e  t h u s  supp l i ed  wi th  t o o  much h e a t .  A t t i c  in.::!lation reduces 

h e a t  demand i n  t h e  h ighes t  apartments  and t h i s  a l lows  a  tem- 

p e r a t u r e  r educ t ion  thoughout t h e  whole buildirig.  When a s s e s s i n g  

t h e  e f f e c t s  of  such a  temperature r educ t ion ,  t h e  modi f ica t ions  
0 

a r e  an  added bonus s i n c e  t h e r e  was no p o s s i b i l i t y  o f  measuring 

tempera tures  b e f o r e  and a f t e r  i n s u l a t i o n .  Apart from a  temperature 

r educ t ion ,  b e t t e r  maintenance of  t h e  h e a t i n g  system can  have 

con t r ibu ted  t o  a  good savings  r e s u l t .  

Energy savings .  Ex te rna l  w a l l  and a t t i c  i n s u l a t i o n  

The combination o f  wal l  and a t t i c  i n s u l a t i o n  d i d  no t  produce 

t h e  t h e o r e t i c a l  energy savings .  

TABLE 3. Modif ica t ion:  E x t e r n a l  wa l l  and a t t i c  i n s u l a t i o n .  

' l !~e popu la t i on  of t he  group i b  t oo  smal l  £ o r  t he  r e s u l t s  t o  be g e n e r a l l y  v a l i d  

Energy consumption be fo re  and a f t e r  mod i f i ca t i on .  
Actrlal energy sav ings  (A)  and t h e o r e t i c a l  s av ings  (T). 
L i t r e s  of  o i l  p e r  r e f e r ence  y e a r  aiid apar tment .  
( i  = average  va lue ,  s = s t a n d a r d  d e v i a t i o n )  

Modified a r e a  
m2/house 

20 1 

205 

184 

174 

199 

liouse type  
and county 

~ g &  Familv 
u s  

!:orrbot t e n  

Vas t e rbo t t en  

stockholm' 

Cbg and Uohus 

!Ialnohus 

Energy consumption 
l i t  r e s  o i l / y e a r ,  apar tment  

No. of  houses  
i n v e s t i g a t e d  

19 

19 

12 

24 

3  1  

Before  r e t r o f i t  - 
x s 

4448 1242 

3707 1151 

4451 989 

3445 1148 

4419 1473 

Energy sav ing  
l i t r e s  o i l / y e a r ,  aparcncnc 

Heated dwe l l i ng  
a r e a  p e r  
apartment 

m2 

139 

118 

148 

152 

147 

A f t e r  r e t r o f i t  - 
x s  

3914 1063 

3379 1059 

4054 841 

3123 1011 

3782 1123 

- A 
x s  

535 571 

128 117 

397 670 

322 525 

637 736 

T - 
x 

662 289 

894 122 / 
736 360 

740 305 

1554 978 



Single-family houses --- -------- ------ 
The t h e o r e t i c a l  savings from w a l l  and a t t i c  i n s u l a t i o n  was 

about t h e  double of  t h e  average a c t u a l  sav ings .  Table 3 .  

The a c t u a l  energy savings i n  houses wi th  combination i n s u l a t i o n  

measured amount only t o  about  t he  same a s  t h e  houses t h a t  had 

been e i t h e r  wa l l  i n s u l a t e d  o r  a t t i c  i n s u l a t e d .  

I n  t h i s  modi f ica t ion  group t h e  a c t u a l  sav ings  v a r i e d  even more 

than  houses where only one measure had been in t roduced ,  This  

means t h a t  t h e  t h e o r e t i c a l  va lue  has been achieved i n  some 

cases .  The measured sav ings  i n  s e v e r a l  houses was very  small  o r  

non-exis tant  . Table 3. 

The r easons  f o r  n o t  achiev ing  t h e  t h e o r e t i c a l  savings can be 

many. Apart from t h e  inhe ren t  u n c e r t a i n t i e s  o f  t h e  c a l c u l a t i o n  

methods, one cannot d i s r ega rd  t h e  f a c t  t h a t  p a r t  o f  t h e  poss ib l e  

energy savings employed f o r  i nc reas ing  comfort have r e s u l t e d  

i n  an  inc rease  i n  temperature a f t e r  modi f ica t ion .  One might 

assume t h a t  a  reason  f o r  employing comprehensive measures w a s  

poor comfort (= low indoor temperature du r ing  t h e  win te r ) .  

When comprehensive measures were c a r r i e d  o u t ,  such a s  both  w a l l  

and a t t i c  i n s u l a t i o n ,  t h e  building's h e a t  demand was reduced 

cons iderably .  Th i s  meant t h a t  t h e  e x i s t i n g  o i l - f i r e d  hea t ing  

system was overs ized .  t h e  b o i l e r  was sub jec t ed  t o  l e s s  load and 

f u l l  c a p a c i t y  was never  used. Thus over t h e  year  t he  system's 

o p e r a t i n g  e f f i c i e n c y  decreased. The r e s u l t s  i n d i c a t e  t h a t  

comprehensive measures s t o u l d  be combined w i t h  r e t r o f i t s  of t h e  

b u i l d i n g  s e r v i c e s  i n  o r d e r  t o  achieve optimum energy savings.  

No d e f i n i t e  conclus ions  can be  drawn as t o  why t h e  combination 

of w a l l  and a t t i c  i n s u l a t i o n  had not  produced t h e  a n t i c i p a t e d  

sav ings .  F u r t h e r  deeper s t u d i e s  a r e  requi red .  



Energy savings .  A t t i c  i n s u l a t i o n  and t h e  i n s t a l l a t i o n  of thermo- 

s t a t i c  va lves  

The a c t u a l  energy savings f o r  t h e  combined measure of  f i t t i n g  

a t t i c  i n s u l a t i o n  and the rmos ta t i c  va lves  a r e  cons ide rab le .  

TABLE 4. Modif icat ion:  A t t i c  i n s u l a t i o n  and the rmos ta t i c  valves .  

Energy consumption be fo re  and a f t e r  mod i f i ca t ion .  
Actual anergy savings  \A) and t h e o r e t i c a l  s av ings  (T). 
L i t r e s  of o i l  p e r  r e f e rence  y e a r  and apartment.  
(X = average va lue ,  s = s t anda rd  dev ia t ion )  

' The popu la t ion  of t he  group i s  too small f o r  t he  r e s u l t s  t o  be  g e n e r a l l y  va l id  

Single-family houses --- -------- ------- 

In houses f i t t e d  wi th  a t t i c  i n s u l a t i o n  and the rmos ta t i c  va lves ,  

t he  t h e o r e t i c a l  energy savings  were c a l c u l a t e d  a s  though on ly  

a t t i c  i n s u l a t e d  had been f i t t e d .  

llouse type 
and county 

b n ~ l c  family- 
l iousc.;  

! .orrbotten 

V d s t e r b o ~ i c n  

~ t o c k h o l m '  

Cbg and Bohus 

?1~lmohus 

The g r e a t e s t  sav ings  i n  terms of l i t r e s  of o i l  per  apartment 

was achieved i n  t h e  county of  MalmShus. Using r a d i a t o r  thermo- 

s t a t i c  va lves  and a t t i c  i n s u l a t i o n ,  cons iderably  g r e a t e r  energy 

savings  were achieved than  t h e  c a s e  was f o r  t h e  group where 

only  a t t i c  i n s u l a t i o n  w a s  f i t t e d .  The so  c a l l e d  f r e e  energy 

have been used more p r o f i t a b l y  and the  per iods  of excess  tempera- 

t u r e  reduced wi th  t h e  a i d  of t he rmos ta t i c  r a d i a t o r  va lves .  

Var i a t ions  i n  energy savings were' a l s o  cons iderable  i n  t h i s  

group. Table 4. 

llcated dwel l ing 
a r e a  p e r  
apartment 

m ' 

155 

159 

151 

153 

145 

No.of houses 
i n v e s t i g a t e d  

17 

24 

2 8 

3 7 

34 

Energy consumption 
l i t r e s  o i l l y e a r ,  apartment 

Average a c t u a l  sav ings  e f f e c t  of  o t h e r  measured s t u d i e d  

Modified a r e a  
m2 /house 

102 

72 

9 9 

86 

9 7 

Before  r e t r o f i t  - 
X s 

4415 1026 

4857 1501 

4052 936 

4083 1013 

4895 1090 

I 

Energy saving 
l i t r e s  o i l l y e a r ,  apar t i~tul~c 

A f t e r  having changed t o  t r i p l e  g l az ing  windows, t h e  a c t u a l  

savings a r e  equal  t o  t h e o r e t i c a l  savings.  \?hen t h e  measure 

vas combined with wall  i n s u l a t i o n ,  t h e  t h e o r e t i c a l  savings 

A f t e r  r e t r o f i t  
X S 

3888 1041 

4146 1054 

3654 945 

3417 995 

4023 865 

- A 
x S 

527 542 

711 717 

407 621 

666 757 

872 612 

T - 
X b 

257 164 

272 159 

430 236 1 
271 173 

646 456 



were g r e a t e r  than the  a c t u a l  savings. Thus a combination of  

measures d id  not  r e a l i s e  the  an t i c ipa ted  savings.  

The i n s t a l l a t i o n  of thermosta t ic  r a d i a t o r  valves i n  multi- 

family houses i n  the  count ies  of Stockholm and Malmijhus produced 

an average a c t u a l  savings of  approximately 6 % of the  o r i g i n a l  

consumption. 

Thermostatic r a d i a t o r  valves and motor shunts  i n  single-family 

houses i n  t h e  county of Stockholm resu l t ed  i n  an average 

savings of 12 2.  

Varia tor  equipment i n  multi-family houses i n  the  county of 

Stockholm producedpan average energy savings of around 11 %. 

The i n s t a l l a t i o n  measures s tud ied  have on average l ed  t o  

s a t i s f a c t o r y  savings. (See t a b l e  5)  

I Tbp population of the grovp i s  loo small f o r  rhc r e s u l t s  t o  be gene ra l ly  vn l ld  

29 

TABLE 5 Orlaer measures scudled.  

t ne rgy  eonswnptlon be fo re  and a f t e r  m o d ~ l l c n t ~ a t , .  
Aerual energy savlng5 (A) and theoretical savrngs (1) .  
L l t r e r  o f  011 p e r  r e f e r ence  year  and apartmrnt  f o r  s l n g l e  fsmrly houses and per m' heated d u e l l ~ n g  ares f o r  multi-famlly houses.  

Energy snvrng 
l i t r e r  o i l l y e a r ,  a p a r c m n t  
(s ingle-famsly houses) 
l i t r e s  o l l l y e a r .  m2 
(mulr l-fsmlly houses)  

A T 
X X S  

347 140 282 91 

357 627 329 74 

261 410 171 75 

380 46L 623 150 

569 592 - - 

1.8 2.3 - - 

1 ,7  3.6 - - 

3.2 2.7 - - 

(E - average value,  

Houre type. 
r e t r o f r t  and 
county 

S ing le  family 
houses - 
T r i p l e  g l az rng  ' 
Norrbotten 

T r i p l e  g l a r i n g  ' 
Vas te rbo t t en  

T rzp le  g l a z ~ n g  
thlm8hus 

T r i p l e  g l a r i n g  
and 
wa l l  l n s u l a t l o n  
Norrbotten 

ThemOStat lc  
valves and 
mororshunt 
Stockholm 

n u 1 r ~ - f e m ~ l y  
houses - 
ThdrmdataTIL 
va lvcs  
Stockholm 

The-aratlc 
va lves  
Halmt)hus 

Varroror  
equlpmenc 
Stockholm 

r - standard 
No.of houses 
~ n v e s t l g a r e d  

38 

22 

51 

17 

32 

29 

20 

11 

d e v ~ a c ~ o n l  

Hented 
dwell ing 
area pe r  
apartment 
m' 

160 

188 

170 

144 

180 

70 

74 

8b 

Hodlfred area 
m2/houre 
for s l n g l e  
family houses 
m2/apsrrment 
far mrl r l -  
famlly houses 

15.9 

20.3 

lb,b 

102-13 

- 

Energy sonsumptian 
l i t r e s  o l l l y e a r .  nparcmeot, 
( s i n g l e - f a m ~ l y  house*) 
l l t r e s  o i l l y e e r .  m' 
Cmulri-famzly houses)  

Before r e r r o l i t  A f t e r  r e c r o f i c  
x 1 9  

4506 987 4159 1030 

4533 1356 4176 1243 

3790 1164 3530 LO49 

3832 858 3452 970 

4675 1241 4106 1023 

26.6 5.8 24.8 5.2 

27.6 7.4 25.9 5 , s  

29.5 5.0 26.3 6.0 



A summary of  comments and conclusions 

The average energy consumption p r i o r  t o  r e t r o f i t  was roughly 

t h e  same i n  a l l  mod i f i ca t ion  groups i n  a l l  c o u n t i e s .  There was 

a tendency towards lower measured consumption i n  t h e  county 

of  G6teborg and Bohus . 

Bearing i n  mind t h e  d i f f e r e n c e s  i n  c l i m a t e ,  it i s  s u r p r i s i n g  

t h a t  consumption i n  f a c t  c e r t a i n  groups i n  sou the rn  Sweden 

t h a t  had t h e  h i g h e s t  consumption. This  can  be  expla ined  t o  a 

c e r t a i n  e x t e n t  i n  t h a t  t h e  houses i n  n o r t h e r n  Sweden were 

b e t t e r  i n s u l a t e d .  One can  a l s o  assume t h a t  l i v i n g  p a t t e r n s  a r e  

d i f f e r e n t  i n  d i f f e r e n t  p a r t s  of t he  count ry .  

Energy consumption v a r i e d  considerably between houses w i t h i n  

i n d i v i d u a l  groups. Conclusions r e l a t e d  t o  d i f f e r e n c e s  i n  con- 

sumption l e v e l s  should t h e r e f o r e  be viewed w i t h  a c e r t a i n  

amount of r e s e r v a t i o n .  

Building mod i f i ca t ions  such a s  wa l l  i n s u l a t i o n ,  a t t i c  i n s u l a t i o n  

and changing t o  t r i p l e  g l az ing  windows have ,  i n  average,  l e d  t o  

t h e  a n t i c i p a t e d  sav ings  when modi f ica t ions  were c a r r i e d  o u t  

i n d i v i d u a l l y .  h l en  more comprehensive b u i l d i n g  mod i f i ca t ions  

were embodied, t h e  a n t i c i p a t e d  savings were n o t  always r e a l i z e d .  

That  could f o r  i n s t a n c e  be  explained by bad adjustment  of  t h e  

h e a t i n g  system t o  t h e  building's new energy  demand. 

Good energy savings  were achieved i n  houses where bu i ld ing  

mod i f i ca t ions  were combined with adjustment  t o  t h e  h e a t  slipply, 

The t e c h n i c a l  modi f ica t ions  i n  bu i ld ing  s e r v i c e  i n v e s t i g a t e d  

had on average  l e d  t o  good savings.  

Large v a r i a t i o n s  i n  a c t u a l  saving were noted .  Th i s  means t h a t  

many houses produced b e t t e r  savings r e s u l t s  t han  t h e  average. 

The r eve r s  a l s o  a p p l i e s  i n  t h a t  savings were sma l l  o r  none 

e x i s t a n t  i n  many cases .  

The houses des ign ,  age and s i z e s  var ied  cons ide rab ly  i n  t he  

d i f f e r e n t  groups modified. 
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Houses i n  southern  Sweden o f t e n  have e x t e r n a l  w a l l s  o f  a  

noninsula ted  brickwork cons t ruc t ion .  These a r e  o f t e n  i n s u l a t e d  

a t  a  l a t e r  d a t e  by i n j e c t i n g  foam. Plank, t imber  o r  framework 

wa l l s  were common i n  o t h e r  coun t i e s  and o f t e n  had a d d i t i o n a l  

e x t e r n a l  i n s u l a t i o n  and a  new facade l e y e r .  

The houses i n  southern  Sweden f i t t e d  wi th  supplementary in-  

s u l a t i o n  a l l  had bad h igh  k  va lues  (= poor i n s u l a t i o a )  i n  

wa l l s  and a t t i c s  be fo re  r e t r o f i t .  Walls and a t t i c s  i n  no r the rn  

Sweden however had r e l a t i v i e l y  low k values (= good i n s u l a t i o n )  

before  r e t r o f i t .  

Ex te rna l  w a l l s  had not  been f i t t e d  with supplementary i n s u l a t i o n  

t o  t h e  e x t e n t  t h a t  new b u i l d i n g  s tandards ,  accord ing  t o  

cu r r en t  requirements  i n  Sweden, had been achieved on average,  

t a b l e  6 ,  whereas a t t i c s  o f t e n  achieved newbuilding s t anda rds  

a f t e r  r e t r o f i t .  Table  7.  

TABLE 6 .  b d i f i c a t i o n :  External wall  i n su la t ion .  

Change i n  thermal r e s i s t ance  (AM value) ,  t h e m 1  transuiission c o e f f i c i e n t  

(k value)  before  and a f t e r  m d i f i c a t i o n ,  and change i n  t h e m 1  t ransmiss ion 

c o e f f i c i e n t  (Ak value) .  

- 
(X = average value,  s = standard deviat ion)  

House type and 
county 

Single family 
houses 

h'orrbotten 

Vis terbot ten 

Stockholm 

Gbg and Bohus 

MalmShus 

Multi-family 
houses 

Vasterbotten 

Gbg and Llohus . 

Change i n  
thermal r e s i s t ance  
OC, m 2 / w  

- 
X S 

1-26  0.62 

1.19 0.45 

1.00 0.59 

1.11 0.34 

1.19 0.54 

1.17 0.24 

1 .03 0.26 

Themal transmission c o e f f i c i e n t  (k value) 
u/'c, mP 

Before 
~ d i f i c a n i o n  

X s  

0.44 0.10 

0.53 0.14 

0.60 0.18 

0.77 0.19 

1.04 0.11 

0.55 0.0; 

0.88 0.39 

Af te r  
modif icat ion - 

X s  

0.28 0.05 

0.32 0.05 

0.36 0.08 

0.42 0.08 

0.46 0.13 

0.33 0.03 

0.44 0.08 

Change 

- 
X S 

0.16 0.08 

0.21 0.12 

0.24 0.17 

0.35 0.14 

0.58 0.33 

0.22 0.08 

0.$4 0.32 



TABLE 7.  Hodification: Attic insulation 

Change in therrral resistance (AM value), thermal transmission coefficient 

(k value) before and after modification, and change in thermal transmission 

coefficient (Ak value). 

(R = average value, s = standard deviation) 

Where f u t u r e  energy savings  a r e  concerned, more importance 

should be a t t a c h e d  t o  combining t h e  r i g h t  mod i f i ca t ions  f o r  

each i n d i v i d u a l  house and Ynaking s u r e  t h a t  t h e  work i s  c a r r i e d  

o u t  c o r r e c t l y .  Poor houses should be i n s u l a t e d  p rope r ly  and t h e  

hea t ing  system should be adapted t o  t h e  new h e a t  demand. I n  

houses of a good t e c h n i c a l  s t anda rd ,  only l i m i t e d  b u i l d i n g  

modi f ica t ions  should be c a r r i e d  out  f o r  t h e  t ime being.  

In s t ead ,  e f f o r t  should be d i r e c t e d  t o  improving i n s t a l l a t i o n s .  

. 

House type and 
county 

Single family 
houses 

Horrbotten 

Vasterbotten 

Stockholm 

Cbg and Bohus 

Nalmijhus 

Multi-family 
houses 

Stockholm 
L 

Change in 
thermal resistance 
OC, m2/w 

- 
X S 

2.50 1.01 

2.73 0.84 

3.04 1.25 

2.73 1.15 

2.49 0.73 

2.44 0.54 

Thelma1 transmission coefficient (k value) 
v/'c, m2 

Before 
uudification - 

X s 

0.29 0.07 

0.38 0.09 

0.43 0.20 

0.47 0.16 

0.88 0.46 

0.44 0.22 

After 
madification - 

X s 

0.17 0.04 

0.19 0.03 

0.19 0.07 

0.21 0.06 

0.27 0.08 

0.21 0.05 

Change 

- 
X S 

0.12 0.06 

0.19 0.07 

0.24 0.15 

0.26 0.15 

0.61 0.42 

0.24 0.19 



MOISTURE PROBLEMS DUE TO ENERGY CONSERVATION MEASURES 

Moisture problems i n  houses can be r e l a t e d  t o  low indoor 

temperature and e s p e c i a l l y  t o  low s u r f a c e  temperature on the  

i n n e r  s u r f a c e  of  windows. Also high humidi ty i n  houses can 

du r ing  t h e  win te r  time c r e a t e  such problems. 

Some common causes when r e t r o f i t t i n g  houses which might in-  

c r e a s e  t h e  r i s k  of  moisture a r e  f o r  example: 

o When houses a r e  made more a i r t i g h t  t h e  v e n t i l a t i o n  

r a t e  can be reduced and a s  a  consequens of t h a t  

moisture content  might i nc rease  i n  t h e  houses.  

o  Addi t iona l  i n s u l a t i o n  measures imp l i e s  t h a t  t he  

h e a t i n g  demand i n  houses can be reduced. It i s  a l s o  

p o s s i b l e  t o  decrease the  room temperature wi thout  

changing t h e  indoor comfort f o r  t h e  people l i v i n g  i n  

t h e  houses.  Af t e r  measures be ing  undertaken it i s  

p o s s i b l e  t h a t  t he  r a d i a t o r s  below t h e  windows cannot 

provide enough h e a t  t o  keep s a t i s f a c t o r y  temperature 

on t h e  inne r  s u r f a c e  of t he  windows why condensat ion 

w i l l  occur .  

A t  t h e  i n spec t ion  of each house i n  t he  i n v e s t i g a t i o n  t h e  

house keepers  were in te rv iewed about occurrence and e x t e n t  

of mois ture  be fo re  and a f t e r  r e t r o f i t .  

The e v a l u a t i o n  of t h e  information obta ined  shows i n  most of 

t h e  c a s e s  t h a t  condensation problems d id  n o t  i nc rease  a f t e r  

t h e  i n s u l a t i o n  measures were c a r r i e d  o u t .  In s t ead  the  con- 

densa t ion  problems before  r e t r o f i t  i n  many houses had decreased 

i n  e x t e n t  o r  compleatly disappeared a f t e r  measures be ing  

undertaken ( s e e  t a b l e  8 ) .  

This can  among o t h e r  th ings  depend on t h a t  t h e  warm a i r  from 

the  room prevents  t o  leak  i n  between t h e  window panes and 

condensate on t h e  inne r  s u r f a c e  on the  c o l d  o u t e r  pane because 



of better weatherstrips between the window-frame and casement 

after retrofit. 

One must also bear in mind that, as mentioned above, when 

houses are made tighter moisture problems .can occur due to 

insufficient ventilation. That can be an explaination to 

increased moisture problems in some of the houses in the 

investigation. 

Table 9. Condensation 

Occurrence o f  condensation a f t e r  r e t r o f i t s  conpared wi th  e x t e n t  o f  
condensation be fo re  r e t r o f i t .  

R e t r o f i t s :  A l l  add i t i ona l  i n su l a t ion  r e t r o f i t s  except groups with 
changing t o  t r i p l e  g l az ing  windows. 

Single- fani ly  houses 

1 0  condensation 1 28  i)(lXi 161 1 1A4 
a f t e r  r e ~ r o f i t  

S imi lar  
t o  a f t e r  
r e t r o f i t  

87 

9 

2 

\ 

Less 
than 
a f t e r  
r e t r o f i t  

15 

- 

1 

/\ /I 

r e t r o f i t  r e t r o f i t  

Condensation 

condensation 
on o t h e r  p a r t s  

Condensation 
both on 
windows and 
o t h e r  p a r t s  

condensation 
d i t  not  
occur be fo re  
r e t r o f i t  

9 

2 

1 

2 

- 

Ro answer 
has been 
given 

9 

- 

- 



Change t o ,  o r  modi f ica t ion  t o ,  t r i p l e  g lazed  windows would 

r e s u l t  i n  h ighe r  temperature on t h e  i n n e r  pane so  t h a t  t h e  

r i s k  o f  condensat ion t h e r e f o r e  i s  l e s s  a f t e r  t h e  measures 

were c a r r i e d  out .  

When e v a l u a t i n g  t h e  measure changing t o ,  o r  modi f ica t ion  t o ,  

t r i p l e  g l az ing  windows t h e  r e s u l t s  a l s o  p o i n t s  ou t  t h a t  con- 

densa t ion  problems which occured be fo re  t r i p l e  g l az ing  windows 

were i n s t a l l e d  i n  most of  t h e  ca ses  have decreased o r - e n t i r e l y  

disappeared a f t e r  measures be ing  undertaken. 

Though. in some cases  the occurrence of mois ture  have increased  

a f t e r  modi f ica t ion .  See t a b l e  9. 

Table 9. Condensation 

Occurrence of condensation afcer retrofits coscparrd with extent of 
condensation before retrofit. 

Retrofits: o Changing to triple glazing vindows 

o Changing to triple glazing windows + wall insulation 

Extent of con- More 

Single-family houses 

Less 
than 

Similar 
to after 
retrofit 

32 

Condensation 
dit not 

No 
condensation 
after retrofit 

No answer 
has been 

6 

- 

- 

40 21 

retrofit 

given 

2 

1 

- 

after occur before 
retrofit f retrofit 

Condensation 
on windows 

Condensation 
on other parts 

Condensation 
both on 
windows and 
ocher parts 

3 

- 

- 

22 

1 

1 

2 

- 

- 



DIFFERENT TYPES OF WEATHERSTRIPS BETWEEN WINDOW-FRAME AND 

CASEMENT 

D i f f e r e n t  t ypes  of w e a t h e r s t r i p s  seems t o  a f f e c t  t h e  energy 

consumption i n  d i f f e r e n t  ways. 

I n  t he  i n v e s t i g a t e d  s ingle- fami ly  houses one can n o t i c e  t h a t  

expanded, a n g l e  - and t u b u l a r  s t r i p s  provide  a lower energy 

l e v e l  t h a n  w e a t h e r ~ t r i p s  made o f  foam and/or  f i b r e .  

There i s  a obvious d i f f e r e n c e  i n  energy consumption a f t e r  

r e t r o f i t  between houses where w e a t h e r s t r i p s  d id  no t  e x i s t  and 

houses where f i x e d  windows were i n s t a l l e d .  

The r e s u l t s  which a r e  shown i n  t a b l e  10 corresponds q u i t e  w e l l  

t o  t he  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 1  where d i f f e r e n t  

types o f  w e a t h e r s t r i p s  e f f i c i e n c y  due t o  a i r l e a k a g e  have been 

eva lua t ed  i n  l abo ra to ry  t e s t s .  Though one can s e e  a d i f f e r e n c e  

f o r  expanded s t r i p s  ( see  f i g u r e  3 ) .  

A t  t h i s  t i m e  t h e r e  i s  some u n c e r t a i n t y  about t h e  r e s u l t s  

because o f  t h e  g r e a t  dev ia t ion  i n  energy consumption between 

t h e  houses i n  each group. The r e s u l t s  seems t o  i n d i c a t e  t h a t  

expanded, angle- and t u b u l a r  w e a t h e r s t r i p s  prevent  a i r l e a k a g e  

b e t t e r  t han  f i b r e  and foam s t r i p s  which i n  t u r n  l eads  t o  a 

lower energy consumption, 
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PAPER 5 

A SIMPLE METHOD FOR REPRESENTING 

THE TOTAL VENTILATION BEHAVlOUR 

OF AN APARTMENT BUILDING 





1 . INTRODUCTION 

The method, described below, may be applied fo r  the 
determination of a i r  leakage characteristics and fo r  the 
assessment of energy saving measures. I t  was developed f o r  
four-storey apartment buildings w i t h  e i ther  natural 
ventilation (see Figure l a )  or mechanical extract 
ventilation (see Figure Ib ) .  These building types a re  
common i n  Sweden. 

The a i r  flow c i r cu i t  for  e.g. a second-storey apartment i s  
represented i n  Figure 1c. I t  can be approximated by two 
resistances coup1 ed i n  ser ies .  

The a i r  flows through the two resistances must be the same 
and the sum of the pressures across the two resistances 
m u s t  equal the total  driving pressure. 

Since the flow through a resistance depends on i t s  leakage 
character is t ic ,  the total  flow for  the system can be 
represented graphically by plotting the 1 eakage (n/p) 
curves "back-to-back" w i t h  a cornnon axis fo r  the flow ra t e  
(n) (see Figure 2) .  

2. THE DETERMINATION OF THE AIR INFILTRATION CHARACTERISTICS 
OF A BLOCK OF FLATS UNDER OPERATIONAL CONDITIONS 

Pressurization t e s t s  in Sweden today a r e  carried out a t  50 
Pa. This is well outside the normal range of operational 
conditions fo r  a building. 

When calculating a i r  in f i l t ra t ion  rates ,  the leakage 
character is t ics  for  pressures w i t h i n  the normal range must 
be used. 

This problem may b.e approached i n  one of two ways: 

a )  Extrapolate the leakage curve determined a t  h i g h  pressures 
to Power pressures. 

b) Determine the 1 eakage using operational pressures. 

Accuracy i s  l o s t  in both cases. 

A method has been developed for  estimating the leakage 
character is t ics  for  an apartment i n  a four-storey 
residential  building with natural ventilation. Each 
apartment may have 2 ,  3 or 4 ventilation channels running 
through a common stack to  a vent above roof level (Figure 
l a ) .  

The resistance of the outside wall i s  h i g h  and, when the 
door and windows are closed and taped, forms a "bottle- 
neck" i n  the flow so that  most of the pressure difference 
i s  developed across i t .  The total  d r i v i n g  pressure i s  
the stack pressure. The pressure difference across the 
outside wall i s  measured and the outflows through the 



open exhaust vents are  summed. This value i s  p l o t t ed  on an 
n/p diagram, i .e.  po in t  A on Figure 3. 

By seal ing one o r  more of the exhaust openings w i t h  p l a s t i c  
f i l m ,  the pressure dif ferences across the outer wal ls  i s  
reduced. The out f low through the remaining open exhaust 
vents g ives a new po in t  B. 

The charac te r i s t i cs  o f  the v e n t i l a t i o n  shaf ts can be a r r i ved  
a t  by ca r ry ing  ou t  a s im i l a r  exercise w i t h  the shaf ts open 
and a door o r  window open t o  varying degrees. A p a r t i a l l y  
open window y i e l d s  po in t  C. A f u l l y  open window o r  door y i e l d s  
po in t  D f o r  which the t o t a l  d r i v i n g  pressure acts  across the 
v e n t i l a t i o n  sha f t  alone. 

The r e s u l t i n g  curves can then be used i n  the manner o f  
Figure 2 t o  f i n d  the a i r  change r a t e  fo r  any given stack 
pressure. 

The method was tes ted f o r  several apartments dur ing A p r i l -  
May 1981 as pa r t  of a la rger  research p ro j ec t  i nvo lv ing  
measurements i n  500 apartments. A t  t h i s  time, the weather 
became too warm f o r  the method t o  be e f f ec t i ve .  The method 
has been employed and found very useful  dur ing the win ter  
1981 /1 982. 

3. WHAT ABOUT THE WIND EFFECT ? 

It can be demonstrated t heo re t i ca l l y  and i n  p rac t i ce  t h a t  
f o r  bu i ld ings w i t h  t i g h t  construct ion, and for  the stack 
dominated weather condi t ions su i ted t o  t h i s  tes t ,  the wind 
e f f e c t  i s  important f o r  the f l ow  through the walls. 

However, wind does s t i l l  a f f e c t  the top o f  the v e n t i l a t i o n  
shafts. The magnitude o f  t h i s  e f f e c t  i s  not  wel l  known, 
and w i l l  be invest igated as p a r t  o f  the cur rent  research 
programme w i t h  a view t o  modifying the design o f  the o u t l e t  
t o  minimise the e f f ec t s  o f  wind. 

4. CONTROLLING THE VENTILATION RATE I N  NATURALLY VENTILATED 
F LATS 

Some o f  the apartments i n  the p ro jec t  have been, o r  soon 
w i l l  be, f i t t e d  w i t h  a thermostat ica l ly  con t ro l led  
v e n t i l a t i o n  i n l e t  valve f o r  which the open area decreases 
as the outs ide temperature decreases. This provides an 
almost constant flow r a t e  across the outs ide wal ls  o f  the 
f l a t .  

The f low f o r  a range o f  outside temperatures normalised 
t o  the f l ow  a t  O'C i s  i l l u s t r a t e d  i n  Figure 4. 



5. ASSESSMENT OF ENERGY SAVING BY SEALING THE ENVELOPE 

The presentat ion o f  leakage data i n  the " back-to-back" form 
o f  Figure 2 can a lso be used i f  the natural  v e n t i l a t i o n  
channels are replaced by a  mechanical ex t r ac t  system (see 
Figure l b ) .  

Thus the method can be used t o  inves t iga te  the e f f ec t s  o f  
such pract ices as seal ing the external  wal ls  o f  na tu ra l l y  
ven t i l a t ed  and exhaust ven t i l a t ed  bui ld ings.  

The leakage charac te r i s t i cs  f o r  outs ide wal ls  w i t h  an a i r  
change r a t e  ( a t  50 Pa) of 1.5 and 0.75 a i r  changes per hour 
are i l l u s t r a t e d  i n  Figure 5a. 

The corresponding curves f o r  the v e n t i l a t i o n  exhaust shaf ts 
f o r  natura l  and ex t rac t  v e n t i l a t i o n  systems are given i n  
Figures 5b and 5c respect ively.  Figures 6a and 6b 
represent the e f f ec t s  o f  p lac ing 5a "back-to-back" w i t h  5b 
and 5c respect ive ly .  (Note the change o f  pressure scale). 

It w i l l  be observed from Figure 6a t h a t  fo r  the natural  
v e n t i l a t i o n  system, w i th  the same t o t a l  pressure di f ference 
(9  Pa), t ha t  there i s  a  subs tan t ia l l y  reduced a i r  change 
r a t e  from 0.6 ach ( a i r  changes per hour) t o  0.3 ach a f t e r  
seal i ng . 
For the  mechanical system, Figure 6b, the t o t a l  d r i v i n g  
pressure i s  300 Pa. The e f f e c t  o f  the exhaust fan 
predominates and the reduct ion i n  a i r  change r a t e  i s  very 
small o r  neg l ig ib le .  

6. COMMENTS 

The above examples show t h a t  the a i r  f l o w  charac te r i s t i cs  
o f  a  bu i l d i ng  and o f  i t s  v e n t i l a t i o n  system must be regarded 
as an organic whole. 

Lack o f  understanding o f  t he .e f f ec t s  of the in te rac t ions  
between the various par ts  o f  the t o t a l  system on the 
funct ioning o f  the system poses a  severe problem when 
seeking e f f e c t i v e  s t ra teg ies f o r  energy saving i n  bui ld ings.  



Figure 1 (a) Naturally ventilated building 



Figure l(b) Mechanically ventilated building 



Figure l c  Schematic diagram of the a i r  flow c i rcu i t  for  the f l a t  

driving pressure 

(stack (9Pa) ) 

(fan (300 Pa)) 
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I windows 

I & doors 
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mechanical ) 

- fixed resistances (e.g. wall) 

- variable resistances (e  .g . openabl e window) 

- closure (e.g. damper, p las t ic  sheet sealing an opening) 



Figure 2 Graphical d e s c r i p t i o n  o f  a i r  exchange by t o t a l  p r e s su re  
d i f f e r e n c e  

F igure  3 Leakage graphs o f  o u t e r  w a l l s  @ and v e n t i l a t i o n  channels  @ 

p(Pa) o u t e r  wa l l s  vent-channels p(Pa) 



Figure 4 Temperature dependent f 1 ow characteristic of in1 e t  valve 

Re1 ative 
a i r  flow 

outdoor temperature tOc 



5a Wall s 

n(ach) ( a i r  change r a t e )  
4 

5b Natural ven t i l a t ion  system 

1.5 ach @ 50 Pa 

0.75 ach @ 50 Pa 

p(Pa)  (pressure di f ference)  

5c Mechanical vent i la t ion system 

*Note change of scale  



Figure 6 Diagrams t o  demonstrate t h e  e f f e c t  of  sea l ing  the 
o u t s i d e  wal ls  

a )  Natural v e n t i l a t i o n  system 

--- ---  

reduction o f  a i r  

l 0 i B  6 4  2  2 4 6  
1 I 

I i 
+- Increase of pressure drop 

across  t h e  ou t s ide  wall 
(negl i g i  b le )  

b) Mechanical v e n t i l a t i o n  system 

increase  i n  pressure drop 
across  the ou t s ide  wall 
(considerable)  
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INTRODUCTION 

A i r  i n f i l t r a t i o n  i s  an important component o f  energy loss i n  a l l  
bui ld ings.  Wind and temperature are the d r i v i n g  forces f o r  t h i s  
component. For given weather condi t ions the s i ze  of the a i r  i n f i l -  
t r a t i o n  i s  determined by the a i r  t ightness of the bu i ld ing  envelope. 
A promising technique t o  character ize t h i s  housing q u a l i t y  i s  a i r  
leakage measurements. An a i r  leakage standard f o r  new construct ion 
ex is ts  already i n  Sweden. Results from a i r  leakage measurement can 
be used t o  p red ic t  the overa l l  a i r  i n f i l t r a t i o n  f o r  a bu i l d i ng  
(1,2). Predict ions w i l l  however not  t e l l  anything about the a i r  
i n f i l t r a t i o n  i n  ind iv idua l  rooms. When t h i s  k i nd  o f  informat ion i s  
needed t racer  gas measurements using a special technique have t o  
be employed. A technique f o r  doing t h i s  has been developed and 
appl ied t o  a t i g h t  house. 

The ove ra l l  v e n t i l a t i o n  r a t e  was very low f o r  the t e s t  house, 
a1 though i t had mechanical vent i  1 a t i  on (exhaust fan). This i ndi - 
cates t h a t  t i g h t  houses have t o  have a system f o r  mechanical 
v e n t i l a t i o n  and t h a t  t h i s  system has t o  be e f f i c i e n t .  



DESCRIPTION OF USED TRACER GAS TECHNIQUE 

The basic p r i n c i p l e  o f  t h i s  method i s  the commonly used method o f  
measuring the a i r  i n f i l t r a t i o n  using a t racer  gas. Usual ly  a 
t racer  gas i s  i n j ec ted  i n t o  the house a t  one t ime and the fo l lowing 
decay of the t racer  gas i s  monitored. The r e s u l t  using t h i s  method 
w i l l  t y p i c a l l y  be the whole house venti , lat ion. 

I n  our case (3)  we take a i r  samples from every room and analyse 
them i nd i v i dua l l y .  The purpose of the method i s  t o  c o l l e c t  informa- 
t i o n  about the v e n t i l a t i o n  o f  i nd iv idua l  rooms i .e. the supply o f  
f resh a i r  t o  ind iv idua l  rooms. The method assumes neg l i g i b l e  a i r  
f lows between rooms and near ly perfect mixing. This i s  considered 
t o  be t r u e  f o r  most o f  the res i den t i a l  bu i ld ings i .e.  one-family 
houses o r  apartments. A i r  flows between rooms w i  11 add t o  the 
inaccuracy o f  the method. (This has been ca lcu la ted i n  r e f .  3). 

A t e s t  i s  made i n  the fo l lowing way. Every room t o  be monitored i s  
connected t o  the sampling apparatus v i a  tubing. The sampling 
apparatus i s  connected t o  an analyzer. The number o f  sampling 
po in ts  i s  maximized t o  9. When choosing sampling points, locat ions 
close t o  i n l e t s  o r  ou t le ts  should be avoided. The sampling po in t  
are  pre ferab ly  chosen w i t h i n  the area where people normally stay 
and are located a t  mid height. The t racer  gas i s  d i s t r i bu ted  
manually and the fo l lowing decay i s  monitored. I t  i s  essent ia l  
t ha t  the t racer  gas i s  uni formly d i s t r i bu ted  w i t h i n  the bu i ld ing  
a t  the s t a r t  o f  a tes t .  The sampling apparatus co l l ec t s  a i r  samp- 
les  fo l l ow ing  a preset schedule. Typ ica l l y  a i r  w i l l  be sampled 
automat ical ly  a t  each ind iv idua l  sampling po in t  every 3 t o  7 
minutes. The analyzer and the con t ro l  apparatus are located i n  a 
van dur ing the tes t .  Tubing i s  run from the van i n t o  the house t o  
be tested. The tubing i s  thermal ly insu la ted i n  order t o  avoid 
condensation a t  winter. The on ly  disadvantage w i t h  having a l l  
instrumentation i n  a van i s  t h a t  i t  l i m i t s  possib le t e s t  s i t e s  t o  
one-family houses and apartments i n  bu i ld ings w i t h  a maximum height  
of three storeys. 



RESULTS 

Measurements were made i n  a one-storey one-family house b u i l t  
1977. When the house was b u i l t  special  care  was taken during 
construction t o  make the house very t i gh t .  Standard building 
technique was used. The main idea was t o  be very careful  about 
sealing a l l  jo in t s .  The goal was to  be be t t e r  than the Swedish 
Building Code. A pressurization t e s t  was made, which showed tha t  
the house only leaked 1,5 ach a t  50 Pa ( see  f i g .  1 ) .  T h i s  value 
i s  t o  be compared w i t h  3,O ach i n  the Code. Most new Swedish 
homes meet t h i s  requirement and i t  i s  not unusual t o  f ind houses 
with 1 ,5  ach a t  50 Pa. 

In order t o  determine the ven t i l a t ion  r a t e  the  above described 
equipment was used. A tgpical winter day was chosen for  the  t e s t .  
The temperature was -3 C and a l i g h t  wind prevailed. The house 
had mechanical vent i la t ion i . e .  a i r  is  exhausted using a fan.  
Exhaust a i r  vents a r e  located i n  bathrooms, laundry room, kitchen. 
Fresh a i r  enters  the  house through cracks. This type of vent i la-  
t ion  system is f a i r l y  common i n  modern Swedish housing. Nowadays 
t h i s  system normally a l so  includes special  supply vents. 

The f i r s t  t e s t  was done w i t h  the  vent i la t ion system in  normal 
operating conditions. The average a i r  i n f i l t r a t i o n  fo r  the  whole 
house was shown t o  be 0,23 ach (see  t ab le  1 ) . This value i s  
c l ea r ly  below the  recommended value of 0,5 ach i n  the Swedish 
Building Code. There i s  a wide variat ion f o r  d i f f e r en t  rooms. 
Only one room was above the recommended value, w i t h  a value of 
0,64 ach. The room with the lowest vent i la t ion r a t e  had only 0,05 
ach. 

During the  second t e s t  the fan was turned off  and the a i r  i n f i l t r a -  
t ion caused by natural  means was studied. This time the average 
vent i la t ion f o r  the  whole house was O,11 ach. Some of the rooms 
seemed t o  have hardly any ven t i l a t ion  a t  a l l  ( s e  table  1 ) .  

In a f i na l  t e s t  the  fan was turned on again and the vent i la t ion 
was increased by opening a couple of windows on a s l i g h t  angle. 
T h i s  way the vent i la t ion r a t e  became almost acceptable, reaching 
the value of 0,41 ach. There i s  a wide var ia t ion fo r  d i f f e r en t  
rooms; the  highest value being 2,05 ach and the lowest value 
being 0,07 ache 



DISCUSSION AND CONCLUSIONS 

The purpose of an exercise such as t h i s  is to  attempt to  find the 
ventilation ra te  fo r  a t i gh t  dwelling. I t  was clearly shown in 
th i s  home tha t  relying on only natural ventilation is  not su f f i -  
c ient  f o r  a t i gh t  house (O,11 ach) . Adding mechanical ventilation 
for  bringing out used a i r  wasn't enough of a remedy for  th i s  par- 
t i cu la r  house (0,23 ach).  The reason being tha t  the system wasn't 
properly adjusted, the fan wasn't powerful enough, there were no 
openings where a i r  could come i n .  The best way of getting adequate 
ventilation i s  t o  instal1 a ventilation system w i t h  bu i l t  i n  rou- 
t e s  where fresh a i r  can enter the building. The system should 
e i ther  be a balanced ventilation system or  an exhaust fan system 
w i t h  special vents t o  the outside f o r  supplying fresh a i r .  In 
order to  save energy the f i r s t  system can be combined w i t h  a heat 
exchanger and the second system w i t h  a heat pump for  heating domes- 
t i c  hot water. 

The difference in ventilation r a t e  fo r  different  rooms was shown 
to  be large. Some rooms were hardly ventilated a t  a l l  judging 
from the measurements. I t  is  obvious that  i n  a t igh t  house a 
great deal of attention has to be paid to  supplying fresh a i r  to  
every room. 

The actual ventilation ra te  in t i gh t  homes has t o  be studied. 
Furthermore a bet ter  technique for  evaluating the ventilation 
rate  fo r  whole homes and in individual rooms has to  be developed. 

A constant concentration technique i s  being developed for  this 
purpose. The idea being to  in jec t  t racer  gas continouosly into 
each room of an apartment or a house and to  maintain a constant 
concentration of t racer  gas in the whole house. By measuring the 
supply of t racer  gas t o  each room the supply of fresh a i r  to each 
room will  be known direct ly .  The only disadvantage with th i s  
system will  be that  no information as to  the a i r  flows between 
rooms is obtained. In standard buildings a i r  flows between rooms 
will however have no effect  on the measurement of the fresh a i r  
supply to  an individual room. T h i s  i s  assuming perfect mixing 
w i t h i n  minutes. Problems with keeping a constant concentration 
may ar i se  i f  there i s  an abrupt change i n  ventilation rate .  In 
most houses this should normally not happen, th i s  is  especially 
true fo r  houses with mechanical ventilation. An additional 
advantage w i t h  the system is  the possibi l i ty  of making long-term 
measurements of the ventilation rate .  

Ventilation in modern t ight  housing i s  very often a neglected 
area. I t  i s  however possible to  monitor the ventilation ra te  fo r  
whole homes and individual rooms i n  detail  already today. S t i l l  
bet ter  information will be available once the constant concen- 
t ra t ion t racer  gas technique i s  developed. 
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AIR CHANGE RATES TABLE 1 

Room Case 1 Case 2 Case 3 (m ) 2 

1 ( k i t c h e n )  

2 (1  i ving-room) 

3 (bedroom) 

4 (den )  

5 (bedroom) 

6 (ha l lway)  

7 (den)  

8 (bedroom) 

9 ( s t o r a g e )  

10 (gameroom) 

Case 1: Natural v e n t i l a t i o n  (ven t s  c l o s e d )  

Case 2: Mechanical v e n t i l a t i o n ,  a l l  windows and doors  c losed  

Case 3: Mechanical v e n t i a l t i o n ,  windows open on a s l i g h t  ang le  

Case 1 : Average O,11 h r - '  
Case 2: Average 0,23 hr-' 

Case 3: Average 0,41 hr" 



Figure 1 . Air leakage vs. pressure difference inside-outside 
for the t e s t  house 
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ABSTRACT 

The needs, history, procedures, and past case studies for  the 
house doctor approach are outlined. This program of individual- 
ized instrumented energy audits and r e t ro f i t s  has reached a 
stage in development v~here s teadi ly increasing numbers of house 
doctors a re  envisioned for  the years immediately ahead. 

INTRODUCTION - THE NEED FOR DOCTORING HOUSES 

In coun t~ ies  around the world, one question that  i s  being asked 
more and more often i s :  What changes can I make in my home so 
that  energy consumption will be reduced? The answer i s  often 
given in the form of l i s t s  of energy saving measures, b u t  how 
many "solutions" apply to  the home in question? We believe the 
question demands a customized solution -- one tailored for  the 
particular house. The most common response to  t h i s  question i s  a 
paper and pencil energy audit of the house. Such audits do not 
rely on any measurements of key variables that  influence energy 
use. Our experiments have shown tha t  an energy audit  based on 
computation alone would miss some of the most effective energy 
conserving measures. Princeton University's House Doctor approach 
i s  based on an instrumented energy audit and leads to  the identi-  
f ication of a l l  the major energy defects i n  the house. The pro- 
cedure generally includes a par t ia l  r e t r o f i t  along with the in- 
strumented audit. 

The energy savings program i s  conducted by a house doctor team, 
which i n  our definit ion, i s  a well-trained two or  three person 
crew to handle energy analysis and re t rof i t t ing .  The house 
doctors use a carefully selected k i t  of instruments to  speed 
their  house diagnoses of energy loss.  The end resul t  i s  a 
prescription for  appropriate r e t r o f i t  measures that  partly takes 
place during the v i s i t  of the team. Although a given house may 
call  for  a change in procedures to  meet certain particular needs, 
there i s  a recommended approach that  will be described. 

HISTORY OF THE APPROACH 

The beginnings of the house doctor approach may be traced t o  the 
Twin Rivers ~ r o j e c t . 1  In a ser ies  of residential energy studies 
that extended over a period of more than s ix  years, a number of 
experiments were conducted. The f i r s t  experiment concentrated on 
three side-by-side townhouses instrumented to  provide almost 200 
channels of energy data. The object was to  understand, in great 
de ta i l ,  the way i n  which the occupants in these townhouses used 
energy. A complete weather history from a dedicated weather s ta-  



tion nearby was a c r i t i c a l  aspect of the study. The instrumenta- 
tion continuously located i n  the house was supplemented by other 
portable measuring devices. Infrared scanning equipment was a 
principal tool.  Other portable instrumentation included hand- 
held temperature probes to  measure a variety of a i r ,  water and 
surface temperatures, and hot wire anemometers t o  measure a i r  
flow i n  the warm a i r  heat distribution system. An automatic a i r  
i n f i l t r a t ion  measurement device developed dur ing  th i s  period was 
used extensively. The benefits derived from the detailed energy 
data were numerous, b u t  the added information obtained from the 
portable instruments also proved t o  be s ign i f i can te2  

As the second ser ies  of experiments began, data logging was re- 
duced to  12-channel tape recorders i n  more than 30 townhouses 
earmarked f o r  re t rof i t t ing .  Similar recorders were placed i n  ten 
homes heated and cooled w i t h  heat pumps. The use of auxiliary 
measurement techniques steadily increased during th i s  experiment. 
The addition of the "Blower Door" pressurization device allowed 
the tightness of several Twin Rivers townhouses to  be compared, 
and greatly expanded the versati l  i ty  of infrared scanning. 334 

The realization a t  tha t  point i n  the research was tha t  i f  larger  
numbers of houses were to  be analyzed, emphasis on inexpensive 
portable instrumentation and stream1 i ned analysis procedures were 
absol utely necessary. 

THE PROCEDURE 

The procedure tha t  has been used i n  the house doctor approach 
begins w i t h  an external examination of the structure,  sizing the 
house, and cataloguing i t s  important features .596 The team makes 
use of simp1 e measurement techniques and photography. The 
object've i s  t o  measure the s ize  o f  dwelling and to  photogra- 
phically record the exterior de ta i l s  of the structure.  These 
photographs include a clearly marked measuring s t ick  so tha t  
measurements of windows and other features from the photographs 
are  possible. The outside measurements a1 low a plan to  be sketched 
accurately a t  the s i t e ,  Using carbon sheets, mu1 t i p l e  copies are  
produced so that  a separate copy can be dedicated to  the problems 
found on each f loor  of the house. 

During the preliminary portion of the v i s i t  any energy problems 
encountered by the homeowners are also noted; cold rooms, localized 
draftiness,  inadequate insulation, poor windows, e tc .  The f inal  
item i s  a room-by-room survey to  determine how well the tempera- 
ture  i s  balanced and whether the thermostat(s) i s  functioning 
properly. A mu1 t i p l e  setback clock thermostat may be instal  led 
by the house doctor so that  temperatures can be programmed over 
the fu l l  24-hour day ( th i s  includes daytime setback when approp- 
r i a t e ) .  Setting the temperature back 1 degree C reduces space 
heating consumption by 7% in the average U.S. climate. Somewhat 
less  than a third of th i s  would be saved by an 8 hour night-time 
only setback. For residents not currently set t ing the i r  tempera- 
ture back a t  n i g h t  (but would do so i f  a clock thermostat were 
available) these thermostats would be very cost effective. 

The next pr ior i ty  i s  to  determine the leakiness of the building 
envelope. A Blower Door, a 1 arge cal i brated mu1 t i  speed fan 



system, i s  instal led i n  an exter ior  doorway and the house is  
pressurized.2-7 The amount of flow required to  pressurize (or  
depressurize) the house over a range of pressure levels i s  re- 
corded. This t e s t  not only indicates the amount of leakage, b u t  
rates the house w i t h  others as to  tightness. Should the house be 
suff ic ient ly  t i gh t  ( a t  Princeton we have s e t  s ix  a i r  changes per 
hour a t  50 Pascal as the temporary cr i te r ion)  further leak sealing 
i s  not necessary. However, t h i s  degree of tightness i s  rarely 
found. 

Leak s i t e  detection begins w i t h  the a t t i c .  A sl ight ly pressurized 
house means tha t  a greater than normal amount of a i r  i s  forced 
through a variety of a t t i c  f loor  leakage s i t e s .  These leaks are  
detected by scanning the a t t i c  f loor  w i t h  portable infrared 
equipment. Even w i t h  insulation i n  place, the leaks are readily 
visible using the infrared technique. "Bypasses" from in ter ior  
wall s ,  p1 umbing stacks, e lec t r ica l  f ixtures and wiring holes are 
just  a few of the leaks tha t  a re  detected.7.8 Often there a re  
large energy loss s i t e s  due t o  lowered ( s o f f i t )  ceil ings,  whole 
house fan openings, special piping or  ducting chases, e tc .  These 
s i t e s  present leakage levels tha t  demand immediate attention. 
Large openings are  sealed w i t h  a plast ic  sheet placed over the 
leak and under the insulation. Smaller openings are sealed w i t h  
foam, compressed fiberglass,  caulking or  tape. The access t o  the 
a t t i c  is  often a major leak s i t e  and requires weatherstripping or  
perhaps an insulated sealing cover to  cure the problem. Any 
sealing improvements cah be measured while the Blower Door i n -  
strumentation i s  i n  place. In this way the house doctor knows 
that  progress i s  being made - the patient i s  improving. 

Next the house i s  depressurized by reversing the Blower Door fan. 
Under these conditions ceil ing leakage can be double checked from 
the inside. Now we are dealing w i t h  cooler surface areas (under 
heating season conditions) inadequate insulation and the presence 
of leaks a re  identified by cool patterns across the in te r ior  
surfaces. The infrared viewer i s  used to  survey a l l  the in te r ior  
surfaces of the house. Inter ior  walls receive equal attention i n  
th i s  survey. P i p i n g  and wiring through the internal walls often 
are the cause of major leakage paths from the l iving space or  
basement to  the a t t i c .  This condition resul ts  i n  character is t ic  
cool s t r ipes  extending from floor-to-ceil i n g  and indicate high 
pr ior i ty  s i t e s  fo r  re t rof i t t ing .  Soff i t  ceil ings appear as cool 
areas i n  need of an a t t i c  seal .  The floor i s  also scanned i n  the 
internal surface check. Often leakage along the floor-wall joint  
i s  a major source of a i r  i n f i l t r a t ion  together w i t h  the electr ical  
outlets.  The l a t t e r  leaks may be cured using closed-cell p las t ic  
gaskets as a r e t r o f i t  measure. Transparent caulking on the joints 
along f loor  edges and around windows can prove to  be very worth- 
while. This tighteningprocess typically yields 10-35% improvement 
i n  reduced a i r  in f i l t ra t ion .  

Having catalogued problems i n  the building envelope due to  a i r  
leakage and insulation shortcomings, attention i s  next turned to  
the heating system. Both o i l  and gas f i red systems have shown 
marked improvements through tune-up. Remember a 5% improvement 
on a heating system with a 70% seasonal performance t ranslates  
into a more than 7% overall gain. The house doctor should use 
the best measuring equipment available for  these tes t s .  Direct 
readout of performance i s  helpful so that  the t e s t s ,  and adjust- 
ment i f  necessary, may be done i n  approximately 15 minutes. This 



can prove t o  be the conservation measure with the f a s t e s t  payback. 
Since th i s  check takes place a f t e r  the Blower Door test ing,  the 
house has cooled down insuring reasonably long burner operation 
times. 

Last, b u t  not l eas t ,  in the checklist  for  the house doctor i s  the 
inspection of major appliances. Generally additional insulation 
on the outside of gas and e l ec t r i c  water heaters have a relat ively 
short payback period. The hot water temperature should be s e t  as 
low as possible to  meet household needs. This setback can save as 
much as upgrading the insulation. Where needed, flow limiting 
devices should be employed in showers and sinks. The refr igerator  
may require some additional monitoring i f  questions a r i se  as t o  
i t s  performance. We have developed a simple meter that  provides 
such data by monitoring over a 24 hour period.6 This meter 
measures the curnlrl a t i  ve. energy consumption and avoids the 
problem created by on and off cycles of the compressor, fans and 
other components. 

FOUR HOUSES UNDER STUDY 

The experience with townhouses, condominiums and single family 
detached houses bui l t  during the 1970's a t  Twin Rivers was 
revealing but that  experience l e f t  many questions unanswered. 
Measurements of older homes, where a variety of s ty l e  and vintage 
questions were relevant, was the next step.9 The techniques of 
the house doctor approach were employed. 

Prior energy records were col lected from two ranch-style (single- 
storey) and two colonial -sty1 e (two-storey) homes. Wherever 
possible, an Energy Signature (a compilation of energy use plotted 
against outside temperature for  the period) should be determined 
prior to a contemplated house visit. 

Very evident from the house doctor v i s i t s  t o  the four homes was 
that  more than conventional r e t ro f i t t i ng  was necessary. Of par- 
t icu lar  in t e re s t  was the amount of leakage in the band j o i s t  areas 
especially i n  the case of the two-storey houses. The use of de- 
pressurization and infrared scanning revealed these problems. The 
solution involved devising techniques to  inject  blown i n  insulation 
into these locations and make certain i t  would stay in place. Use 
of glue, cel lulose,  and a special spray nozzle were a l l  part of 
th i s  ac t iv i ty .  Each of the houses received an a t t i c  insulation 
upgrading -- normally moving from 8 to  25 cm of equivalent mineral 
wool insulation (actually both fiberglass and cel l  ulose blown in 
insulation were used). Basement band jo is t s  were upgraded through 
use of sealants,  and 15 cm of fiberglass with vapor barrier.  Crawl 
space wall s were insulated as we1 1 .  Electric out lets  were 
gasketed; windows and doors were checked for  leakage, and weather- 
stripped where economical; and other leakage s i t e s ,  primarily in 
the cei l ing,  were treated with 0.15 mm plast ic  sheets, under the 
insulation. Each of the furnaces was checked with the highest 
gain being a 9% change due to increased steady-state performance 
in a modern o i l  b ~ r n e r . ~  

Certain of the houses required return v i s i t s  to: monitor moisture 
problems in an underventilated a t t i c  where increased insulation 
had aggravated the s i tuat ion;  t r e a t  a local problem due to  a 



missed envelope opening which was hidden by a  bathtub; and vents 
blocked by i n s u l a t i o n .  

An app rec ia t i on  f o r  t he  saving p o t e n t i  o f  t h e  house doc tor  
approach can be gained from the  Table.7d The f i r s t  house i s  t he  
Twin Rfvers townhouse t h a t  rece ived extensive r e t r o f i t  t reatment.  1  

The l a s t  th ree  e n t r i e s  a re  th ree  of t h e  four o l d e r  houses j u s t  
discussed. As an a i d  i n  v i sua l  i z i n g  the  consumption, a1 1  energy 
f o r  heat ing  has been converted t o  l i t e r s  per  year  and savings 
expressed i n  cos t  o f  energy saved (Do l l a rs  per  1000 l i t e r s .  ) 

C) lncludes bo th  mater ia ls cost and labor cos t  (computed a t  $100 per person-day). 

TABLE RETROFIT COSTS AND EHERGY SAVINGS 

d )  Cost o f  saved energy = 
cost o f  r e t r o f i t  ; f o r  these r e t r o f i t s  a 15 

l i f e  cycle energy savings 

year l i f e  expectancy has been assumed. 

US 21 (1973) 

US 22 (1963) 

During t h e  w i n t e r  o f  1979/1980 t h e  f o u r  gas u t i l i t i e s  o f  t he  State 
o f  New Jersey, i n  a  model c o l l a b o r a t i v e  p r o j e c t  w i t h  Pr inceton 
Un ive rs i t y ,  began a  statewide experiment t o  conduct a  l a r g e  scale 
t e s t  o f  t h e  house doc tor  c 0 n c e ~ t . 1 1  The u t i l i t y  house doc tor  
teams were t r a i n e d  a t  Pr inceton and received f u r t h e r  f i e l d  
t r a i n i n g  a t  s i x  housing s i t e s .  The experimental research p lan  
invo lved 18 house modules which provided: s i x  con t ro l s ,  s i x  
house doc tor  v i s i t s ,  and s i x  houses t h a t  received major r e t r o -  
f i t t i n g  f o l l o w i n g  the  house doc to r  v i s i t .  Energy s ignature  data 
genera l l y  requ i red  R square f i t s  b e t t e r  than 0.95 t o  qua1 i f y  a  
house f o r  cons idera t ion  i n  t h e  program. Since t ime d i d  n o t  permi t  
the  c o l l e c t i o n  o f  p r e r e t r o f i t  data, house/occupants t h a t  were no t  
f o l l o w i n g  a  we l l -p rescr ibed energy use p a t t e r n  were excluded. As 
i n  the  case o f  Twin Rivers housing (and a  number o f  o the r  housing 
s i t e s  where d e t a i l e d  measurements have been taken) there  was again 
a  more than two-to-one v a r i a t i o n  i n  gas use i n  the  houses o f  each 

a)  These data re la te  t o  four houses i n  New Jersey r e t r o f i t t e d  by Princeton Universi ty 's 
Center f o r  Energy and Environmental Studies and loca l  contractors. 

b) Space heating energy use i n  equivalent f u e l  o i l  l i t e r s  per year normalized t o  a 
standard year, based on a 10 year average o f  weather data. 
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o f  these groups o f  nea r l y  i d e n t i c a l  houses. l 

The data from t h i s  experiment have answered many questions b u t  
have posed new quest ions as we l l .  

F i r s t  t he  quest ions of t r a i n i n g .  The basis f o r  t r a i n i n g  house 
doctors has been establ ished,  the  conclusion has been t h a t  a 
minimum o f  f i v e  days of classroom and planned a c t i v i t i e s  fo l l owed  
by a comparable f i e l d  experience can s a t i s f y  the  t r a i n i n g  needs. 
The savings due t o  both  t h e  house doctor  and t h e  v i s i t  p lus  
r e t r o f i t  have been documented as shown i n  the  Figure. A subset 
o f  these data p o i n t  o u t  t h a t  improvements a re  ev ident  as t h e  team 
experience grows. 

LEGEND: 
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CONTROL 

PERCENT SAVE0 I N  SPACE HEATlNG 8 HOT WATER 

HISTOGRAM OF PERCENT ENERGY SAVED I N  MRE. 4 NODULES, FIRST HALF 80 - 81 WINTER 

Some o f  the  new quest ions t h a t  have a r i sen  inc lude the  l a c k  o f  
b e n e f i t  from t h e  thermostat i n s t a l l a t i o n .  Post r e t r o f i t  in te rv iews 
have revealed t h a t  t h e  setback thermostats are  on ly  being used by 
those occupants t h a t  p rev ious l y  used manual setback. The i n t e r a c -  
t i o n  o f  t he  house doctor  w i t h  occupant must inc lude t r a i n i n g  and 
encouragement i n  the  use of con t ro l  systems. Another quest ion 
deals w i t h  extreme o u t l y i n g  data po in ts .  I n  a pe r iod  o f  r a p i d l y  
r i s i n g  f u e l  p r i c e s  some of t he  homeowners are  achiev ing major 
savings i n  t h e i r  energy use, (10 percent reduct ion  i n  gas use f o r  
t he  u t i l i t y  as a whole), the  previous major change o f  t h i s  type 
was seen i n  t h e  73 - 74 period. 

The house doc to r  a c t i v i t i e s  of the  u t i l i t i e s  w i t h i n  the  s t a t e  
i n v o l v i n g  some 130 houses have been m i r ro red  i n  o the r  regions 
throughout t h e  country, e. g. Minnesota, New York, Tennessee and 
Ca1 i f o r n i  a. F u l l  resu l  t s  of energy savings and costs are c u r r e n t l y  
being analysed. 



THE MARKET PLACE 

The realization that  a house doctors approach i s  needed and that  
the time has come i s  evident from recent events. The program a t  
Princeton has received much publicity i n  the past b u t  recent 
coveragel 3 has brought a virtual deluge of requests from prospec- 
t ive house doctors throughout the United States and many from 
other countries as well. Last year the level of interest  was f a r  
lower. 

A variety of groups in North America have come to  the conclusion 
that  the house doctor or  similar technique i s  the way to approach 
home energy re t rof i t t ing .  In the l a s t  few months many of these 
groups a r e  moving to  franchise the methods that  have been 
developed. Unfortunately mixed in w i t h  the dedicated energy 
savers a re  groups tha t  have only monetary ~ a i n s  in mind, offering 
infer ior  instruction and/or equipment of marginal value. Some 
have also become quite specialized, perhaps too specialized, i ?  
that  they are  concerned only with envelope tightening, neglecting 
furnace efficiency, and insulation questions. Others have become 
regionalized dealing w i t h  the specific problems of regional 
housing, t h i s  regional approach may be necessary in many instances. 

THE FUTURE 

In the United States and Canada there i s  considerable ac t iv i ty  
taking place in house doctoring. In New Jersey, a thousand house 
experiment to  t e s t  new financing for  house d o c t o r i ~ g  and other 
conservation measures i s  imminent. Judging from recent media 
pronouncements the groups now active in house doctoring ac t iv i t i e s  
are numbered in the tens, b u t  predictions in the near future are 
for  a thousand crews.14 

One of the big questions i s  cer t i f icat ion.  Federal or State  
cer t i f ica t ion  could greatly a s s i s t  the program in making certain 
that  high standards are  followed i n  any house doctor ac t iv i t ies .  
No such cer t i f ica t ion  appears t o  be close a t  hand, a t  l eas t  in the 
United States.  
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HEAT LOSS. 
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SUMMARY 

Th i s  parameter  s tudy  w i t h  the IMG c a l c u l a t i o n  model f o r  v e n t i l a t i o n  

i s  a n  a t t empt  a t  forming some background f o r  dec i s ions  r e l a t i n g  t o  t he  

p r e p a r a t i o n  of a s t anda rd  i n  t he  Netherlands.  

From t h e  r e s u l t s  one can  s e e  t h a t  a i r  t i g h t n e s s  and t h e  h e a t  l o s s  

caused by i n f i l t r a t i o n  cannot be cons idered  a s  a s imple l i n e a r  

r e l a t i o n s h i p .  

P u b l i c a t i o n  no. of t he  TNO Research I n s t i t u t e  f o r  Environmental 

Hygiene, P.O. Box 214, 2600 AE D e l f t ,  the  Netherlands. 



INFLUENCE OF DIFFERENT PARAMETERS ON INFILTRATION AND INFILTRATION 

HEAT LOSS . a 

1 .  INTRODUCTION 

A i r  i n f i l t r a t i o n  plays an important p a r t  i n  our endeavour t o  save 

energy i n  dwell ings.  

Designing f o r  minimum a i r  i n f i l t r a t i o n  sounds l i k e  a wish. 

Considering the  words design and minimum a i r  i n f i l t r a t i o n ,  several 

quest ions a r i s e  : 

- Where does one s t a r t ?  

Is i t  necessary t o  develop a  complete new s t r u c t u r a l  design f o r  

minimum a i r  i n f i l t r a t i o n ,  o r  can t h e  normal bu i ld ing  p r a c t i c e  be 

improved? 

I f  improving the  normal bu i ld ing  p rac t i ce ,  what d e t a i l s  come f i r s t ?  

- How f a r  must one go? 

There must be  a  minimum amount of v e n t i l a t i o n ,  b u t  i n f i l t r a t i o n  

may not d i s t u r b  normal control led  na tu ra l  v e n t i l a t i o n .  

Is i t  c o s t  e f f e c t i v e  t o  improve the a i r  t ightness  of dwellings? 

- What a re  t h e  consequences? 

What a r e  i n  the  f i r s t  place the  e f f e c t s  on i n f i l t r a t i o n ?  

Second, what a r e  the  e f f e c t s  on a i r  qua l i ty?  

Third,  what e f f e c t s  can be expected on man's behaviour as  concerns h i s  

use of v e n t i l a t i o n  provisions such as  windows, vents  and g r i l l e s ?  

I s  adapta t ion i n  behaviour neccesary? 

- What i s  t h e  e f f e c t ?  

Do we save energy and how much? 

I n  the Netherlands a  standard on a i r  t ightness  of housing i s  i n  

prepara t ion,  This paper i s  an  attempt t o  form some background f o r  

decis ions .  

INVESTIGATIONS 

2.1 The c a l c u l a t i o n  model 

The i n v e s t i g a t i o n  can be seen as  a  parameter study with the IMG c a l c u l a t i o n  



model f o r  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  bu i ld ings .  

The p r i n c i p l e s  of t h i s  model a re  descr ibed i n  l i t e r a t u r e  C 1 1 .  The 

mathematical model i s  a  s imulat ion of a l l  a i r  paths i n  the  bui ld ing.  

For example, the  cracks ,  jo in ts  and seams of windows, doors and 

o t h e r  cons t ruc t ion  d e t a i l s ,  the  g r i l l e s ,  vents  e t c .  intended f o r  

v e n t i l a t i o n  and a  mechanical v e n t i l a t i o n  system can be  simulated.  

The input  d a t a  concerning: 

- wind pressures  

- a i r  temperatures 

- charac te r i s  tics of  cracks,  j o i n t s ,  seams, ven t s ,  windows, ducts  

and o the r  openings. 

- f a n  c h a r a c t e r i s t i c s .  

2.2 Present  s i t u a t i o n  

The b e s t  es t imate  of the  a i r  t igh tness  of  houses i n  the  Netherlands 

i s  given i n  f i g u r e  1 C21. The mean value i s  0,1 m 3 / s  a t  1 Pa, which 

means t o  an a i r  change r a t e  of about 12 a t  5C Pa. I n  f igure  2 ,  the  

f l o o r p l a n  and the  cross  s e c t i o n  of  the  r e fe rence  house a r e  shown. 

It can be considered a  typ ica l  house i n  the  Netherlands. For t h i s  

house a  model has been made as schematical ly presented i n  f i g u r e  3. 

Nine rooms wi th  twenty-four a i r  leakages make up the model. I n  f igure  4,  

t h e  assumed temperatures i n  the  dwell ing a r e  shown. Figure 5  shows the  

d i s t r i b u t i o n  o f  the  a i r  leakage over the  ou t s ide  "shell"  o r  bu i ld ing  

envelope C31. With these f igures  i n  mind we s t a r t  our parameter study. 

2.3 Parameters 

The following parameters have been s tud ied :  

- wind ve loc i ty  (meteorological) ,  0  - 10 m/s 

- wind d i r e c t i o n ,  0 - 360 O ,  s t eps  of 20 

- outs ide  temperature, 0 - 15 O C  

- a i r  t igh tness ,  r e t r o f i t t i n g  of f l o o r ,  roof and i n t e r n a l  doors.  

- surroundings, a  house, exposed t o  wind. 

a  house surrounded i n  a l l  d i r e c t i o n s  by houses with 

the same height ,  a  house surrounded by houses withthe 



same he igh t  and f l a t b u i l d i n g s  up t o  about 20 m 

(mild wind c l imate) .  

3. RESULTS 

3.1 Wind v e l o c i t y  

I n  f igure  6 ,  the  i n f i l t r a t i o n  r a t e s  and i n f i l t r a t i o n  h e a t  losses  a r e  

shown f o r  t h e  r e fe rence  house i n  the  exposed wind s i t u a t i o n .  Under 

average weather  condi t ions ,  5 m / s  and 5 OC, the  i n f i l t r a t i o n  through 

the  f a b r i c  is about 1 (h-I). The b a s i s  o r  the  dutch v e n t i l a t i o n  

standard i s  7 dm3/s pe r  person C41. Without opening any window, 

the  i n f i l t r a t i o n  has a l ready a l a r g e  overshoot i n  r e l a t i o n  t o  the  . 

minimum f r e s h  a i r  requirements.  An a i r  i n f i l t r a t i o n  r a t e  of 1 (h-I) 

equals  a flow r a t e  of  84 dm3/s, a t  a volume of 300 m3, which is 

s u f f i c i e n t  f o r  12 persons. The corresponding i n f i l t r a t i o n  h e a t  l o s s  

i s  about 1 , 3  kW. 

Between 0 and 2 m / s ,  buoyancy e f f e c t s  dominate. From about 5 m / s  

and up wind e f f e c t s  dominate. Between 2 and 5 m / s  the  inf luences  of  

both buoyancy and wind i n t e r a c t .  

3.2 Outside temperature 

I n  f igures  7 and 8 ,  t he  a i r  i n f i l t r a t i o n  r a t e  and the  i n f i l t r a t i o n  

hea t  loss  a r e  p l o t t e d  aga ins t  ou t s ide  temperature. For average 

weather condi t ions  with a wind ve loc i ty  of around 5 m / s  and ou t s ide  

temperatures of 0 t o  15 O C  during the  hea t ing  season, the  r a t e  of 

i n f i l t r a t i o n  can be considered a s  l i n e a r  t o  the outs ide  temperature. 

For wind v e l o c i t i e s  lower than 5 m / s  and temperatures between 10 

and 20 O C ,  t h i s  r e l a t i o n s h i p  i s  non-linear.  Thk r e l a t i o n s h i p  between 

outs ide  temperature and i n f i l t r a t i o n  hea t  loss  can be considered as  

l i n e a r  f o r  temperatures lower than 10 O C .  



3.3 A i r  leakage 

I n  f i g u r e  9 ,  the  a i r  leakage d i s t r i b u t i o n  i s  given a f t e r  r e t r o f i t t i n g  

the  roof .  The a i r  leakage i s  reduced t o  57 % of the  a i r  leakage of  

the  r e fe rence  house corresponding t o  an a of about 7.  Figure 10 5 0 
shows the  a i r  leakage d i s t r i b u t i o n  a f t e r  r e t r o f i t t i n g  the  f l o o r .  

The a i r  leakage i s  reduced t o  85 % of t h e  reference  value.  The 

corresponding a value i s  about 10. I n  f i g u r e  1 1 ,  both f l o o r  and 50 
roof a r e  r e t r o f i t t e d .  The a i r  leakage i s  42 % of the  reference  value, 

which equals  a n  a of about 5.  These three  r e t r o f i t s  a r e  assumed 5 0 
t o  reduce the  o r i g i n a l  leakage t o  zero.  This seems a b i t  o p t i m i s t i c .  

A m r e  r e a l i s t i c  a i r  leakage d i s t r i b u t i o n  i s  given i n  f i g u r e  12. 

The a i r  leakage of roof and f l o o r  has been reduced t o  20 % of t h e i r  

o r i g i n a l  value.  This leads t o  an a i r  leakage value f o r  the  whole 

house of 54 % of the  reference  house, corresponding t o  an a of 5 0 
about 6 .  Comparing the  a i r  leakage of such a house t o  the  Swedish 

standard of a <3, the  a i r  leakage of the  whole house has t o  be 
5 0 

reduced by t h a t  of the  na tu ra l  v e n t i l a t i o n  ducts ( i n  t h i s  case 3 4 ) ,  

with an a o f  about 2,4 a s  a r e s u l t .  
5 0 

The r e s u l t s  of these r e t r o f i t s  i n  terms of i n f i l t r a t i o n  r a t e s  and 

i n f i l t r a t i o n  h e a t  l o s s  can be seen i n  f i g u r e  13. The r e a l i s t i c  

model gives under the  average weather condit ions (5 m/s, 5 O C )  an 

i n f i l t r a t i o n  r a t e  of 0 ,5  (h-I) and an i n f i l t r a t i o n  h e a t  loss  of  700 W. 

I n  f igure  14, the  e f f e c t  of a i r  t i g h t  i n t e r n a l  doors i s  shown. 

A i r  t i g h t  i n t e r n a l  doors give a reduct ion  of the  a i r  leakage value 

up t o  20 %. The e f f e c t  a t  t h i s  l e v e l  of ex te rna l  leakages i s  r e l a t i v e l y  

smal l .  

3.4 Wind d i r e c t i o n  

The inf luence  of the  wind d i r e c t i o n  on the  i n f i l t r a t i o n  r a t e  i s  given 

i n  f igure  15. 

For the  house as a whole the  v a r i a t i o n  i s  r a t h e r  small .  The h ighes t  

value is about  1 (h-'1, the lowest about 0 , 7  (h-I) 

Looking a t  two opposi te  bedrooms the  e f f e c t  of the wind d i r e c t i o n  i s  

impressive. 



The low values  of i n f i l t r a t i o n  occured with the bedrooms s i t u a t e d  a t  

the  leeward s i d e .  An example of t h e  d i s t r i b u t i o n  of a i r  through 

a dwelling can be seen i n  f igure  16. These e f f e c t s  must be kept  i n  

mind when considering r e t r o f i t s  on air leakages. A consequent and 

conscious use of g r i l l e s  and vents  w i l l  be necessary t o  reach minimum 

v e n t i l a t i o n  s tandards .  Enlightenment campaigns t o  occupants of these  

houses a r e  necessary t o  avoid bad indoor a i r  q u a l i t y  s i t u a t i o n s .  

3.5 Surroundings 

The e f f e c t  of the  surroundings on wind exposure and on i n f i l t r a t i o n  

r a t e s  is  shown i n  f i g u r e  17. This f i g u r e  teaches us,  t h a t  the  e f f e c t  of 

surrounding bu i ld ings  i n  an  absolute  sense is more important f o r  

leaky houses then f o r  a i r - t i g h t  houses. 

4 .  DISCUSSION 

I n  the f i g u r e s  18 and 19, the i n f i l t r a t i o n  and i n f i l t r a t i o n  hea t  losses  

a r e  p lo t t ed  a g a i n s t  r e l a t i v e  a i r  leakage. These r e s u l t s  a r e  ca lcu la ted  

i n  the s i t u a t i o n  with a l l  windows closed,  a wind ve loc i ty  of 5 m / s  

and an ou t s ide  temperature of 5 O C .  As  can b e  seen from f igure  18, 

there  i s  no l i n e a r  r e l a t i o n s h i p  between a i r  i n f i l t r a t i o n  r a t e  and 

a i r  leakage C51. I f  t h e r e  i s  no leakage i n  the f l o o r  the r e l a t i v e  

a i r  leakage i s  85 % and the  a i r  i n f i l t r a t i o n  r a t e '  i s  0,7 (h-'1. 

Reducing the  a i r  leakage through the  roof t o  zero gives a r e l a t i v e  a i r  
- 1  

leakage of 57 % and a l s o  an a i r  i n f i l t r a t i o n  r a t e  of 0,7 (h ). 

The corresponding i n f i l t r a t i o n  h e a t  losses  a r e  900 W and 1000 W, 

respecively . The higher  hea t  l o s s  appl ies  t o  the lower a i r  leakage 

The reasons f o r  t h i s  a r e  : 

- d i s t r i b u t i o n  of a i r  leakage over the  bui ld ing envelope I n  r e l a t i o n  

with 

- d i s t r i b u t i o n  of a i r  pressures over the  bu i ld ing  

- temperature d i s t r i b u t i o n  i n  the house. 

The overa l l  conclusion of t h i s  considerat ion must be: 



Different  r e t r o f i t s  wi th  the same e f f e c t  on a i r  leakage can have 

complete incomparable e f f e c t s  on air i n f i l t r a t i o n  and i n f i l t r a t i o n  

h e a t  loss .  

5. CONCLUSIONS 

1 .  The e f f e c t s  of  wind ve loc i ty  and temperature d i f ference  on 

i n f i l t r a t i o n  a r e  both non-linear. However, wi th in  c e r t a i n  limits and 

with some inaccuracy they can be considered l i n e a r  ( f igures  6 ,7  

and 8 ) .  

2. Under average weather condit ions,  5 m / s  and 5 °c, the  a i r  i n f i l t r a t i o n  

exceeds t h e  minimum f resh  a i r  requirements, even i n  a mild wind 

cl imate ( see  f i g u r e s  6 and 17) .  

3. Because wind d i r e c t i o n  i s  a predominant f a c t o r  f o r  the i n f i l t r a t i o n  

r a t e s  of ind iv idua l  rooms conscious behaviour i s  neccessary t o  reach 

minimum v e n t i l a t i o n  standards (see f igures  15 and 16). 

4 .  Under average weather condit ions,  5 m/ s  and 5 -c, the in£ i l t r a t i o n  

hea t  l o s s  can be reduced from 1300 W i n  the  reference  s i t u a t i o n  

t o  700 W i n  the  r e a l i s t i c  model s i t u a t i o n  (see f igure  13). 

5. It seems poss ib le  t o  reach reasonable a i r  leakage values by 

improving normal bu i ld ing  p r a c t i c e  i n  the  Netherlands (see f igure  1 2 ) .  

6. There i s  n e i t h e r  a simple l i n e a r  r e l a t i o n  between a i r  leakage and 

a i r  i n f i l t r a t i o n  r a t e s ,  nor between a i r  leakage and i n f i l t r a t i o n  

hea t  l o s s  (see f igures  18 and 19). 
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NOMENCLATURE 

7.1 Symbols 

v 
met 

a 

A i r  leakage c o e f f i c i e n t  (m3/s a t  1 Pa) 

Meteoro logica l  wind v e l o c i t y  (m/s 

A i r  i n f i l t r a t i o n  r a t e  (h- ) 

vo 1 ume (m3 > 
I n f i l t r a t i o n  h e a t  l o s s  (W o r  kW) 

Standard  d e v i a t i o n  (-1 
Numb e r  (-1 

- 1 
A i r  i n f i l t r a t i o n  r a t e  a t  50 Pa p re s su re  d i f f e r e n c e  (h a t  50 Pa) 

7.2 Abbrevations . 

I NF I n f i l t r a t i o n  

MET Meteoro logica l  

L Living-room 

B Bedroom 

B R Bathroom 

K Kitchen 

Bo B o i l e r  



F i g u r e  1 D i s t r i b u t i o n  of  a i r  l e a k a g e  f o r  130 
d w e l l i n g s  i n  t h e  N e t h e r l a n d s  



cross seet ian  

ground f l o o r  f i r s t  f l o o r  

F i g u r e  2 F l o o r p l a n  and c ross  s e c t i o n  o f  t h e  
r e f e r e n c e  house  



Figure  3 Scheme of t h e  model 

A i r  

P r t  

leaka  

ss ure 

9 Rooms 
24 A i r  leakages 

Figure 4 Temperature distr ibut ion 
i n  the dwel l ing  



3L Reference 100°lo 

F i g u r e  5 D i s t r i b u t i o n  of  a i r  icakagct 

F igure  6 I n f i l t r a t i o n  r a t e s  and i n f i l t r a t i o n  heat  l o s s e s  
v e r s u s  w i n d v e l o c i t y  



F i g u r e  7 I n f i l t r a t i o n  r a t e s  ve rsus  o u t s i d e  
t e m p e r a t u r e  

Q 
i n f  

F i g u r e  8 I n f i l t r a t i o n  h e a t  l o s s e s  a g a i n s t  
out  s ide  t e m p e r a t u r e  



F i g u r e  9 A i r  teakage d i s t r i b u t i o n  a f t e r  
r e t r o f i t t i n g  the  roo f  

F i g u r e  10 A i r  Leakage d i s t r i b u t i o n  a f t e r  
r e t r o f i t t i n g  t h e  f toor  



F i g u r e  11 A i r  l e a k a g e  d i s t r i b u t i o n  a f t e r  
r e t r o f i t t i n g  f l o o r  a n d  roof  

5 4 O l e  

as0 " 684 
a 5 0  w i t h o u t  d u c t s  = 2 , 4  

F i g u r e  12 R e a l i s t i c  a i r  l e a k a g e  d i s t r i b u t i o n  
a f t e r  r e t r o f i t t i n g  F loor  and  roof 







whole  house 

bedroom 1 

F i g u r e  15 I n f i l t r a t i o n  r a t e s  versus w i n d d i r e c t i o n  for  t h e  
w h o l e  house and f o r  t w o  opposi te  bedrooms 





re fe rence  

100 O/o 

e 

f l o o r  + 
roof  a i r t i g h t  

4 2 % 
a 

---------r, S u r r o u n d i n g s  

F igure  17 R e l a t i v e  e f f e c t  of  surroundings on i n f i l t r a t i o n  r a t e s  



a  

42% (roof + f loor ) 

1 O O 0 l o  5 0 O/o 2 0 O l 0  

---------c, Rela t ive  a i r  leakage 

F i g u r e  18 R e l a t i v e  air  l e a k a g e  aga ins t  i n f i l t r a t i o n  r a t e s  

- 
54Olo ( r e a l i s t i c )  

42Olo ( roo f  + f l o o r )  

5 0 O/o  2 0 *lo - R e l a t i v e  a i r  l e a k a g e  

Figurc 19 R e l a t i v e  a i r  l e a k a g e  clgainst i n f i l t r a t i o n  h e a t  losses  
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1 INTRODUCTION AND BACKGROUND 

Know1 edge of a i r  tightness behaviour of bui 1 dings and bui 1 ding 
components i s  essential  i f  a proper climate protection i s  t o  be 
achieved. Attempts to  predict a i r  i n f i l t r a t ion  rates and a i r  
flows in building components on the whole, and also intentional 
flows, have hitherto been d i f f i c u l t  to  perform. Therefore, often 
rough methods of calculating a i r  flow rates have been used. Know- 
ledge of surface roughness and the magnitude of the influence of 
th i s  property for  different  flow cases has been poor. Permeabi- 
l i t y  data concerning building materials have been - and s t i l l  
a re  - uncertain. 

Quite a l o t  of e f f o r t  has been spent on research concerning 
natural convection, both in bui 1 ding components and rooms. Apart 
from only a few early works, the concept of forced convection 
has been investigated just l i t t l e  until very recently, say the 
l a s t  f ive to ten years. 

In Kronvall (1980) the aim has been to: 

o investigate how, and to what degree the concept of f luid mecha- 
nics can be applied to  problems concerning a i r  flows in buil- 
ding components caused by forced convection 

o produce calculation routines capable of handling also large 
and complex flow and pressure distribution problems 

o investigate and interpret  present knowledge of a i r  1 eakage 
behaviour of buildings and building components 

o investigate the influence of non steady s t a t e  pressure d i f fe -  
rence acting on a building component 

o design and t e s t  an experimental procedure for  determination 
of surface roughness of plates 

o expand the knowledge of the magnitude of the surface roughness 
of building materials 

o study experimentally the magnitude of entrance and bend losses 
in duct flow. 

In this  paper two important sections of the report mentioned 
above has been selected for presentation - one dealing with 
computorized analysis of flow resistance networks and another 
one dealing with different  ways of describing a i r  leakage 
characteristics of building envelopes. 



2 COMPUTERIZED ANALYSIS OF FLOW RESISTANCE NETWORKS 

Reports on computer calculations of a i r  flows in building compo- 
nents a re  extremely rare .  In most cases the reported works have 
been limi ted to  a cer tain flow problem and the calculation pro- 
cedures have been designed exclusively f o r  the problem i n  ques- 
tion. Hence the computer programs used normally a re  a f f l ic ted  
by severe lacks of universal appl icabi l i ty .  

Calculations of great complex networks of flow resi  stances a re  
very timeconsuming and sometimes impossible t o  perform by hand. 
A systematic computerized calculation procedure can be obtained 
by means of a proper computer program. Such a one, called 
JK-CIRCUS, was written for  t h i s  research project. Parts of the 
computer program originates from a program designed for  analysis 
of e lec t r ica l  c i r cu i t s ;  Anderson (1978). The solution procedure 
involves the fol lowing stages: 

o The flow problem geometry i s  s p l i t  up into f i n i t e  parts - com- 
ponents. 

o The admittance, defined below, of each component i s  calculated. 

o The computer calculates the potentials,  p(Pa) , in a1 1 nodes 
and flow ra t e s ,  q(m3/s), through a1 1 components. 

The computer program works with the concept of admittance. This 
property, A ,  i s  defined by: 

Hence the admittance, A ,  i s  a l inear  operation on the pressure 
difference, ap ,  across a component returning the flow rate ,  q .  

In the case of ( a i r )  flow problems a component may be ei ther  of 

o a pressure difference between two nodes (active component) 

o a piece of permeable material (passive) 

o a piece ( in  the flow direction) of a duct (passive) 

o a single resistance (e.g. entrance, e x i t ,  bend loss) (passive). 

A flow chart  of the computer program i s  shown in FIG. 2.a. 

Exampl e: 

Cavity brick wall with beams penetrating the inner leaf .  

This i s  a typical design in many countries. If  the cavity wall 
has a bad a i r  tightness and the clearance around the beams i s  
large there i s  a certain r isk of discomfort in the house caused 
by movements of cold a i r  in the intermediate f loor .  



A p a r t  o f  the wa l l  (he ight  3.00 breadth 0.30 m) was chosen t o  
represent the " f l ow area" of the wal l  corresponding t o  the c le-  
rance on one o f  the two long sides of the beam end. The back 
wal l  i t s e l f  i s  assumed t o  be a i r  t i g h t .  The network used f o r  the 
analysis i s  ou t l i ned  below. 

= DUCT = PERMEABLE = SINGLE =PRESSURE 
MATERIAL RESISTANCE Dl FFERENCE 



The roughness, E, was put a t  = 0.005 m in  the cavity and 0.001 m 
in the i n t e r s t i c e .  Test  pressure difference was 20 Pa. 

The resul t ing flow r a t e  through the i n t e r s t i c e  around the beam 
i s  shown i n  the following f igure  a s  well a s  the  percentage of 
the pressure drop across the i n t e r s t i c e  compared to  the t o t a l  
drop. An a1 t e rna t ive  wall material (wood panel) i s  added too a s  
compari son. 

3 
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3 A I R  LEAKAGE CHARACTERISTICS OF BUILDING ENVELOPES 

The b u i l d i n g  envelope i s  here considered t o  c o n s i s t  o f  the  t o t a l  
c l i m a t i c  s h e l t e r  of a  b u i l d i n g .  The knowledge o f  a i r  leakage 
c h a r a c t e r i s t i c s  of b u i l d i n g  envelopes of d i f f e r e n t  b u i l d i n g s  has 
been extended s u b s t a n t i a l l y  du r ing  the l a s t  few years. Th is  i s  
due t o  a  h igh  degree t o  the r a p i d l y  increas ing  use of the  pres- 
s u r i z a t i o n  technique t o  t e s t  the a i r t i g h t n e s s  o f  whole b u i l d i n g s .  

The p r e s s u r i z a t i o n  procedure es tab l ishes  a  r e l a t i o n s h i p  between 
pressure d i f f e rence  across t h e  b u i l d i n g  envelope and r e s u l t i n g  
1  eakage r a t e .  

I n  most cases the  r e s u l t  i s  g iven as a  leakage curve. 

From p r e s s u r i z a t i o n  p r a c t i c e  i t  can be observed t h a t  the  shape 
o f  the  leakage curve d i f f e rs  from house t o  house. The extremes 
o f  the  shape a r e  a  parabo l ic  curve on one hand and a s t r a i g h t  
l i n e  on the  o the r .  I t  i s  tempting t o  c la im  t h a t  t h i s  corresponds 
t o  complete t u r b u l e n t  flows i n  t h e  f low paths o f  the envelope 
and complete laminar  f l o w  respec t i ve l y .  Whi le the  second s ta te -  
ment i s  reasonable, the  f i r s t  one i s  q u i t e  dubious, s ince  o ther  
phenomena than turbulence may cause the f l o w  r a t e  t o  be propor- 
t i o n a l  t o  the square r o o t  of the pressure d i f f e rence .  Obviously, 
s ince s i n g l e  res is tances  l i k e  entrance, bend and e x i t  losses 
operate on the  square of the average v e l o c i t y  i n  the f low path, 
turbulence i s  n o t  the on l y  reason. This  w i l l  be discussed more 
i n  d e t a i l  below. 

A v e r s a t i l e  way of descr ib ing  the r e l a t i o n s h i p  between leakage 
r a t e  and pressure di f ference i s  t o  use a  power func t ion  

= a -  
qv, t o t  8pB 

where 

3 
a i s  a  f l o w  r a t e  c o e f f i c i e n t ,  m / ( s  . paB) 

B i s  a  f l o w  exponent, 0.5 - < B - < 1  

I t  i s  sometimes claimed t h a t  t h i s  expression i s  i n  c o n f l i c t  w i t h  
a  proper  d e s c r i p t i o n  of the physics o f  the f l ow .  O f  course, such 
an o b j e c t i o n  i s  c o r r e c t  and perhaps i t  would have been w ise r  t o  
use a  quadra t ic  equat ion o f  the form 

ap = c1 + C  - 2 
qv, t o t  2 qv, t o t  

where the  r e l a t i v e  con t r i bu t i ons  o f  laminar f l ow  on the one hand 
and o r i f i c e  and s i n g l e  res is tances and t u r b u l e n t  f l ow  on the 
o ther  cou ld  be shown. 

A t h i r d  way o f  making the desc r ip t i on ,  used espec ia l l y  i n  the 
Anglo-Saxon countr ies,  i s  by us ing  the concept o f  equ iva len t  
leakage area, Aeq, defined as fo l lows i . e .  an equat ion f o r  t u r -  
bu len t  f l o w  through a  sharp-edged opening i n  a  t h i n  w a l l .  



- - qv, t o t  
Aeq 

Cd . yzjF 
Thus  the leakage behaviour of the building envelope i s  described 
as  an area,  Ae , producing a cer tain flow rate  qv, tot, a t  a cer- 
ta in pressure aifference, Ap. The choice of np seems to be 
rather arbi t rary.  Cd i s  a coefficient of discharge usually given 
the value of 0.6. Ae has a constant value in an interval of Ap 
only i f  the leakage 9 low i s  proportional to  the square root of 
the pressure differences in the interval . 
Some researchers use a leakage function, f l (bp)  defined as: 

qv, t o t  = fl(Ap) A P  

The observant reader realizes of course immediately that  t h i s  
i s  nothing but an "overall" admittance of a building envelope. 

The leaky envelope of a building may be considered to  consist 
of a rich variety of different  flow paths from tiny cracks and 
airpermeable material to  relat ively large (hidden) openings. I t  
i s  possible to  simulate the a i r  leakage character is t ic  of a 
house by assuming arb i t ra ry  combinations of different  flow paths. 
For the case of pure crack/duct flow, an example of such a simu- 
lation i s  shown i n  FIG. 3.a. 

Perhaps the most astonishing thing about th i s  simulation l i e s  
in a comparison between the leakage rates  of d i f fe rent  leaks. 
Though quite long - 20 to 70 running-metres - the narrow cracks 
No. 1-6 w i t h  widths between 0.075 and 1 mm create only minor 
contributions to the total  leakage. Wider cracks, (5  to  10 mm) , 
however, have a substantial influence on the to ta l  leakage, even 
though the i r  lengths a r e  quite small (1 to  5 running-metres). 

The total  leakage curve of figure 3.a will be analysed in accor- 
dance with the four different  ways of description reviewed 
above. 

Power function approach 

The resul t  of a l eas t  squares curve f i t  to a power function was: 

qv, to t  = 0.047 . A ~ ~ ' ~ ~  (m3/s) 

In addition, fo r  each 5 Pa-interval (except the f i r s t  one - 
being 1-5 Pa) the exponent B i s  displayed in the figure.  



The exponent, 8 ,  was calculated as 

Thus the exponent of the potential expression seems to have a 
rather constant val ue for  a1 1 pressure di fferences . High 1 eakage 
rates seem to be caused by quite few, large leaks. The dimensions 
of these are  big enough to create ei ther  turbulent flow or a flow 
such as i n  and out le t  effects  become considerable. I t  is obvious 
that  the duct width has a very great influence on the leakage 
rate. Once a leak of large dimension i s  introduced: 

o the total  leakage ra te  increases strongly, 

o the exponent B of the total  flow curve i s  a l tered,  

o the value of 6 - in the total  flow curve - does not vary much 
in different  pressure difference regimes. 

Quadratic equation approach 

The resu l t  of a leas t  squares curve f i t  to a quadratic equation 
was : 

which shows that  the influence of the second term i s  considerable. 

Equivalent 1 eakage area approach 

The equivalent leakage area can be written: 

For Cd = 0.6 and p = 1 .25 kg/m3 the equi valent leakage area was 
calculated for  different pressure differences. The resul t  i s  shown 
in FIG. 3.b. 

From the figure i t  can be seen that  a t  low pressure differences 
the equivalent leakage area decreases strongly. The value of Aeq 
a t  1 Pa d i f fe rs  from that of 50 Pa by around 25%. This i s  the 
case even though the exponent formula i n  the power expression 
approach was found to be quite close to 0.5. If B = 0.5 the Aeq- 
value must be constant by definit ion. For narrow cracks the 
deviations from a constant Aeq value are l ikely to be larger 
s t i l l ,  of course. 



Leakage function approach 

According to definit ion the leakage function f l  ( ~ p )  simply equals 
the rat io  between leakage rate and corresponding pressure diffe-  
rence. The resulting curve for  the present example i s  shown in 
FIG. 3.c.  

Obviously the 1 eakage function varies within a 1 arge interval , 
and i t  seems t o  be rather high a t  small pressure differences. 
This behaviour was also found in f i e ld  studies reported from the 
Lawrence Berkeley Laboratories, Grimsrud e t  a1 (1979). 

The results may be explained i f  different  basic ductlcrack flow 
cases are studied. The figures 3.d-f are based on calculations of 
flow rate through ducts of different  widths and with different  
values of total  single resistance loss factors.  

The figures show dis t inc t ly  the inf 1 uence of single resistances 
such as entrance, bend and exi t  losses. From figure 3.f in which 
T,csingle = 0 i t  i s  obvious that  the leakage function has a con- 
s tant  value until the flow turns over from laminar flow a t  
Re > 2300. This will not happen a t  a l l  a t  low pressures provided 
the ducts are  not too large ( <  10 mm) . Real ducts/cracks in f ac t  
have entrances and exi t s  and the flow direction may be changed 
too. Thus the assumption of e t S i n g l e  = 0 cannot hold in practice.  

The figures 3.d and 3.e show how different  magnitudes of Z<s-jngle 
influence the shape of the leakage function curves. Introducing 
single resistances implies that:  

o the value of the leakage function for a specific crack width 
decreases 

o the leakage function can become non-linear and non-constant 
even though Re > 2300 

o the maximum value of the leakage function occurs a t  a p  = 0 
and equals the value corresponding to the case when rcs ingle  - - 
= 0. 

General remarks 

The analysis above show that there i s  a relationship between 
leak dimensions and degree of discrepancy from linear flow charac- 
t e r i s t i c .  Hitherto th is  has not been taken into account as f a r  as 
pressurization t e s t  practice i s  concerned. Instead of concentra- 
ting the e f f o r t  on giving a leakage rate  value a t  50 Pa only, i t  
would be worthwhile to investigate the shape of the leakage 
characteristic t o o .  If  considerable deviations from l ineari ty  i s  
observed when the pressurization t e s t  i s  performed, a short time 
spent on looking around in the house in order to detect some few 
leak paths with large dimensions could in many cases probably be 
very profitable.  
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FIG. 2.a. Computer program JK-CIRCUS. Flow char t .  



DESCRIPTION OF FLOW PATHS : 

FLOWPATHNUMBER 1 2 3 4 5 

LENGTH IN FLOW 
Dl  RECTION ( m  ) 0.25 0.2 25 0.20 0.1 75 0.1 5 

WIDTH ( m )  0.000075 0.0001 0.00025 0.0005 0.00075 

LENGTH (m)  70 60 5 0 40 30 

ROUGHNESS ( m  ) 0.0000075 0.00001 0.00002 5 0.00005 0.000075 

FLOW PATH  UMBER 6 7 8 9 

LENGTH IN FLOW 
DIRECTION ( m )  0.125 0.1 0 0.075 0.05 

WIDTH ( m )  0.001 0.0075 0.005 0.01 

LENGTH ( m)  2 0 5 2 1 

ROUGHNESS (m)  0.0001 0.00075 0.0005 0.001 

FIG. 3.a. S imulated leakage c h a r a c t e r i s t i c  o f  a house assuming 
c rack lduc t  f l o w  only. c g  = 1.5. 



2 2 A,. 10 . m 
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1 0  

9 

FIG. 3.b. Equ i va len t  leakage area f o r  house envelope leakage i n  
accordance wi t h  f i g u r e  3. a. 

2 3 
f ,  (Ap1.10 , m / ( s .  Pa) 

FIG. 3.c. Leakage f u n c t i o n  f o r  house envelope leakage i n  
accordance w i  t h  f i  gure 3. a .  
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FIG. 3.e. 

FIG 3.d. - 3.f .  
Air flow through ducts of d i f fe-  
r en t  widths wi t h  length 0.2  m in 
flow direct ion f o r  d i f fe ren t  
s i ng l e  res is tance  values from 0 
t o  3.5. 

FIG. 3.f 
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A b s t r a c t  

A summary o f  t h e  e x i s t i n g  t y p e s  o f  a i r  i n f i l t r a t i o n  
measurement t e c h n i q u e s  and i n s t r u m e n t a t i o n  u s i n g  t r a c e r  
g a s e s  i s  p r e s e n t e d .  A u t o m a t e d  a i r  i n f  i l t r a t i o n  
i n s t r u m e n t a t i o n  u s e d  by r e s e a r c h e r s  i n  t h e  U n i t e d  
S t a t e s ,  Canada, t h e  Uni ted  Kingdom, Denmark, Sweden and 
S w i t z e r l a n d  a r e  d e s c r i b e d .  The equipment  can  o p e r a t e  i n  
t h e  d i l u t i o n  ( d e c a y )  mode, c o n s t a n t  f l o w  mode and  t h e  
c o n s t a n t  c o n c e n t r a t i o n  mode. Most of  t h e s e  i n s t r u m e n t s  
a r e  microcomputer  or  mic roprocessor  based and c a p a b l e  
of  p e r f o r m i n g  r e a l  t i m e  d e t e r m i n a t i o n  of  t h e  a i r  
i n f i l t r a t i o n  r a t e  i n  m u l t i z o n e  b u i l d i n g s  and m o n i t o r  
t h e  s t a t e  of  a d d i t i o n a l  p a r a m e t e r s  such  a s  t e m p e r a t u r e ,  
w i n d  s p e e d  a n d  e n e r g y  c o n s u m p t i o n .  Two s i m p l e  
t e c h n i q u e s ,  t h e  a i r  b a g  o r  c o n t a i n e r  me thod  a n d  t h e  
average  i n f  il t r  a t i o n  moni to r ,  developed by r e s e a r c h e r s  
i n  t h e  Uni ted  S t a t e s  a r e  summarized. 

C o n t r i b u t i o n  t o  t h e  2nd A I C  Conference 
B u i l d i n g  Design f o r  Minimum A i r  I n f i l t r a t i o n  
a t  t h e  Royal I n s t i t u t e  of Technology, Stockholm, Sweden 
21-23 September 1981 



1, INTRODUCTION 

The i m p o r t a n t  m i s s i n g  i n g r e d i e n t  i n  t h e  e n e r g y  u s e  
a n a l y s i s  of  b u i l d i n g s ,  f r o m  t h e  s m a l l e s t  house  t o  t h e  
l a r g e s t  b u i l d i n g  complex,  i s  o f t e n  t h e  e n e r g y  l o s t  t o  
v e n t i l a t i o n  a n d  a i r  i n f i l t r a t i o n .  I t  i s  n o t  t h a t  
measurement  methods  a r e  u n a v a i l a b l e ,  b u t  r a t h e r  t h a t  
t h e  importance of t h e  a i r  exchange measurement has  n o t  
been given proper  emphasis i n  t h e  pas t .  The s u b j e c t  of 
t h i s  p a p e r  i s  t o  p r o v i d e  a  p e r s p e c t i v e  a s  t o  where  we 
s t and  today i n  a i r  exchange measurements on s i t e  and t o  
provide an  overview of where we may be  heading i n  t h i s  
r a p i d l y  advancing f i e l d .  

A t  t h e  F i r s t  Ai r  I n f i l t r a t i o n  Centre  Conference [l] it 
w a s  ev iden t  t h a t  r e sea rch  groups were working w i t h  two 
a i r  i n f i l t r a t i o n  m e a s u r e m e n t  t e c h n i q u e s  --  
p r e s s u r i z a t i o n  and  t r a c e r  gas .  Both t e c h n i q u e s  had 
received wide acceptance and had been used toge the r  or  
s e p a r a t e l y  by t h e  groups i n  f i e l d  s t u d i e s ,  

The s i m p l e r  method r e l i e s  on p r e s s u r i z a t i o n  of t h e  
b u i l d i n g  t o  s u p p l y  i n f o r m a t i o n  o n  t h e  r e l a t i v e  
t i g h t n e s s  of t h e  b u i l d i n g ,  and w i t h  t h e  a d d i t i o n  of 
a n c i l l a r y  equipment such a s  i n f r a r e d  imaging systems or  
s m o k e  i n j e c t i o n  t e c h n i q u e s ,  l e a k a g e  s i t e  
d e t e r m i n a t i o n .  To a c h i e v e  t h e  p r e s s u r i z a t i o n / d e p r e s -  
s u r i z a t i o n  of  t h e  b u i l d i n g ,  a  f a n  s y s t e m  of v a r i o u s  
f o r m s  c a n  b e  used ,  Acces s  t o  t h e  b u i l d i n g  i s  u s u a l l y  
g a i n e d  by r e p l a c i n g  a  door  o r  window w i t h  a  p a n e l  
t h r o u g h  wh ich  a  m e a s u r a b l e  f l o w  i s  induced ,  V i t a l  t o  
t h e  a p p r o a c h  i s  t h e  a c c u r a t e  measurement  of a i r  f l o w  
which may be achieved by an on - s i t e  measurement dev ice  
a t t a c h e d  t o  t h e  f a n  o r  by c a l i b r a t i n g  t h e  f a n  i n  t h e  
l a b o r a t o r y  and us ing  t h e  r a t e  of r o t a t i o n  and 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  fan  t o  determine t h e  vo lume t r i c  
a i r  f l ow .  To u s e  t h e  d a t a  f rom t h i s  t e s t  method f o r  
p r e d i c t i n g  t h e  a i r  i n f i l t r a t i o n  u n d e r  n a t u r a l  
cond i t i ons ,  a d d i t i o n a l  d a t a  such a s  t h e  s i t e  l o c a t i o n ,  
bu i ld ing  d e t a i l s  and weather d a t a  a r e  required.  Thus a  
model i s  an  i n t e g r a l  p a r t  of t h i s  approach i n  o rde r  t o  
a r r i v e  a t  r e a s o n a b l e  p r e d i c t i o n s  of  what l e v e l  of 
n a t u r a l  a i r  i n f i l t r a t i o n  w i l l  o c c u r  i n  t h e  b u i l d i n g .  
Such a  model  h a s  been d e v e l o p e d  by t h e  r e s e a r c h e r s  a t  
L a w r e n c e  B e r k e l e y  L a b o r a t o r y  ( L B L )  a n d  o t h e r  
l a b o r a t o r i e s  [ l ] .  F i e l d  t e s t i n g  o f  t h e  model h a s  been 
encouraging i n  many i n s t a n t s .  

The t r a c e r  gas  technique i s  t h e  method most widely used 
f o r  d e t e r m i n i n g  t h e  a c t u a l  a i r  i n f i l t r a t i o n  r a t e  a t  a  
s p e c i f i c  i n s t a n t  of t ime  i n  t h e  bu i ld ing ,  The use of a  
t r a c e r  g a s ,  a s  t h e  name i m p l i e s ,  p r o v i d e s  a method by 
which t h e  a i r  i n  t h e  b u i l d i n g  can be  t a g g e d  and t h u s  



i d e n t i f i e d  s o  t h a t  an account ing can be  made a s  t o  how 
much outdoor a i r  r e p l a c e s  it, Only a  s m a l l  q u a n t i t y  of 
t r a c e r  g a s  i s  r e q u i r e d ,  u s u a l l y  a t  c o n c e n t r a t i o n s  i n  
t h e  p a r t s  pe r  m i l l i o n ,  p a r t s  per  b i l l i o n s  and sometimes 
i n  t h e  p a r t s  p e r  t r i l l i o n  range.  A wide  c h o i c e  of 
t r a c e r  g a s e s  i s  a v a i l a b l e  t o d a y  b u t  b a s e d  on  t h e  
c r i t e r i a  of d e t e c t a b i l i t y ,  s a f e t y ,  s i m p l i c i t y ,  q u a n t i t y  
and c o s t  c e r t a i n  g a s e s  have  p roven  t o  be  p r e f e r a b l e .  
Some common c h o i c e s  a r e  s u l p h u r  h e x a f l o r i d e  (SF6) ,  
n i t r o u s  o x i d e  ( N 2 0 ) ,  c a r b o n  d i o x i d e  (co2)r and e t h a n e  
( C  H 6 ) ,  T h i s  p a p e r  d i s c u s s e s  t h e *  v a r i o u s  t y p e s  of 
meqhods and e q u i p m e n t s  now i n  u s e  i n  v a r i o u s  p a r t s  of 
t h e  world f o r  t h e  measurement of a i r  in£ i l A ^ t r a t i o n  by 
t h e  t r a c e r  g a s  t e c h n i q u e ,  Automated equ ipmen t  f o r  
m e a s u r i n g  t h e  a i r  i n f i l t r a t i o n  r a t e  by t h e  decay  
( d i l u t i o n )  method,  t h e  c o n t i n u o u s  f l o w  method and  t h e  
cons t an t  concen t r a t i on  method developed by l a b o r a t o r i e s  
i n  t h e  U n i t e d  S t a t e s ,  Canada,  t h e  U n i t e d  Kingdom, 
Sweden, Denmark and S w i t z e r l a n d  a r e  d e s c r i b e d .  Two 
s i m p l e  and  i n e x p e n s i v e  t e c h n i q u e s  deve loped  i n  t h e  
Un i t ed  S t a t e s  wh ich  do n o t  r e q u i r e  t h e  dep loymen t  of 
o n - s i t e  g a s  m o n i t o r i n g  equ ipmen t  a r e  d e s c r i b e d .  The 
f i r s t ,  c a l l e d  t h e  a i r  s a m p l e  bag o r  c o n t a i n e r  method,  
uses  a i r  g r ab  samples c o l l e c t e d  a f t e r  t h e  i n j e c t i o n  of 
t h e  t r a c e r  and which a r e  analyzed i n  t h e  l a b o r a t o r y  f o r  
d e t e r m i n a t i o n  of t h e  a i r  i n f i l t r a t i o n  r a t e  by t h e  
d i l u t i o n  me thod .  The s e c o n d  m e t h o d ,  c a l l e d  an  
averaging i n f i l t r a t i o n  monitor ( A I M )  by i t s  deve lopers  
a t  LBL,  u s e s  a  c o n s t a n t  i n j e c t i o n / c o n s t a n t  s a m p l e  
t e c h i n q u e  t o  p r o v i d e  a  measure  of t h e  a v e r a g e  a i r  
i n f i l t r a t i o n  r a t e  e x p e r i e n c e d  by t h e  b u i l d i n g  o v e r  an 
extended pe r iod  of t ime,  

2, THEORETICAL BASIS FOR THE MEASUREMENT TECHNIQUES 

The t h e o r e t i c a l  b a s i s  f o r  t h e  t r a c e r  g a s  measurement  
techniques  l i e  i n  t h e  c o n t i n u i t y  equat ion:  

where: 
Co, C a r e  t h e  outdoor and indoor concen t r a t i ons  of t h e  
t r a c e r  a t  t i m e  t 
v ( t )  i s  t h e  r a t e  a t  which  t h e  a i r  e n t e r s  ( o r  l e a v e s )  
t h e  bu i ld ing  
f ( t )  i s  t h e  r a t e  p e r  u n i t  volume of p r o d u c t i o n  ( o r  
absorp t ion)  of t h e  t r a c e r  g a s  i n s i d e  t h e  bu i ld ing  
V is  t h e  volume of t h e  bu i ld ing .  



The q u a n t i t y  v ( t ) / V  i s  t h e  a i r  e x c h a n g e  r a t e  o f  t h e  
b u i l d i n g  ( A I )  u s u a l l y  e x p r e s s e d  i n  a i r  c h a n g e s  p e r  
h o u r .  E q u a t i o n  1 i s  n o t h i n g  m o r e  t h a n  a  g l o b a l  
c o n s e r v a t i o n  o f  m a s s  e q u a t i o n  f o r  t h e  g a s  t r a c e r .  
However,  i t  i s  b a s e d  o n  t h e  i m p o r t a n t  a s s u m p t i o n  t h a t  
t h e  b u i l d i n g  i s  a  s i n g l e  c h a m b e r  i n  w h i c h  t h e  t r a c e r  
g a s  c o n c e n t r a t i o n  i s  uni form th roughou t ;  i.e, t h e r e  i s  
p e r f e c t  m i x i n g .  A d i s c u s s i o n  o f  t h e  e r r o r s  i n  t h e  
d e t e r m i n a t i o n  of  t h e  a i r  i n £  i l t r a t i o n  us ing  e q u a t i o n  1 
when  t h e  m i x i n g  i s  n o t  u n i f o r m  c a n  b e  f o u n d  i n  
r e f e r e n c e  121. For b u i l d i n g  e v a l u a t i o n s  t h e  t r a c e r  g a s  
i s  a l w a y s  c h o s e n  s u c h  t h a t  Co = 00 E q u a t i o n  1 c a n  b e  
s o l v e d  e x a c t l y  t o  g ive :  

L 

~ ( t )  = c1 exp  ( -  1"-- 4 s  ) + r ~ ( t , s )  f ( s )  d s  (2) 
' t l  V ' tl 

where: 

and C 1  = c ( t l )  

Decav _ ( D i l u t i o n )  Method 

I n  t h e  d e c a y  ( d i l u t i o n )  m e t h o d  t h e  t r a c e r  g a s  i s  
i n j e c t e d  a t  c e r t a i n  i n t e r v a l s  o f  t i m e ,  a l l o w e d  t o  mix  
and t h e  d e c a y  o f  t h e  t r a c e r  i s  o b s e r v e d ,  I n  t h i s  case 
f ( t )  = 0 a n d  t h e  s o l u t i o n  2 r e d u c e s  t o :  

T h e r e f  o r e  t h e  a v e r a g e  a i r  i n f i l t r a t i o n  r a t e  i n  t h e  
p e r i o d  (t ,tl) c a n  be  o b t a i n e d  from t h e  r e l a t i o n :  

where DT = t-ti 

I n  most  a p p l i c a t i o n s  v ( t )  i s  a l m o s t  c o n s t a n t  i n  t h e  
i n t e r v a l  on  m e a s u r e m e n t  ( t , t l )  a n d  t h e  d e c a y  o f  t h e  
t r a c e r  g a s  i s  a p p r o x i m a t e l y  e x p o n e n t i a l  ( s e e  f i g u r e  1). 



Cons tan t  Flow Mode 

I n  t h e  c o n s t a n t  f l o w  mode of t r a c e r  g a s  measurements ,  
t h e  i n j e c t i o n  f l o w  r a t e  f ( t )  i s  s p e c i f i e d  a t  a  known 
c o n s t a n t  v a l u e  F. I n  t h i s  c a s e  t h e  s o l u t i o n  2 t o  t h e  
c o n t i n u i t y  e q u a t i o n  r e d u c e s  t o :  

I n  g e n e r a l  t h e r e  i s  no  s i m p l e  way t o  s o l v e  ( 5 )  f o r  
v ( t ) ;  however i n  most a p p l i c a t i o n s  v ( t )  is  t r e a t e d  a s  a  
c o n s t a n t  Q and e q u a t i o n  (5 )  r educes  t o :  

For  t i m e s  t > >  tl, e q u a t i o n  ( 6 )  becomes  t h e  s i m p l e  
r e l a t i o n :  

I t  s h o u l d  b e  p o i n t e d  o u t  t h a t  e q u a t i o n s  ( 6 )  a n d  (7) 
a r e  s t r i c t l y  v a l i d  o n l y  f o r  c o n s t a n t  a i r  i n f i l t r a t i o n  
r a t e s  Q. 

Cons tan t  C o n c e n t r a t i o n  Mode 

The r e a s o n  t h a t  many r e s e a r c h e r s  a r e  us ing  t h e  c o n s t a n t  
c o n c e n t r a t i o n  mode comes f rom a  mul t ichamber  t r e a t m e n t  
of  t r a c e r  movement i n  a  b u i l d i n g .  The c o n t i n u i t y  
e q u a t i o n s  i n  t h i s  c a s e  f o r  t h e  t r a c e r  c o n c e n t r a t i o n s  
C i ( t )  i n  t h e  i t h  chamber a r e  [3 ,4] :  

The t e r m s  v i  r e p r e s e n t  t h e  a i r  i n f i l t r a t i o n  f r o m  t h e  
e x t e r i o r  i n t o  t h e  c h  mber  and  t h e  t e r ~ g  V i j  a r e  t h e  
f l o w  r a t e s  f r o m  t h e  jh  chamber  t o  t h e  i chamber .  Due 
t o  s t a b i l i t y  d i f f i c u l t i e s  i n  u s i n g  t h e  s o l u t i o n  t o  
e q u a t i o n s  ( 8 )  f o r  d e t e r m i n i n g  t h e  c o e f f i c i e n t s  v i  and 
v i j ,  t h e s e  f l o w  r a t e s  c a n n o t  i n  p r a c t i c e  be  de te rmined  
by measur ing  t h e  c o n c e n t r a t i o n  decays  i n  each chamber 
w i t h  a  s i n g l e  t r a c e r  g a s  [ 4 ] .  T h i s  c a n  o n l y  b e  done  
us ing  m u l t i t r a c e r  g a s e s  and s t i l l  some knowledge a s  t o  
t h e  d i r e c t i o n  o f  t h e  i n t e r r o o m  a i r  f l o w s i s  u s e f u l .  
However,  i f  o n e  c a n  k e p t  t h e  c o n c e n t r a t i o n s  i n  e a c h  
chamber t h e  same and a t  a  c o n s t a n t  l e v e l  by c o n t r o l l i n g  
t h e  i n j e c t i o n  f l o w s  f i r  t h e n  t h e  a i r  i n f  i l t r a t i o n  r a t e s  



i n t o  each chamber c a n  be  d e t e r m i n e d  by 

where c0 is  t h e  c o n s t a n t  l e v e l  of t r a c e r  c o n c e n t r a t i o n .  
T h u s  t h e  a i r  i n f i l t r a t i o n  r a t e  i s  d e t e r m i n e d  b y  
m e a s u r i n g  t h e  amount  o f  t r a c e r  i n j e c t e d  i n t o  e a c h  
chamber  r e q u i r e d  t o  m a i n t a i n  a  c o n s t a n t  l e v e l ,  The  
m a j o r  c r i t i c i s m  o f  t h i s  mode o f  u s i n g  a  t r a c e r  g a s  i s  
t h a t  t h e r e  i s  no  s t a b l e  c o n t r o l  s c h e m e  w h i c h  w i l l  d o  
t h i s  [ 3 ]  a n d  t h e r e f o r e  t h e  l e v e l  o f  t r a c e r  i s  n e v e r  
r e a l l y  c o n s t a n t ,  

3 ,  AUTOMATED TRACER DECAY EQUIPMENT 

Automated a i r  i n f i l t r a t i o n  m e a s u r i n g  e q u i p m e n t  u s i n g  
t h e  t r a c e r  d e c a y  m e t h o d  h a s  b e e n  d e v e l o p e d  b y  
r e s e a r c h e r s  a t  t h e  N a t i o n a l  B u r e a u  o f  S t a n d a r d s  (NBS) 
and  P r i n c e t o n  U n i v e r s i t y  a n d  h a v e  b e e n  i n  u s e  s i n c e  
1 9 7 4  i n  t h e  U n i t e d  S t a t e s ,  T h e s e  s y s t e m s  u s e  a n  
e l e c t r o n  c a p t u r e  g a s  c h r o m a t o g r a p h  w h i c h  c a n  m e a s u r e  
 SF^ i n  t h e  ppb  r a n g e ,  The e a r l i e r  v e r s i o n s  o f  t h e s e  
s y s t e m s  u s e d  m e c h a n i c a l  s e q u e n c i n g  t i m e r s  t o  c o n t r o l  
t h e  sampl ing  and i n j e c t i o n  and recorded  t h e  o u t p u t  on a  
s t r i p  c h a r t  r e c o r d e r  [ 5 , 6 ] ,  L a t e r  e l e c t r o n i c  c o n t r o l  
c i r c u i t s  r e p l a c e d  t h e  m e c h a n i c a l  t i m e r s  a n d  a n  
e l e c t r o n i c  peak d e t e c t o r  was i n c o r p o r a t e d  i n t o  t h e  u n i t  
a n d  t h e d a t a  w e r e  r e c o r d e d  o n  a  m a g n e t i c  c a s s e t t e  i n  
A S C I I  c o d e  [7], F i g u r e  1 s h o w s  a  s a m p l e  o f  d a t a  
c o l l e c t e d  b y  t h i s  e q u i p m e n t  i n  a s e v e n  s t o r e y  
a d m i n i s t r a t i o n  b u i l d i n g  a t  P r i n c e t o n  U n i v e r s i t y .  The 
l a t e s t  v e r s i o n  o f  t h i s  series of  equipment  c o n s i s t s  of 
a S-100 B u s s  mic rocomputea :  w i t h  t w o  5 1 / 4  i n c h  d u a l -  
s i d e d  f l o p p y  d i s c  d r i v e s ,  a  r e a l - t i m e  c l o c k ,  a CRT 
t e r m i n a l ,  a n  e l e c t r o n  c a p t u r e  d e t e c t o r  g a s  
c h r o m a t o g r a p h ,  a t e n  p o r t  s a m p l i n g  m a n i f  o l d ,  f i v e  
i n j e c t i o n  u n i t s  and  i n t e r f a c e s  f o r  b o t h  a n a l o g u e  a n d  
d i g i t a l  d a t a  [ 8 ] .  T h i s  s y s t e m  h a s  b e e n  u s e d  i n  a i r  
i n f i l t r a t i o n  s t u d i e s  i n  l a r g e  b u i l d i n g s ,  F i g u r e  2 shows 
a  s c h e m a t i c  o f  a  t w e n t y - s i x  s t o r e y ,  450,000 m3 o f f i c e  
b u i l d i n g  i n  w h i c h  a i r  i n f i l t r a t i o n  m e a s u r e m e n t s  a r e  
b e i n g  made. Two s u c h  s y s t e m s  a r e  d e p l o y e d  i n  t h i s  
b u i l d i n g ,  One m e a s u r e s  t h e  a i r  i n f i l t r a t i o n  r a t e s  i n  
t h e  t o w e r  ( f l o o r s  3  t o  26)  p o r t i o n  o f  t h e  b u i l d i n g  a n d  
is l o c a t e d  i n  t h e  mechanica l  equipment  room of t h e  26 th  
f l o o r ,  The sampl ing  network f o r  t h i s  sytem i s  shown i n  
f i g u r e s  3  and 4. T h i s  sys tem a l s o  measures  t h e  ou tdoor  
e n v i r o n m e n t  f r o m  a  l o c a l  w e a t h e r  s t a t i o n  on  t h e  r o o f  
and t h e  i n t e r i o r  t e m p e r a t u r e s  on e a c h  of  t h e  s a m p l e d  
f l o o r s .  An e x t e r i o r  p r e s s u r e  measur ing  sys tem w i l l  b e  
a d d e d  t o  t h i s  i n s t r u m e n t a t i o n ,  The s e c o n d - s y s t e m  i s  
l o c a t e d  i n  t h e  l o w e r  m e c h a n i c a l  e q u i p m e n t  room a n d  



m o n i t o r s  t h e  f o u r  l o w e r  z o n e s  o f  t h e  b u i l d i n g  a n d  t h e  
a d j a c e n t  f o u r  s t o r e y  P l a z a  Bui ld ing .  A t y p i c a l  t r a c e  of 
d a t a  f r o m  t h e  t o w e r  i s  shown i n  f i g u r e  5. I n j e c t i o n  
o c c u r r s  1 0  m i n u t e s  b e f o r e  e a c h  h o u r .  Note  t h a t  t h e  
t r a c e r  i s  f a i r l y  w e l l  mixed a f t e r  t w e n t y  m i n u t e s .  
F i g u r e  6 shows t h e  a v e r a g e  d a i l y  a i r  i n f i l t r a t i o n  r a t e s  
f o r  t h e  m o n t h s  o f  A p r i l  a n d  May o f  1981.  Days o n  w h i c h  
t h e r e  a r e  no d a t a  a r e  u s u a l l y  weekends o r  h o l i d a y s  when 
t h e  HVAC s y s t e m s  i n  t h e  b u i l d i n g  a r e  n o t  o p e r a t i n g .  
These a i r  i n f i l t r a t i o n  measur ing  s y s t e m s  have o p e r a t e d  
1 8  d a y s  w i t h o u t  human a t t e n t i o n  and  30  d a y s  w i t h o u t  
l o s s  of  d a t a .  

H a r t m a n  a n d  M u h l e b a c h  [9] o f  t h e  S w i s s  F e d e r a l  
L a b o r a t o r i e s  f o r  M a t e r i a l  T e s t i n g  a n d  R e s e a r c h  h a v e  
des igned  a  t r a c e r  decay sys tem c o n t r o l l e d  by a  s p e c i a l  
c o n t r o l l e r .  Da ta  f rom t h i s  u n i t  i s  ana lyzed  o f f  l i n e  on 
a  c e n t r a l  c o m p u t e r ,  T h i s  s y s t e m  u s e s  N 2 0  a s  a t r a c e r  
and a n  i n f r a r e d  a n a l y s e r  (MIRAN)  o p e r a t i n g  i n  t h e  1 0  t o  
20 ppm r a n g e .  T h i s  s y s t e m  c a n  h a n d l e  up  t o  s i x  rooms 
and  a l s o  m e a s u r e s  a i r  t e m p e r a t u r e ,  h u m i d i t y ,  wind  
v e l o c i t y ,  wind d i r e c t i o n  and wind p r e s s u r e .  

4. CONSTANT CONCENTRATION TRACER GAS EQUIPMENT 

Automated  a i r  i n £  il t r a t i o n  m e a s u r i n g  equipment  us ing  
t h e  c o n s t a n t  c o n c e n t r a t i o n  method h a s  been developed i n  
t h e  U n i t e d  Kingdom, Denmark,  Sweden and Canada.  The 
U.K. a u t o m a t e d  a i r  i n f i l t r a t i o n  u n i t  c a l l e d  A u t o v e n t  
[ l o ]  d e v e l o p e d  by A l e x a n d e r ,  G a l e  and E t h r i d g e  of  
B r i t i s h  G a s  t o  a c h e i v e  c o n s t a n t  t r a c e r  g a s  
c o n c e n t r a t i o n  i s  b a s e d  upon a  m i c r o p r o c e s s o r  and a 
r a p i d  a n a l y s i s  o f  t h e  i n d i v i d u a l  s a m p l e s .  The  ~ 2 0  
d e t e c t o r  w i t h  a  two second r i s e  t i m e  a l l o w s  t h a t  a  room 
o r  z o n e  may b e  a n a l y z e d  e v e r y  6 s e c o n d s .  The s a m p l i n g  
i s  t h r o u g h  t u b e s  o f  e q u a l  l e n g t h  and t h e  r e c o r d e d  
c o n c e n t r a t i o n  v a l u e  ( t o g e t h e r  w i t h  t h e  p r e v i o u s  
r e a d i n g )  i s  u s e d  t o  v a r y  t h e  amount  of N 2 0  i n j e c t e d  
p r i o r  t o  t h e  n e x t  s a m p l i n g ,  The n o m i n a l  c o n c e n t r a t i o n  
is m a i n t a i n e d  a t  50 + 2  ppm, I n j e c t i o n  t a k e s  p l a c e  f o r  
d u r a t i o n s  up t o  h a l f  of t h e  p e r i o d  ( t o  a  maximum of  30 
s e c o n d s )  b e t w e e n  s a m p l e s ,  Each o f  t h e  i n j e c t i o n  l i n e s  
i s  c a l i b r a t e d  p r i o r  t o  t h e  e x p e r i m e n t  s o  t h a t  t h e  
i n j e c t i o n  r a t e  c a n  m e e t  l o c a l  n e e d s .  The r a n g e  o f  a i r  
i n f i l t r a t i o n  t h a t  can  b e  accomodated a f t e r  c a l i b r a t i o n  
i s  f r o m  f o u r  o r  f i v e  t o  one ,  T h i s  e q u i p m e n t  h a s  been  
u s e d  o v e r  a  p e r i o d  of  a l m o s t  t w o  y e a r s  w i t h  u p  t o  1 2  
rooms measured s i m u l t a n e o u s l y .  O v e r a l l  accuracy  of  10% 
i s  r e p o r t e d ,  S i x  h o u s e s  h a v e  b e e n  c a r e f u l l y  a n a l y z e d  
u s i n g  t h i s  e q u i p m e n t .  F u t h e r m o r e ,  t h e  a n a l y z e r  h a s  a  
second c h a n n e l  a l l o w i n q  CO2 t r a c e r  g a s  a n a l y s i s .  Using 
t w o  t r a c e r  g a s e s  s i m u  t a n e o u s l y ,  e x c h a n g e  r a t e s  f r o m  
t h e  l i v i n g  a r e a  t o  t h e  a t t i c  have been determined.  



T h e  D a n i s h  a u t o m a t e d  a i r  i n f i l t r a t i o n  s y s t e m  i s  
m i c r o c o m p u t e r  b a s e d  and  h a s  b e e n  d e v e l o p e d  by C o l l e t  
and McNally of t h e  I n s t i t u t e  of Technology i n  Taas t rup .  
There  a r e  many s i m i l a r i t i e s  t o  t h e  U.K. sys tem i n  t h i s  
new r e s e a r c h  e f f o r t  focused  on occupant  a c t i v i t i e s  such  
a s  o p e n i n g  a n d  c l o s i n g  o f  windows  a n d  d o o r s  a n d  t h e i r  
e f f e c t  on  a i r  c h a n g e  r a t e s  i n  e a c h  of  1 0  rooms i n  a  
h o u s e  s o u t h  o f  Copenhagen.  The  i n j e c t i o n  o f  N 2 0  c a n  
t a k e  p l a c e  e s s e n t i a l l y  o n  a  c o n t i n u o u s  b a s i s ,  h e n c e  
more  t h a n  1 0  t o  l v a r i a t i o n s  i n  a i r  c h a n g e  r a t e s  c a n  b e  
accommodated  ( f r o m  a  few t e n t h s  t o  f i v e  o r  more  a i r  
changes  p e r  hour w i t h  a n  a c c u r a c y  v a r y i n g  from 2 5 %  t o  
+ l o % ) .  S m a l l  (12 c m  d i a , )  s i l e n t  f a n s  a r e  s p o t t e d  n e a r  - 
t h e  ~ 2 0  i n j e c t i o n  p o r t  i n  e a c h  room t o  p r o m o t e  r a p i d  
mixing of t h e  t r a c e r  gas .  Ten s o l e n o i d  v a l u e s  a r e  used 
t o  c o n t r o l  i n j e c t i o n ,  and a n o t h e r  t e n  c o n t r o l  sampl ing  
t o  t h e  URAS-7N i n £  r  a r e d  d e t e c t o r .  The e x p e r i m e n t a l  
d e s i g n  a l s o  r o v i d e s  a  t ank  o f  ~~0 r e f e r e n c e  g a s  a t  4 8  B ppm t o  p e r i o  i c a l l y  check t h e  d e s i g n  v a l u e  of 5022 ppm 
~~0 c o n c e n t r a t i o n s  w i t h i n  t h e  home. T e m p e r a t u r e  a n d  
h u m i d i t y  s e n s o r s  a r e  b e i n g  a d d e d  t o  f u r t h e r  i n c r e a s e  
read ing  accuracy ,  S i n c e  t h e  s t u d y  emphas izes  occupancy 
e f f e c t s ,  t h e  t u b i n g  t h a t  r u n s  t h r o u g h t o u t  t h e  house h a s  
b e e n  k e p t  a s  u n o b t r u s i v e  a s  p o s s i b l e  ( o n l y  3 - 4  m m  
d i a . ) ,  A t  t h e  d o o r w a y s  m e t a l  t u b e s  n e a r  t h e  h i n g e  a r e  
u s e d  t o  p r o v i d e  t h e  t u b i n g  p a t h s  s o  t h a t  t h e  d o o r  
o p e r a t i o n  i s  u n a f f e c t e d ,  The N20 i n j e c t i o n  o r i f i c e s  f o r  
e a c h  room w e r e  c a r e f u l l y  d e s i g n e d  t o  p r o v i d e  c h o k e d  
f l o w  and were  s u b s e q u e n t l y  c a l i b r a t e d ,  The sys tem can  
o p e r a t e  f o r  u p  t o  s i x  d a y s  u n a t t e n d e d ,  R e c o r d s  a r e  
m a i n t a i n e d  on f l o p p y  d i s c ,  w i t h  a  v i e w i n g  s c r e e n  
p rov ided  t o  check o n - s i t e  o p e r a t i o n .  Also  a  s t a t i s t i c a l  
p a c k a g e  c a n  b e  u s e d  on s i t e  t o  f u r t h e r  p r o v i d e  s y s t e m  
checks .  

The use of  s i m i l a r  c o n c e p t s  t o  measure a i r  i n f i l t r a t i o n  
a u t o m a t i c a l l y  h a v e  b e e n  u s e d  i n  t h e  S w e d i s h  u n i t  f o r  
t r a c e r  g a s  measurements  r e p o r t e d  by P e t t e r s s o n  of t h e  
Swedish N a t i o n a l  T e s t i n g  I n s t i t u t e .  The s h o r t  r e s p o n s e  
t i m e  of  t h e  N20 a n a l y z e r  h a s  made it  o s s i b l e  t o  
c o l l e c t a l a r g e  number  o f  s a m p l e s  p e r  u n i t  e ime,  I n  t h e  
c a s e  of  f i e l d  m e a s u r e m e n t s  on  a  v a r i e t y  of  b u i l d i n g s  
t h e  problem of t h e  two hour equipment  warm-up t i m e  f o r  
t h e  URAS-7N a n a l y s e r  h a s  b e e n  s o l v e d  by a  12V/220V 
t r a n s f o r m e r  i n  t h e  i n s t r u m e n t a t i o n  van and warming up  
i s  a c c o m p l i s h e d  i n  t r a n s i t ,  An a l t e r n a t e  M I R A N  l O l A  
a n a l y z e r  r e q u i r e s  1 0  m i n u t e s  o r  l e s s  t o  warm up, The 
a r r a n g e m e n t  of  t h e  1 0  t u b e s  t o  t h e  a n a l y z e r  a l l o w s  9 
a i r  samples  and one f r e s h  a i r  purge. The f r e s h  a i r  must 
b e  r a i s e d  t o  room t e m p e r a t u r e  t o  a v o i d  a n a l y s i s  
problems,  The pumping sys tem moves t h e  samples  t o  t h e  
a n a l y z e r  t h r o u g h  1 0  m e t e r  l o n g ,  6mm d i a m e t e r  p l a s t i c  
t u b e s  w i t h i n  t h e  house .  When o p e r a t e d  f r o m  t h e  v a n ,  
s p e c i a l  2 5  m e t e r  t u b i n g  i s  u s e d  t o  t h e r m a l l y  i n s u l a t e  



t h e  e n c l o s e d  9 p l a s t i c  t u b e s ,  The measurements  a r e  made 
a t  a  c e r t a i n  d e f i n i t e  f r e q u e n c y ,  t r e a t e d  b y  t h e  
m i c r o p r o c e s s o r ,  and r e c o r d e d  a s  a i r  c h a n g e s  p e r  h o u r  
f o r  t h e  i n d i v i d u a l  p o i n t s .  

Up t o  t h i s  p o i n t  t h e  emphasis  i n  t h i s  s e c t i o n  h a s  been 
on  t h e  u s e  of  ~~0 a s  t h e  t r a c e r  g a s .  Dumont o f  t h e  
N a t i n a l  R e s e a r c h  C o u n c i l  o f  C a n a d a  r e p o r t s  o n  a  
C a n a d i a n  c o n s t a n t  c o n c e n t r a t i o n  a i r  i n f i l t r a t i o n  
a p p a r a t u s  t h a t  i s  based on SF6 a s  a  t r a c e r  g a s  and used 
a n  e l e c t r o n  c a p t u r e  g a s  c h r o m a t o g r a p h .  The a p p a r a t u s  
h a s  b e e n  f u n c t i o n i n g  f o r  t h r e e  y e a r s  a n d  i s  now 
a v a i l a b l e  a s  a  c o m m e r c i a l l y  packaged u n i t  [ I ] .  The u n i t  
has  d e m o n s t r a t e d  t h e  a b i l i t y  t o  ho ld  SF6 c o n c e n t r a t i o n s  
i n  a  h o u s e  c o n s t a n t  t o  w i t h i n  24% o v e r  1 5  m i n u t e  
i n t e r v a l s  a n d  f 2 %  o v e r  a  o n e - h o u r  i n t e r v a l .  The  
c o n t r o l l e r  f e e d b a c k  l o o p  u s e s  a  p r o p o r t i o n a l  p l u s  
i n t e g r a l  a c t i o n .  Unattended t h e  u n i t  has  run 72 hours.  
Opera t ing  i n  t h e  "sample" mode u s i n g  t h e  IT1 d e t e c t o r ,  
g e n e r a l l y  a  l e v e l  o f  1 5  ppb o f  SF6 i s  m a i n t a i n e d .  
C o n s e q u e n t l y ,  t h e  amount  o f  t r a c e r  g a s  u s e d  d u r i n g  a n  
e x p e r i m e n t  i s  v e r y  s m a l l .  A t  t h e  s t a r t  o f  t h e  
exper iment ,  it u s u a l l y  t a k e s  abou t  1 hour t o  r e a c h  t h e  
d e s i r e d  s e t p o i n t  l e v e l  o f  SF6e T O  d a t e  more  t h a n  20 
houses  have been t e s t e d  u s i n g  t h i s  equipment.  

The m a j o r  w e a k n e s s  o f  t h e  a p p a r a t u s  h a s  b e e n  i n  t h e  
o p e r a t i o n  o f  t h e  d e t e c t o r ,  W i t h  t h e  v e r y  h i g h  u s a g e  
t h a t  i t  i s  s u b j e c t  t o ,  t h e  co lumn and t h e  e l e c t r o n  
c a p t u r e  d e t e c t o r  r e q u i r e  c o n s i d e r a b l e  m a i n t e n a n c e ,  
c l e a n i n g  and c a l i b r a t i o n .  Zero d r i f t  of t h e  d e t e c t o r  i s  
a n  o n g o i n g  p r o b l e m .  I n  a d d i t i o n ,  t h e  s w i t c h i n g  v a l v e ,  
w h i c h  u s e s  a  s p o o l  v a l v e  a r r a n g e m e n t  w i t h  O - r i n g s ,  
r e q u i r e s  maintanence.  S m a l l  l e a k s  f rom t h e  p r e s s u r i z e d  
SF6 s u p p l x  h a v e  a l s o  b e e n  a  s o u r c e  o f  d i f f i c u l t y .  
Normally t e  equipment  is p l a c e d  w i t h i n  t h e  house be ing  
measured and c o n s e q u e n t l y  s m a l l  SF6 l e a k s  w i l l  g i v e  a  
f a l s e  i n d i c a t i o n  o f  t h e  a i r  c h a n g e  r a t e .  Compar ing  
e x p e r i e n c e  w i t h  o t h e r  i n v e s t i g a t o r s ,  t h e  m a i n t a n e n c e  
problems s i t e d  h e r e  t e n d  t o  f a v o r  a  c h o i c e  of i n f r a r e d  
e q u i p m e n t  i f  t h e  h i g h e r  c o n c e n t r a t i o n s  (50  ppm r a n g e )  
a r e  t o l e r a b l e ,  

5. CONTINUOUS I N J E C T I O N  TRACER GAS SYSTEM 

C o n t i n u o u s  i n f i l t r a t i o n  m o n i t o r i n g  s y s t e m  u s i n g  t h e  
c o n t i n u o u s  i n j e c t i o n  mode h a s  b e e n  d e v e l o p e d  a t  
L a w r e n c e  B e r k e l e y  L a b o r a t o r y  i n  t h e  U n i t e d  S t a t e s  t o  
p e r m i t  automated  measurement of i n £  i l t r a t i o n  i n  a  t e s t  
s p a c e  a t  ha l f -hour  i n t e r v a l s .  T h i s  d e s i g n  d e c i s i o n  was 
b a s e d  upon s t a b i l i t y  c o n s i d e r a t i o n s  i n  t h e  f e e d b a c k  
l o o p  o f  t h e  c o n t r o l l e r .  T h i s  u n i t  o r i g i n a l l y  u s e d  N 0  
w i t h  a n  i n f r a r e d  a n a l y s e r  b u t  l a t e r ,  d u e  z o  



env i ronmenta l  r e q u i r e m e n t s  i n  t h e  U,S,, was m o d i f i e d  t o  
u s e  SF w i t h  a n  i n f r a r e d  a n a l y s e r ,  The s y s t e m  w a s  
designe% t o  p e r m i t  r e s e a r c h e r s  t o  c a r e f u l l y  examine t h e  
mechanisms t h a t  d r i v e  i n f i l t r a t i o n ,  i.e, t h e  e f f e c t s  of 
weather  and mechan ica l  sys tems.  The sys tem is d e s i g n e d  
around a  microcomputer  t h a t  (1) c o n t r o l s  t h e  i n j e c t i o n  
of t r a c e r  i n t o  t h e  t e s t  s p a c e ,  (2)  s e l e c t s  t h e  sampl ing  
p o r t  used d u r i n g  a n  i n t e r v a l ,  ( 3 )  p r o c e s s e s  and r e c o r d s  
w e a t h e r  and  s y s t e m  o p e r a t i o n  d a t a ,  ( 4 )  c a l c u l a t e s  and  
r e c o r d s  h a l f - h o u r  a v e r a g e  i n f i l t r a t i o n  v a l u e s  a n d  ( 5 )  
c o m p u t e s  a  new i n j e c t i o n  f l o w  r a t e  b a s e d  upon t h e  
c a l c u l a t e d  i n f i l t r a t i o n  t o  keep  t h e  c o n c e n t r a t i o n  l e v e l  
i n  t h e  t es t  space  w i t h i n  a  p a r t i c u l a r  t a r g e t  range, The 
c a l c u l a t i o n  of  i n f i l t r a t i o n  i s  made u s i n g  e q u a t i o n  (6) .  
I n  p r a c t i c e  e q u a t i o n  ( 6 )  i s  s o l v e d  n u m e r i c a l l y  by  t h e  
microcomputer  u s i n g  a  s e a r c h  a l g o r i t h m  t h a t  f i n d s  t h e  
s e t  Q r  C1 and  V h a v i n g  maximum l i k e l i h o o d  c o n s i s t e n t  
w i t h  t h e  m e a s u r e d  v a l u e s  o f  C a n d  F f o r  t h e  t i m e  
i n t e r v a l ,  The f l o w  r a t e  is t h e n  i n c r e a s e d  o r  d e c r e a s e d  
t o  a  new v a l u e  f o r  t h e  n e x t  ha l f -hour  i n t e r v a l  t o  keep  
t h e  c o n c e n t r a t i o n  w i t h i n  a  p a r t i c u l a r  range,  

6. SIMPLE AND LOW-COST TRACER GAS TECHIQUES 

I n  an e f f o r t  t o  d e v e l o p  s i m p l e  and i n e x p e n s i v e  methods 
w h i c h  c a n  b e  u s e d  b y  i n e x p e r i e n c e d  p e r s o n n e l ,  
r e s e a r c h e r s  i n  t h e  U.S, h a v e  d e v e l o p e d  t w o  t e c h n i q u e s  
which can  d e t e r m i n e  t h e  n a t u r a l  a i r  i n f i l t r a t i o n  r a t e s  
w i t h  a  min imal  e f f o r t ,  The main r e a s o n s  t h a t  t h e  t r a c e r  
g a s  methods a r e  c o m p l i c a t e d  and e x p e n s i v e  a r e :  (1) t h e  
c o n c e n t r a t i o n  m o n i t o r i n g  equipment  i s  c o s t l y ,  ( 2 )  i t s  
u s e  r e q u i r e s  h i g h l y  t r a i n e d  t e c h n i c i a n s ,  and  ( 3 )  t h e  
d u r a t i o n  o f  t h e  t e s t  i s  u s u a l l y  2  t o  4 h o u r s .  However ,  
i f  o n e  i s  n o t  i n t e r e s t e d  i n  a  d e t a i l e d  h i s t o r y  o f  t h e  
a i r  i n f i l t r a t i o n  r a t e ,  b u t  w a n t s  o n l y  t h e  t o t a l  a i r  
exchange r a t e  o v e r  a  p e r i o d  o f  s p e c i f i e d  t i m e ,  t h e n  it 
i s  p o s s i b l e  t o  r e m o v e  t h e  t r a c e r  g a s  m o n i t o r i n g  
e q u i p m e n t  f o r m  t h e  f i e l d  s i t e  and  u s e  a i r  s a m p l e  b a g s  
o r  c o n t a i n e r s  t o  c o l l e c t  t h e  c o n c e n t r a t i o n  l e v e l s  o f  
t h e  t r a c e r  a t  s p e c i f i c  i n s t a n t s  [7-111, T h i s  method h a s  
been used by NBS t o  e v a l u a t e  t h e  a i r  i n £  i l t r a t i o n  r a t e s  
i n  a  n a t i o n a l  s a m p l e  o f  o v e r  2 0 0  homes  i n  t h e  U n i t e d  
S t a t e s .  The method i s  shown s c h e m a t i c a l l l y  i n  f i g u r e  7. 
The t r a c e r  g a s   SF^) i s  i n i t i a l l y  i n j e c t e d  i n t o  t h e  
d w e l l i n g  u s i n g  s y r i n g e s .  A f t e r  a  m i x i n g  t ime o f  a b o u t  
1/2 hour,  a n  i n i t i a l  a i r  s a m p l e  is t a k e n  on each s t o r e y  
of  t h e  b u i l d i n g ,  The t r a c e r  g a s  i s  a l l o w e d  o t  decay f o r  
a  p e r i o d  o f  1 t o  2  h o u r s  a n d  a  s e c o n d  s e t  o f  a i r  
s a m p l e s  i s  t a k e n  on e a c h  s t o r e y ,  The a i r  s a m p l e s  a r e  
s h i p p e d  t o  a  l a b o r a t o r y  a n d  a n a l y z e d  f o r  t h e i r  
c o n c e n t r a t i o n s .  The a i r  i n f i l t r a t i o n  r a t e  i s  d e t e r m i n e d  
by e q u a t i o n  (4), F i g u r e  8 s h o w s  t h e  r e s u l t s  o f  t h e s e  
tests f o r  t h e  f i r s t  h e a t i n g  season  of t h e  p r o j e c t  [12] .  



For c o m p a r i s o n  f i g u r e  9 s h o w s  t h e  i n d u c e d  a i r  f l o w  a t  
5 0  Pa f o r  t h e  same  s e t  o f  homes. P r i n c e t o n  U n i v e r s i t y  
h a s  a l s o  u s e d  t h i s  me thod  i n  t h e i r  f i e l d  s t u d i e s .  The 
i n d i v i d u a l  f l o o r  r e a d i n g s  i n  f i g u r e  1 were  o b t a i n e d  by 
t h i s  method. During t h e  performance  of  t h i s  tes t ,  l o c a l  
w e a t e r  d a t a  a r e  u s u a l l y  r e c o r d e d .  T h e  s e c r e t  t o  
i m p l e m e n t i n g  t h i s  p r o c e d u r e  s u c c e s s f u l l y  a r e :  (1) 
deve lop ing  a n  a c c u r a t e  and s i m p l e  i d e n t i f i c a t i n  l a b e l  
f o r  e a c h  c o n t a i n e r ,  ( 2 )  s l o w  and u n i f o r m  i n j e c t i o n  o f  
t h e  t r a c e r ,  u s u a l l y  a c c o m p l i s h e d  by h a v i n g  t h e  p e r s o n  
p e r f o r m i n g  t h e  t e s t  w a l k  s l o w l y  a r o u n d  t h e  d w e l l i n g  
g r a d u a l l y  d e p r e s s i n g  t h e  s y r i n g e  w h i l e  waving h i s  arms 
and ( 3 )  o b t a i n i n g  a n  i n t e g r a t e d  s a m p l e  by w a l k i n g  
a r o u n d  e a c h  s t o r e y  s l o w l y  f i l l i n g  t h e  a i r  s a m p l e  
c o n t a i n e r .  The a c c u r a c y  o f  t h e  method  i s  a s s u r e d  by 
w a i t i n g  more t h a n  1 hour between samples  [13] .  

An a v e r a g e  i n £  i l t r a t i o n  m o n i t o r  ( A I M )  h a s  b e e n  
d e v e l o p e d  a t  LBL t o  p e r m i t  s i m p l e ,  u n a t t e n d e d  
m e a s u r e m e n t  o f  t h e  l o n g - t e r m  i n f i l t r a t i o n  r a t e s  o f  a  
house .  T h i s  m o n i t o r  p r o d u c e s  a  m e a s u r e  o f  t h e  a v e r a g e  
a i r  i n f i l t r a t i o n  r a t e  o f  t h e  house d u r i n g  t h e  t i m e  t h e  
e q u i p m e n t  i s  i n  t h e  d w e l l i n g ,  T y p i c a l  l o n g - t e r m  
i n f i l t r a t i o n  measurements  r e q u i r e  s i g n i f i c a n t  amounts 
of  p a t i e n c e  o n  t h e  p a r t  o f  t h e  b u i l d i n g  o c c u p a n t s ,  I n  
a d d i t i o n ,  s t a n d a r d  l o n g - t e r m  s y s t e m s  r e q u i r e  s k i l l e d  
p e r s o n n e l  f o r  i n s t a l l a t i o n ,  The A I M  s y s t e m  m i n i m i z e s  
b o t h  t h e  i n c o n v e n i e n c e  t o  t h e  o c c u p a n t  a n d  t h e  
t e c h n i c a l  s k i l l s  r e q u i r e d  t o  i n s t a l l  t h e  s y s t e m .  The 
A I M  c o n s i s t s  o f  t w o  s m a l l  s u i t c a s e s ,  o u t w a r d l y  
i d e n t i c a l ,  c a l l e d  a n  i n j e c t o r  arid a s a m p l e r .  Each 
c o n t a i n s  a  s m a l l  p o s i t i v e - d i s p l a c e m e n t  s o l e n o i d  pump 
t h a t  i s  p u l s e d  a t  a  r a t e  c o n t r o l l e d  by a n  i n t e r n a l  
t i m e r ,  The pump connected  t o  g a s  sample  bag, i s  e i t h e r  
s l o w l y  empt ied ,  i n j e c t i n g  t r a c e r  g a s  i n t o  t h e  s p a c e  t o  
b e  t e s t e d ,  o r  f i l l e d ,  s a m p l i n g  t h e  m i x t u r e  of  t r a c e r  
g a s  a n d  room a i r  p r e s e n t  i n  t h e  s p a c e .  Us ing  e q u a t i o n  
(7), t h e  a v e r a g e  a i r  i n f i l t r a t i o n  r a t e  c a n  b e  
de te rmined  by measur ing  t h e  c o n c e n t r a t i o n  i n  t h e  sample  
bag. A d e t e r m i n a t i o n  of t h e  c o n c e n t r a t i o n  of  t r a c e r  g a s  
c o l l e c t e d  i n  t h e  s a m p l e  b a g  i s  a  m e a s u r e  o f  t h e  t i m e  
a v e r a g e  c o n c e n t r a t i o n  o v e r  t h e  d u r a t i o n  of  t h e  t e s t ;  
knowing t h e  t h e  t i m e  i n t e r v a l  of t h e  c o n s t a n t  i n j e c t i o n  
and t h e  t o t a l  volume o f  t r a c e r  g a s  i n j e c t e d  i n t o  t h e  
t e s t  s p a c e  g i v e s  t h e  i n j e c t i o n  r a t e ,  F. I t  i s  i m p o r t a n t  
t o  n o t e  t h a t  t h e  A I M  s y s t e m  m e a s u r e s  t h e  t o t a l  
v e n t i l a t o n  r a t e .  T h i s  m e a n s  t h a t  v e n t i l a t i o n  c h a n g e s  
d u e  t o  o c c u p a n t  b e h a v i o r  ( u s i n g  m e c h a n i c a l  s p o t  
v e n t i l a t i o n ,  opening windows, e tc . )  a r e  inc luded  i n  t h e  
measured a i r  exhange r a t e s ,  Consequently,  combining t h e  
A I M  mesurement sys tem w i t h  f a n  p r e s s u r i z t i o n  tests of 
t h e  b u i l d i n g  t i g h t n e s s  ( w h i c h  c a n  b e  u s e d  t o  p r e d i c t  
t h e  i n f i l t r a t i o n  o f  t h e  c l o s e d  s h e l l  o f  t h e  s t r u c t u r e )  
a l l o w s  a  r e s e a r c h e r  t o  e x t r a c t  i n f o r m a t i o n  a b o u t  t h e  
o c c u p a n c y  c o n t r i b u t i o n  t o  t h e  v e n t i l a t i o n  i n  t h e  



b u i l d i n g .  

7. CONCLUSIONS 

The s t a t e  o f  t h e  a r t  i n  m e a s u r i n g  a i r  i n f i l t r a t i o n  i n  
b u i l d i n g s  h a s  p r o g r e s s e d  r a p i d l y  i n  t h e  l a s t  s e v e r a l  
y e a r s  a n d  i t  i s  now p o s s i b l e  t o  m e a s u r e  t h e  a i r  
i n f i l t r a t i o n  r a t e  i n  a  b u i l d i n g  by means commemsurate 
w i t h  t h e  e f f o r t  r e q u i r e d  t o  d e t e r m i n e  t h e  o t h e r  
p a r a m e t e r s  w h i c h  i n f l u e n c e  t h e  e n e r g y  p e r f o r m a n c e  of  
t h e  b u i l d i n g .  I t  i s  p o s s i b l e  t o  d e p l o y  a u t o m a t e d  a i r  
i n f i l t r a t i o n  m o n i t o r i n g  equipment  which a u t o m a t i c a l l y  
c o l l e c t s  and a n a l y z e s  a i r  i n f  i l t r a t i o n  r a t e s  u s i n g  
microcomputer  and m i c r o p r o c e s s o r  based equipment. I t  i s  
a l s o  p o s s i b l e  t o  u s e  l o w - c o s t  m e t h o d s  i n  a u d i t  t y p e  
a p p l i c a t i o n s  f o r  d e t e r m i n i n g  t h e  a i r  i n f i l t r a t i o n  i n  
l a r g e  samples  of b u i l d i n g s .  
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INTRODUCTION 

Researchers, for some time, have been working on the problems of 
measurement and modeling of infiltration in residential struc- 
tures. Basic research, however, has been hampered by the lack of 
long-term data from a fully-instrumented, full-scale structure. 
The Mobile Infiltration Test Unit (MITU) was designed and built at 
the Lawrence Berkeley Laboratory (LBL) to meet such a need. MITU 
spent the 1980-1981 winter in the field collecting the data 
required for infiltration modeling. This data includes: measured 
infiltration rates, surface pressures, wind velocities, indoor and 
outdoor temperatures, leakage area and leakage distribution. 

Analysis of the MITU data has allowed us to, (1) evaluate models 
of envelope leakage using surface pressure and infiltration data, 
and (2 )  evaluate a model which uses the concept of effective leak- 
age area, along with weather data, to predict infiltration rates. 

MITU TRAILER 

MITU' is a commtrcially available construction-site office trailer 
that was modified and instrumented by researchers at LBL. Illus- 
trated in Figure 1, MITU is a portable self-contained test struc- 
ture designed to perform extended infiltration field studies in a 
variety of climates, allowing complete control of building parame- 
ters and site parameters. It is instrumented to provide for vali- 
dation of both long-term average and hour-by-hour infiltration- 
model predictions. The trailer is also designed to test various 
components of the model individually (i.e., translation of airport 
wind data into wind at the structure, reduction of wind-induced 
pressures due to localized shielding, etc.). 

MITU is a wood-frame structure, 4.9 meters (16 ft) long, 2.4 
meters (8 ft) wide, and 2.4 meters (8 ft) high. It contains both 
heating and cooling systems and requires only electrical power 
from each site. The walls and floor of the trailer contain a 
total of sixteen window openings that can be fitted with inter- 
changeable calibrated leakage panels for controlling total leak- 
age, leakage distribution, and leakage type (i.e., narrow cracks, 
large holes). The trailer shell is sealed with a continuous vapor 
barrier, and perforations are caulked with silicone sealant to 
minimize the leakage. The leakage of the panels and the trailer 
shell are determined with a specially designed fan pressurization 
system that fits into one of the window openings and measures air 
flow using an orifice plate. 

Air infiltration, weather data, and surface pressures are sampled, 
reduced, and recorded on floppy disk by a Z-80 microprocessor- 
based computer. 

This work was funded by the Assistant Secretary for Conserva- 
tion and Renewable Resources, Office of Buildings and Commun- 
ity Systems, Buildings Division of the U.S. Department of En- 
ergy under contract No. W-7405-Eng-48. 



A i r  i n f i l t r a t i o n  i s  monitored w i t h  t h e  Continuous I n f i l t r a t i o n  
Moni tor ing System (CIMS) developed a t  L B L . ~  T h i s  system computes 
and s t o r e s  ha l f -hour  average i n f i l t r a t i o n  r a t e s .  

Windspeed -- and wind d i r e c t i o n  a r e  measured a t  two h e i g h t s ,  5 . 5  
mete r s  (18 f t )  and 10 mete r s  ( 3 3  f t )  above t h e  ground. The sen- 
s o r s  a r e  mounted on c o l l a p s i b l e  weather  towers  t h a t  a r e  pe r -  
manently a f f i x e d  t o  t h e  r e a r  o f  t h e  t r a i l e r ,  Outdoor t empera tu re  
i s  monitored by a  s e n s o r  mounted 7  mete r s  ( 2 3  f t )  above t h e  
ground. Speeds ,  d i r e c t i o n s  and t empera tu res  a r e  checked e v e r y  10 
seconds and recorded  on d i s k  a s  h a l f  hour averages .  

S u r f a c e  p r e s s u r e s  from 82 t a p s  l o c a t e d  on t h e  w a l l s ,  f l o o r  and 
c e i l i n g  a r e  measured w i t h  d i f f e r e n t i a l  p r e s s u r e  t r a n s d u c e r s .  Taps 
a r e  opened and c l o s e d  by computer-control led  so leno id  v a l v e s .  
During sampling,  each t a p  i s  k e p t  open f o r  t e n  seconds .  The p res -  
s u r e  s i g n a l ,  sampled 40 t imes  p e r  second,  i.s e l e c t r o n i c a l l y  f i l -  
t e r e d  u s i n g  a  one-second t ime  c o n s t a n t  i n  o r d e r  t o  e l i m i n a t e  any 
r i n g i n g  i n  t h e  p r e s s u r e  l i n e s  due t o  s o l e n o i d  o p e r a t i o n .  The 
p r e s s u r e s  a r e  moni tored wi th  p r e s s u r e  t r a n s d u c e r s  on s i x  l e v e l s .  
Four of t h e  t r a n s d u c e r s  a r e  on t h e  w a l l s  a t  0.23m (0.75 f t ) ,  0.90m 
(2.95 f t ) ,  1.57m ( 5 . 1 5  f t )  and 2.24m (7.35 f t )  above t h e  f l o o r  o f  
t h e  t r a i l e r ,  w h i l e  t h e  remaining two t r a n s d u c e r s  a r e  f o r  t h e  c e i l -  
i n g  and f l o o r .  A l l  p r e s s u r e s ,  i n c l u d i n g  i n s i d e  p r e s s u r e  (measured 
w i t h  an a d d i t i o n a l  t r a n s d u c e r ) ,  a r e  measured r e l a t i v e  t o  a  p res -  
s u r e  r e s e r v o i r  t h a t  communicates w i t h  indoor  p r e s s u r e  wi th  a  two 
minute  t ime c o n s t a n t .  T h i s  sys tem a l lows  f o r  d i r e c t  measurement 
of s tack- induced p r e s s u r e s  and t h e  h e i g h t  o f  t h e  n e u t r a l  l e v e l .  
The z e r o  of each t r a n s d u c e r  i s  checked e v e r y  t h i r t y  minutes  and 
s u b t r a c t e d  from t h e  s u r f a c e  p r e s s u r e s ,  which a r e  t h e n  s t o r e d  a s  
th i r ty -minu te  averages .  

LEAKAGE MODELS 

The most impor tan t  f a c t o r  f o r  de te rmin ing  n a t u r a l  i n f i l t r a t i o n  i s  
t h e  r e s i s t a n c e  o f  t h e  b u i l d i n g  s h e l l  t o  a i r  f low. The flow r e s i s -  
t a n c e ,  o r  l e a k a g e ,  i s  measured w i t h  a  t echn ique  known a s  f a n  p res -  
s u r i z a t i o n .  T h i s  i n v o l v e s  p r e s s u r i z i n g  and d e p r e s s u r i z i n g  t h e  
s t r u c t u r e  t o  known p r e s s u r e  d i f f e r e n c e s  and measuring t h e  r e s u l t -  
i n g  flow response .  I n  o r d e r  t o  de te rmine  t h e  curve r e l a t i n g  t h e  
p r e s s u r e  d rop  a c r o s s  t h e  envelope t o  t h e  f low t h a t  i t  induces ,  t h e  
f lows a t  each p r e s s u r e  d i f f e r e n t i a l  a r e  p l o t t e d  on log-log paper .  
I n  t h e  p r e s s u r e  r e g i o n  used (10  t o  60 pa)  t h e  d a t a  g e n e r a l l y  form 
a  s t r a i g h t  l i n e ;  i . e . ,  t h e  d a t a  a r e  we l l  r e p r e s e n t e d  by t h e  empir-  
i c a l  (power f i t )  r e l a t i o n s h i p :  

where 
3  Q i s  t h e  volume flow r a t e  of t h e  f a n  [m / s l y  

K i s  a  c o n s t a n t  , 
AP i s  t h e  a b s o l u t e  v a l u e  of t h e  p r e s s u r e  drop a c r o s s  t h e  

b u i l d i n g  envelope [Pal  , and 
n i s  an exponent i n  t h e  range  0 . 5  < n < 1 . 0 .  



Researchers  a t  LBL c h a r a c t e r i z e  t h e  f low r e s i s t a n c e  o f  t h e  c r a c k s  
and openings  i n  t h e  b u i l d i n g  s h e l l  i n  terms of  t h e  e f f e c t i v e  l eak-  
age a r e a .  The concep t  of  e f f e c t i v e  l eakage  a r e a  approx imates  f low 
r e s i s t a n c e  u s i n g  square - roo t  f low;  i . e . ,  i t  assumes t h a t  t h e  f low 
through t h e  a p e r t u r e s  i n  t h e  b u i l d i n g  s h e l l  i s  s i m i l a r  t o  o r i f i c e  
f low, where t h e  f low r a t e  i s  p r o p o r t i o n a l  t o  t h e  s q u a r e  r o o t  o f  
t h e  p r e s s u r e  d r o p  a c r o s s  t h e  opening.  T h i s  i m p l i e s  t h a t  t h e  f low 
through t h e  b u i l d i n g  s h e l l  c a n  be  r e p r e s e n t e d  by: 

where 
AP i s  t h e  p r e s s u r e  d rop  a c r o s s  t h e  b u i l d i n g  s h e l l  [ P a l ,  

2 L i s  t h e  e f f e c t i v e  l e a k a g e  a r e a  Em 1, and 
3 p i s  t h e  d e n s i t y  o f  a i r  [kg/m I .  

To u s e  f a n  p r e s s u r i z a t i o n  d a t a  t o  de te rmine  leakage a r e a ,  t h e  
f lows i n  Equa t ions  1 and 2 a r e  equated a t  a  r e f e r e n c e  p r e s s u r e :  

where 
K i s  t h e  g r a p h i c a l l y  de te rmined  c o n s t a n t ,  

2 L i s  t h e  e f f e c t i v e  l e a k a g e  a r e a  Cm I ,  
3 

p i s  t h e  d e n s i t y  o f  a i r  Ckg/m I ,  and 
AP, i s  t h e  r e f e r e n c e  p r e s s u r e  [ P a l .  

The r e f e r e n c e  p r e s s u r e  we have  chosen,  4 Pa, i s  t y p i c a l  of  
weather-induced,  i n f i l t r a t i o n - d r i v i n g  p r e s s u r e s .  

MITU FIELD TRIP 

The Mobile I n f i l t r a t i o n  T e s t  Uni t  was s t a t i o n e d  i n  Reno, Nevada 
f o r  t h e  p a s t  w i n t e r  (December,' 1980 - March, 1981).  The s i t e  was 
chosen f o r  i t s  low t e m p e r a t u r e s ,  h i g h  winds,  and l a c k  o f  s h i e l d i n g  
from t h e  wind ( s e e  F i g u r e  1). During t h e  f o u r m o n t h  p e r i o d ,  d a t a  
was c o l l e c t e d  under  a v a r i e t y  o f  c o n d i t i o n s ;  t h e  q u a n t i t y ,  shape 
and d i s t r i b u t i o n  of  l eakage  a r e a  were v a r i e d ,  a s  w e l l  a s  t h e  
o r i e n t a t i o n  o f  t h e  t r a i l e r  on t h e  s i t e .  

INFILTRATION FROM SURFACE PRESSURES 

The measured i n f i l t r a t i o n  r a t e s  and s u r f a c e  p r e s s u r e  d a t a  c o l -  
l e c t e d  d u r i n g  t h e  MITU f i e l d  t r i p  can be  used t o  compare t h e  
h y p o t h e s i s  o f  square - roo t  f low t o  t h e  more e x a c t  power-f i t  leakage 
model. S i n c e  t h e  l o c a t i o n  and f low c h a r a c t e r i s t i c s  o f  a l l  o f  t h e  
leakage s i t e s  a r e  known, measured s u r f a c e  p r e s s u r e s  can  be used t o  
p r e d i c t  t h e  f lows i n  and o u t  o f  t h e  t r a i l e r  s h e l l .  We made t h e s e  
p r e d i c t i o n s  u s i n g  our  square - roo t  f low leakage  model ( s e e  Equat ion 
2 ) ,  and u s i n g  t h e  power f i t  l e a k a g e  model  quati ti on 1 )  w i t h  a f low 
exponent o f  0 .65 .  A f low exponent o f  0 .65 was chosen f o r  two rea-  
sons:  t h e  measured f low exponen t s  f o r  t h e  leakage p a n e l s  were 
between 0 .6  and 0 . 7 ;  a d d i t i o n a l l y ,  0 .65  i s  t h e  quoted flow 
exponent i n  many leakage s t u d i e s .  F i g u r e s  2 and 3 a r e  p l o t s  of  
measured i n f i l t r a t i o n ,  i n f i l t r a t i o n  p r e d i c t e d  by square - roo t  f low 



(n= 0.51, and i n f i l t r a t i o n  p red i c t ed  with a  0.65 flow exponent.  
The flows a r e  c a l c u l a t e d  assuming a  normal (Gaussian) p re s su re  
d i s t r i b u t i o n  over  t ime, using measured mean p re s su re s  and s tandard  
dev ia t i ons .  I n f i l t r a t i o n  i s  determined by i n t e g r a t i n g  flow t i m e s  
t h e  p r o b a b i l i t y  d e n s i t y  func t ion  between zero  and p o s i t i v e  i n f i n -  
i t y ,  while  e x f i l t r a t i o n  i s  determined by i n t e g r a t i n g  between nega- 
t i v e  i n f i n i t y  and zero .  The p l o t t e d  curves  r ep re sen t  the  average 
of p red ic ted  i n f i l t r a t i o n  and p red i c t ed  e x f i l t r a t i o n .  I n  F igu re  
2,  both square-root and power f i t  p r ed i c t i ons  t r a c k  measured 
i n f i l t r a t i o n  q u i t e  w e l l .  A s  one might expec t ,  t h e  flows pred ic ted  
wi th  a  flow exponent of 0.65 exceed square-root flows a t  h igh  
i n f i l t r a t i o n  r a t e s  (high p re s su re  d i f f e r e n c e s ) ,  and a r e  lower t han  
square-root p r e d i c t i o n s  a t  low i n f i l t r a t i o n  r a t e s  (low p re s su re  
d i f f e r e n c e s ) .  I n  gene ra l ,  a t  p r e s su re  d i f f e r e n c e s  below 4  Pa ( t h e  
pressure  a t  which leakage a r e a  i s  determined) ,  square-root flows 
w i l l  be h ighe r ,  whi le  above 4  Pa, power f i t  (n=0.65) flows w i l l  be 
h igher .  Despi te  t h e s e  d i f f e r e n c e s ,  t h e  square-root and power f i t  
models g ive  very  s i m i l a r  r e s u l t s  over  t h e  course  of t he  t e s t .  
Although square-root and power-fit p r ed i c t i ons  show good agreement 
i n  Figure 3 ,  they  both  underpred ic t  cons iderab ly  during t h e  h igh  
i n f i l t r a t i o n  pe r iods  near  t h e  end of  t he  t e s t .  A poss ib le  expla- 
na t i on  i s  suggested when one examines a  p l o t  o f  wind d i r e c t i o n  
over  t he  course  of  t he  t e s t .  During t h e  e n t i r e  per iod of 
underpred ic t ion ,  t h e  wind d i r e c t i o n  v a r i e s  between t h i r t y  degrees  
e a s t  and t h i r t y  degrees  w e s t  of  no r th .  Wind tunne l  s t u d i e s  of  
p ressure  c o e f f i c i e n t s  on s t r u c t u r e s  with s i m i l a r  aspec t  r a t i o s  
have shown t h a t  f o r  winds from t h e s e  angles ,  t h e  pressure  c o e f f i -  
c i e n t s  change s i g n  a s  one proceeds along t h e  e a s t  and west f aces .  3 

Since  t h e  measurement system phys i ca l l y  averages t he  p re s su re s  
ac ros s  a  g iven  f ace ,  i t  w i l l  sum p o s i t i v e  pressures  with nega t ive  
pressures ,  r e s u l t i n g  i n  an underpred ic t ion  o f  p ressures  and the re -  
f o r e  flows. 

Although they  should agree ,  t h e  average pred ic ted  i n f i l t r a t i o n  and 
e x f i l t r a t i o n  d i sagreed  by a s  nnuch a s  25% f o r  many d a t a  s e t s .  One 
cause could be  an  o f f s e t  i n  t h e  measured p re s su re  d i f f e r e n c e s ,  
poss ib ly  caused by s t a c k  e f f e c t s  i n  t h e  v e r t i c a l  l i n e s  connect ing 
t h e  pressure  r e s e r v o i r  t o  t h e  p re s su re  t ransducers .  By adding a  
uniform p re s su re  o f f s e t  t o  t h e  measured pressures  i t  was found 
t h a t  a  0 .1  t o  0 .3  Pa o f f s e t  (corresponding t o  a  few degrees  C tem- 
pe ra tu re  d i f f e r e n c e )  r e s u l t e d  i n  flow e q u a l i z a t i o n  f o r  a l l  d a t a  
s e t s .  Although t h e  d i f f e r e n c e  between i n f i l t r a t i o n  and e x f i l t r a -  
t i o n  was s i g n i f i c a n t l y  a f f e c t e d  by t h e  p re s su re  o f f s e t ,  t h e  aver- 
age value d i d  no t  change. 

INFILTRATION MODEL 

A r e s i d e n t i a l  i n f i l t r a t i o n  model has  been developed a t  L B L ~ , '  
us ing the  concept of  e f f e c t i v e  leakage a r ea .  It uses  bu i ld ing  and 
s i t e  parameters t o  make i n f i l t r a t i o n  p red i c t i ons  from a v a i l a b l e  
weather d a t a .  The model was s p e c i f i c a l l y  designed f o r  s i m p l i c i t y ;  
t h a t  i s ,  p r e c i s e  d e t a i l  was s a c r i f i c e d  f o r  e a s e  of app l i ca t i on .  
The func t iona l  form of t he  model, along with some important 
assumptions,  is  presented below. 

The bas i c  form of t h e  i n f i l t r a t i o n  model i s :  



where 
3 Q is the infiltration [m Is], 

2 L is the effective leakage area [m I, 
AT is the indoor-outdoor temperature difference [K], 

1/2] f, is the stack parameter [m/s/~ , 
v is the wind speed, and 
fw is the wind parameter. 

In this expression, fw and fs, the wind and stack parameters, 
essentially convert the wind speed, v, and the indoor-outdoor tem- 
perature difference, AT, into equivalent pressures across the 
leakage area of the house. The terms inside the square root actu- 
ally have the units of velocity squared, i.e., pressure over den- 
sity. The wind and stack parameters are weather independent quan- 
tities that depend upon the distribution of leakage area, the 
degree to which the house is shielded from the wind, and some 
geometrical parameters. 

INFILTRATION MODEL VALIDATION 

Half-hour average infiltration predictions were made for 34 days 
of data from the MITU field trip, using weather data and appropri- 
ate values for each of the model parameters. A compact method of 
displaying this large data set is with a histogram of the ratio of 
predicted-to-measured infiltration; Figure 4 shows the distribu- 
tion of this ratio. Although this plot shows a symmetric (log- 
normal) distribution about the mean, it also indicates that the 
average ratio of half-hour infiltration predictions to the meas- 
ured infiltration rates is 1.23. Although one would like the data 
to be centered about unity, this mean ratio does not imply that 
the average predicted infiltration will be 23% high. A histogram 
of ratios weights all infiltration rates equally, implying that a 
systematic error at low infiltration rates, although small in 
absolute value, will have a large effect on the mean ratio. The 
average predicted infiltration for this data set (1600 measure- 

3 ments) was 34.4 m /hr, while the average measured infiltration was 
3 32.5 m /hr. 

Although the histogram is useful for presenting the entire set, a 
plot of measured and predicted infiltration against time provides 
information about the tracking ability of the model. Figure 5 is 
a plot of air infiltration rate vs. time for a three-day period 
and Figure 6 displays the results of a four-day test using a dif- 
ferent leakage configuration. In both figures, the model predic- 
tions track measured infiltration quite well. Although the infil- 
tration rate changes by a factor of ten over the course of the 
four-day test, the model falls short only at some of the higher 
infiltration rates. Both plots show a slight overprediction at 
lower infiltration rates. These results encourage using the model 
to provide short-term infiltration predictions in situations that 
require hour-by-hour infiltration measurements, e.g., measurement 
of the thermal characteristics of buildings, indoor air quality 
tests, etc. 

The data sets plotted in Figures 5 and 6 correspond to the same 
dates as Figures 2 and 3, respectively. Comparing Figures 2 and 
5, the average flow rate predicted by the infiltration model 
agrees remarkably well with the square-root flow prediction from 
measured pressure differences. A comparison of Figures 3 and 6 



reveals some interesting discrepancies. At high infiltration 
rates, the infiltration model tracks the measured flow rate quite 
well, yet both square-root and power fit flows underpredict con- 
siderably. The close agreement of infiltration model predictions 
with measured infiltration rates supports the earlier hypothesis 
of pressure measurement system inaccuracies as the cause of these 
underpredict ions. 

CONCLUSIONS 

The Mobile Infiltration Test Unit has been an excellent source of 
field data, allowing us to carefully examine the problems associ- 
ated with infiltration in residential structures. Comparisons of 
measured infiltration rates with values calculated from surface 
pressures have shown no decrease in accuracy when a square-root 
flow model is used instead of the general power-fit model of leak- 
age. We therefore conclude that the square-root flow leakage 
model is preferable to a power-fit model, because of its direct 
physical interpretation. 

The measurement results have clearly demonstrated that great care 
must be taken when making surface pressure measurements: temporal 
and spatial pressure averaging can lead to significant errors in 
infiltration predictions. Additionally, very small temperature 
differences in the pressure measurement system can cause large 
apparent disagreements between infiltration and exfiltration. 
Combining these difficulties with the successful predictions of 
the LBL infiltration model, we conclude that the determination of 
infiltration from surface pressures has provided both a validation 
of the LBL model, as well as a justification for the use of 
predictive infiltration models. 
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Figure 1. Mobile Infiltration Test Unit in Reno, Nevada 
test site. 
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Figure 2. Plot of measured. infiltration and infiltration 
predictions from surface pressures vs. time: 
Three-day test in MITU. 
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Figure 3 .  Plot of measured infiltration and infiltration 
predictions from surface pressures vs. time: 
Four-day test in M I T U .  

Prediote$/Weaewred Infiltration 
XBL 817-10493 

Figure 4 .  Histogram of predicted infiltration/mcasured 
infiltration for 34 days of data from M I T U .  
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Figure 5. Plot of measured infiltration and infiltration model 
predictions vs. time: Three-day test in MITU. 
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Figure 6. Plot of measured infiltration and infiltration model 
predictions vs. time: Four-day test in MITU. 
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Continuous measurements of air infiltration in occupied buildings 

The measurement system, developed by t h e  Insti tute of Technology at TBstrup, 
Denmark, is a microcomputer-controlled system for  registering air  change r a t e s  
using t racer  gas  according t o  t h e  constant  concentration method. 

The system is designed for measuring and metering t race r  gas in up t o  t e n  
separate  rooms. The a i r  change r a t e  t o  outdoors is measured on t h e  basis of 
t h e  amount of t r ace r  gas  supplied t o  maintain a constant concentration. 

The system operates  through au tomat ic  da ta  logging on a floppy disc and can 
run without supervision fo r  extended periods (up t o  six days). 

Background ------------ 

In conjunction with energy saving measures, both in existing buildings and in 
new buildings, the re  is a natural  desire t o  build as airt ight a s  possible. 

There  has been a considerable amount of measurement of natural  ventilation in 
buildings in Sweden and Denmark but such measurement has been of instant- 
aneous values where outside doors, windows etc have been closed. This does 
not give any indication of t h e  air change r a t e  when t h e  building is occupied, i e  
when t h e  occupants open and close windows, go in and out of t h e  building etc. 

The prerequisite for being able t o  measure a building's airtightness in relation 
t o  

a: t h e  building's a i r  change r a t e  when occupied 

b: t h e  building's content  of gases and allergens 

c: t h e  building's energy consumption 

is being able t o  measure t h e  t rue  a i r  change r a t e  over an extended period (1-2 
weeks) while t h e  building is occupied. 

As an  example, o n e  could expect t h a t  t h e  reason fo r  t h e  differences in formal- 
dehyde concentration in the  air  and air  change ra tes  in Swedish and Danish 
investigations could b e  a t t r ibuted t o  air  change r a t e s  not being measured while 
the  building is occupied. 

Correspondingly, i t  can be shown t h a t  by making t h e  building t ighter,  t h e  
frequency of t h e  occupants opening windows etc increases so tha t  t h e  effect ive  
air change r a t e  is g rea te r  than tha t  demanded by t h e  tightness. Thus the re  is 
a rea l  risk of increasing t h e  air change r a t e  instead of reducing it. 



Design of t h e  sys t em ....................... 

The  measurement  sys tem comprises  a c e n t r a l  unit in which t h e  dosage,  cont ro l  
and measurement  uni t s  a r e  housed (see  f igu re  1). 

From t h e  c e n t r a l  uni t ,  2 hoses g o  t o  e a c h  of t h e  measurement  rooms.  O n e  
hose is used fo r  dosing t h e  g a s  while t h e  o the r  is used for  co l lec t ing  room a i r  
fo r  c e n t r a l  concen t r a t ion  cont ro l .  

The  dosing unit: 

The  dosing unit compr i se s  a bo t t l e  of t r a c e r  gas  ( N  O), 10 solenoid valves, 10 
meter ing  jets and a pressure  gauge. 2 

The  dosage  t o  individual rooms  is de t e rmined  by t w o  parameters :  

1. The  pressure  in t h e  jet. 

2. The opening period of t h e  solenoid valve. 

T o  be able  t o  c a l c u l a t e  t h e  f low through t h e  jet simply and sa t i s fac tor i ly ,  t h e  
pressure and t h e  jet s i ze  a r e  s e l ec t ed  s o  t h a t  t h e r e  is a n  over-cri t ical  f low in 
t h e  jet's smal les t  c ross  s ec t ion  - " the  mill". A t  a n  over-cri t ical  flow, t h e  
maximum possible veloci ty in t h e  mill i s  t h e  speed of sound. 

Over-cri t ical  flow is achieved when t h e  r a t i o  be tween t h e  avai lab le  pressure  
and t h e  exi t  pressure  at t h e  jet exceeds  approximate ly  1.9. 

When increasing t h e  avai lab le  pressure  in excess  of t h i s  r a t io  of 1.9, t h e  mass 
f low is proport ional  t o  t h e  avai lable pressure and  independent  of t h e  exi t  
pressure. 

In o the r  words, when t h e r e  is over-cri t ical  f low in t h e  jet, t h e  mass f low var ies  
linearly with t h e  pressure  a t  t h e  input  s ide  ( the  pressure  used is in t h e  region 
of 3 bar). 

The  room is dosed eve ry  30 seconds. T h e  dosage t i m e  can  vary be tween  0 and 
30 seconds but  is set s o  t h a t  t h e  minimum dosage is 2 seconds. 

The je t s  used (see  f igu re  3) have  a very f ine  quadra t ic  charac ter i s t ic .  10 x 2 
second doses provide t h e  s a m e  amoun t  of g a s  as 1 x 20 second dose. 

The  measurement  unit: 

The  measurement  unit compr ises  10 3-way solenoid valves, a Uras 7 n inf rared  
gas  absorpt ion d e t e c t o r  and a gas  suct ion pump. 

The  concent ra t ion  of N 2 0  in t h e  room a i r  is measured with t h e  a id  of a t w o  
beam infrared g a s  absorpt ion d e t e c t o r  ( s ee  f igure  6 ) ,  and t h e  measu remen t s  a r e  
expressed as t h e  d i f f e rence  be tween t h e  absorpt ion of light in t h e  t w o  beams.  
The  r e fe rence  ce l l  conta ins  nitrogen, which does not absorb  light in t h e  measure-  
ment  range  of t h e  de t ec to r .  The measu remen t  ce l l  conta ins  t h e  g a s  t o  b e  
measured. 



A single measurement takes  30 seconds. Thus if 10 rooms a r e  connected, t h e  
t r ace r  gas measurement in t h e  rooms can be determined every sixth minute. 

There a r e  two  components in t h e  room air  in addition t o  N 0 t h a t  absorb light 
in t h e  detectorXs measurement range. The e f f e c t  of C?02 is removed by 
inserting a f i l ter  in Uras and t h e  e f f e c t  of moisture in the  air is eliminated 
mathematically. 

In order t o  g e t  "fresh air" in t h e  measurement apparatus a pump is installed 
which pumps from the  hoses not used in t h e  measurement process. 

To eliminate dr i f t  at t h e  0 point, a test gas with a 50 ppm N 0 concentration 2 in N2 is measured at fixed intervals. The measurement apparatus's 0 dri f t  
point is corrected mathematically. 

Control and registrat ion unit: 

A microcomputer is used a s  a control  and registration unit (SORD MARK 11). 

Results -------- 

The results of one  day's measurements in a house a r e  shown in f igures 4 and 5. 

The house is of a t imber construction on two floors located in i(Qge. 

Measurements were  taken in all rooms while in use. 

Room number 
- 

1 

2 

3 

4 

5 
6 

7 

8 

Description 

Living room 

Kitchen 

Hall 

Bathroom 

Stair well 

Bedroom 

Room 

WC 

Volume Window open Mixing fans 

84m 

22 m 3 

9m 3 

9m 3 

32 m 3 

25m 3 

38m3 

7m 3 

No 

No 

No 

Yes 

Yes 

No 

To 3 

Yes 

No 

No 

Yes 

Yes? 

Yes 

No 



The grea tes t  problem encountered during measurement is maintaining a constant 
concentration of N 0 in rooms. 

2 

Different conditions limit t h e  ex ten t  t o  which t h e  concentration can  b e  regula- 
ted: 

1. The facility for mixing air  in t h e  room. For example, in bedrooms i t  is 
not possible t o  use mixing fans  for  mixing t h e  room air  at night. 

2. The rooms a r e  measured at fixed intervals of up t o  6 minutes. If a 
window or door is opened, a ce r ta in  t i m e  elapses before this is registered. 

The discontinuation of strong ventilation can result  in an  extended period 
of increased concentration in a room. 

Figure 2 shows t h e  result  of a t r ia l  using two  dif ferent  types of control. The 
momentary concentration of N 0 was measured every minute. 2 

Further development of t h e  measurement system ....................................................... 

Futher endeavours t o  improve t h e  system will be  t o  register  t empera tu re  and 
moisture content  in parallel with a i r  change r a t e  measurement. This will 
provide a be t t e r  illustration of t h e  indoor c l imate  and will permit  continual 
monitoring and correct ion of t h e  e f f e c t  of moisture on t h e  URAS 7n. 

We also  hope t o  improve t h e  dosage procedure so  t h a t  even small rooms with a 
considerable air  change r a t e  can maintain a stable concentration of N 0. 2 
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Design o f  the measurement apparatus, principle 
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To pump through needle valve 

From room 

Critical orifice 

Dose to room 
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FIGURE 4: Tracer gas concentration la1 whole house 
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FIGURE 5: A r  change rate (a) whole house 
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Basic diagram of the infrared gas analyser Uras 7 N 

Receiver 
Condenser diaphragm 
Counter electrode 
Receiver shutter 
Fi 1 ter cell 
Direct voltage source 
Measuring cell 
Analysis chamber 
Reference chamber 
High-impedance resistor 
Radiation sources 
Shutter wheel 
Shutter wheel motor 
Amp1 ifier 
Mains stabilisation 

FIGURE 6 



Measurements taken whi le  house was occupied on 10-11 September 1981 
between 10.00 and 11.00 

Average ppm N20 concentrat ion per hour 

Location: Ringstedvej 20 

FIGURE 7 
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1. Introduction 

Two series of pressurisation and ventilation measurements have 
been made in a low-energy house. One of the objectives of the work 
was to assess the extent to which the ventilation pattern of the 
house could be improved by modifying its leakage distribution. The 
first series of measurements was interpreted to understand the 
ventilation pattern and to make recommendations for the modifications. 
The second series was used to find out the effects of the 
modifications. 

Throughout this paper the term ventilation rate is used to 
denote the volume flow rate of air entering a room (or the whole 
house) directly from outside, divided by the volume of the room 
i.e, the ventilation rate of the room is the fresh air change rate. 

The term stack effect denotes the temperature difference 
between the inside and the outside of the house. 

2. Description of the House and the Measurement Methods 

The house, built on split levels on a hillside, is part of a 
long terrace within an estate. It has a brick outer wall and an 
insulating block inner wall, with an insulated dry lining. 
The design heat loss is 5kW and the house is centrally heated by a 
gas-fired boiler. A plan of the house and its spatial orientation 
are given in Fig.1. The lowest level contained a utility room 
and entrance hall. Stairs led to the first landing, the kitchen 
and lounge; further stairs reached the second landing and the 
bathroom and toilet, these being directly above the utility room and 
entrance hall. A third set of stairs extended to the top landing 
and 3 bedrooms, these being above the kitchen and lounge. There were 
two separate attic spaces accessible from the bathroom and bedroom 2 
respectively. The house was at the end of the terrace and was 
exposed, in varying degrees, to winds from the East, South and West. 
The volume of the house, excluding the utility room and internal 

3 cupboards which were kept shut, was 160 m . The windows were 
adequately weatherstripped but that on the doors had deteriorated. 



Pressllrisation measurements were made on the whole house and 
on individual rooms using a technique described previously ( 1 ) .  
Ventilation rate measurements for the whole house and individual 
rooms were made using Autment, the automatic monitoring equipment 
developed by British Gas for ventilation studies in dwellings (1). 

The Autovent apparatus provides detailed information on the 
volume of fresh air entering each room of the house. By studying 
this data as a function of measured wind conditions and stack 
effect and using our knowledge of the leakage of the house and the 
rooms, we built up a picture of the ventilation pattern. We had 
precise knowledge of the entry points for fresh air, but exit 
routes were inferred. The results are described below. 

3. Before Modification 

3.1. Leakages 

The leakage distribution is shown on the left hand side of 
Fig.2. It can be seen that the biggest measured leakages are in 
the bathroom, hall and bedroom I ,  but the biggest actual leakage was 
due to the stairwells and landings wkich was determined by subraction 
of the measured room leakages from the total. 

Smoke flow visualisation was performed during the tests to 
indicate large sources of leakages. The major leakages in the 
bathroom were at floor level and around the bath and those in the hall 
were around the door and door frame. 

3.2. Ventilation rates 

In all there were 132 separate half-hourly average ventilation 
rates determined. Of these 122 were for wind directions lying in 
the range 230'~ through North to 180~. For this range it was found 
that stack effect was a very important determinant of the whole house 
ventilation rate RH. A regression analysis of the results showed 
that RH was seven times more sensitive to ~ T ( & T  is the internall 

0 external temperature difference, C) than to wind speed U (m/s). 

However, for the small range of wind directions from 180' to 230' 
RH showed an almost equal dependence on wind and stack effects, and 
this manifested itself in relatively higher ventilation rates for a 
given . Th%s directional effect is shown in Figure 2 where 
RH is plotted aga2nst wind directions for a fairly narrow band of 
wind speeds and a roughly constant stack effect. 

Additional information on the ventilation pattern of the house 
came from an anlysis of the room ventilation rates. The mean 
ventilation rates of the hall and bathroom were by far the largest 
(expressed in room yolumes per hour). They were roughly ten times 
larger than those of the kitchen, living room and toilet. The mean 
rates in the bedrooms were very low (less than 0.1 h-1 ) . In many 
instances the bedrooms had no fresh air entry i.e. only air from 
other parts of the house entered the bedrooms. 



4. Modification to leakage distribution 

From the results of the first series of tests it was decided 
that the average of the whole ?muse ventilation rate was probably 
satisfactory, but the pattern of ventilation was open to improvement. 
Briefly summarised, the objectives were 

(i) to maintain the average whole house ventilation rate, 

(ii) to increase the ventilation rates in the living room 
and the bedrooms, 

and Ciii) to decrease the ventilation rates in the hall and 
bathroom. 

With these aims in view, the followhg modifications were 
carried out. 

(a) All of the rooms and the landing were fitted with 
(closeable) strip ventilators. 

Cb) Gaps in the joins between floors, walls and ceilings 
in the hall, bathroom and toilet were sealed with tape. 
The hall door was weatherstripped with durable material. 

5. After modif ication 

5.1 . Leakages 
Figure 2 compares the leakage distribution measured after the 

modification d t h  that measured before. It can be seen that the 
total leakage after modification is about 10% less than that measured 
before. The leakages of the hall, bathroom and toilet have been 
substantially decreased, whereas the leakages of the kitchen, living 
room and the three bedrooms have been increased, presumably due to 
the installation of the strip vents. In the hall, bathroom and 
toilet the sealing measures were sufficiently effective to more than 
compensate for the installation of thR vents. 

5.2. Whole House ventilation rates 

Figure 4 compares the values of RH before and after modification, 
plotted against wind speed. For clarity, no distinction has been 
made between different wind directions, or between those results which 
have different arrangements of open vents and open internal doors. 
These differences are the main reasons for the apparent scatter in 
the results. All of the results however correspond to the range of 
stack parameter indicated in Figure 4. 

It can be seen that, despite the greater leakage before 
modification, the whoIe house ventilation rates have generally been 
increased by the modifications. These increases are however 
relatively small when compared to the changes observed for some of 
the roams. 
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DESIGN AND CONSTRUCTION OF LOW ENERGY HOUSES IN SASKATCHEWAN 

by 

H.W. Orr 

As a result of the need to reduce energy use there has been an 
interest on the part of government and some private individuals in 
constructing super-insulated houses, sometimes called low energy 
houses. In these houses, thermal resistances of the walls and 
ceiling are typically RSI 7 (-R 40) and RSI 10 (R 57), respectively; 
special efforts are usually made to keep air infiltration to a 
minimum. 

It should be noted that these are unusual buildings; only two 
or three hundred such houses have been built in Canada. Thus they 
represent a small fraction of one per cent of dwellings constructed 
in this country in the past two or three years. Observation of 
some of these houses indicates that, when compared with conventional 
houses, significant reductions in energy consumption have been 
achieved. Continued observation of their performance and documenta- 
tion of details of construction constitute an important contribution 
to the development of housing in Canada. 

This report provides some of the background of this development 
on the Prairies. It describes details of wall and foundation designs 
that have been used. It does not address the question however of 
whether these details are justifiable from an economic standpoint. 

The dimensions of wall studs in houses are usually governed by 
structural needs. The amount of thermal insulation required by 
current building regulations can be fitted into the 89 mm (32-in.) 
wall space provided by 2 x 4 studs. This space, filled with 

3 
24 kg/m mineral wood, provides about RSI 2.1 (R 12); taking 
other wall components into account produces RSI 2.5 (R 14.2). 

In the past few years, several innovations in wall design have 
appeared which provide for greater thermal resistances. In some 
new houses, rigid insulation, usually 38 rnm (1.5 in.) thick, is 
applied outside of 38 x 89 mm (2 x 4) wall studs. In some others, 
38 x 14C mm (2 x 6) studs are used. When filled with mineral wool 
or equivalent insulation, these produce a thermal resistance of about 
RS1 3.7 (R 21). 

The desire to incorporate still more insulation has led to the 
development of the double framing system in which two sets of wall 



s tuds  a r e  used, one a t  t h e  o u t s i d e  and t h e  o t h e r  a t  t h e  i n s i d e  of  t h e  wal l .  
In t h i s  way, wa l l s  of  a lmost  any t h i c k n e s s  can be b u i l t  without adding 
s i g n i f i c a n t l y  t o  t h e  c o s t  o f  wal l  framing m a t e r i a l .  Also, i n  t h i s  system, 
t h e  s t u d s  do not  extend through t h e  wall and thermal br idging i s  t h e r e f o r e  
reduced. 

S tud ie s  have demonstrated t h e  importance of  a complete a i r -vapour  
b a r r i e r  i n  c o n t r o l l i n g  w a l l  condensat ion and hea t  l o s s  due t o  a i r  i n f i l t r a t i o n .  
T r a d i t i o n a l l y ,  a i r -vapour  b a r r i e r s  a r e  placed between t h e  drywall  and t h e  
s t u d s .  F a u l t s  i n  t h e  a i r -vapour  b a r r i e r  membrane occur  a t  j o i n t s  a t  t h e  t o p  
of t h e  i n t e r i o r  p a r t i t i o n s ,  around f l o o r  j o i s t s  i n  each f l o o r  system, a t  t h e  
top  and bottom o f  e x t e r i o r  w a l l s ,  around windows and doors ,  and around 
pene t r a t ions  f o r  e l e c t r i c a l  f i x t u r e s  and wires ,  ven t  s t a c k s  f o r  plumbing, and 
chimneys and a t t i c  ha t ches .  These d e f i c i e n c i e s  can be a t t r i b u t e d  i n  p a r t  t o  
poor a p p l i c a t i o n  of  t h e  a i r -vapour  b a r r i e r ,  damage by o the r  t r a d e s ,  wood 
shrinkage and t o  t h e  des ign  which o f t e n  makes good a p p l i c a t i o n  extremely 
d i f f i c u l t  t o  achieve .  

These d e f i c i e n c i e s  i n  t h e  a i r -vapour  b a r r i e r  i n  wa l l s  can be l a r g e l y  
avoided i n  t h e  double frame system. The a i r -vapour  b a r r i e r  i s  l oca t ed  a t  t h e  
o u t s i d e  of t h e  s t r u c t u r a l  framing members, t hus  provid ing  a  space f o r  
e l e c t r i c a l  wi r ing  and o u t l e t s ,  and o t h e r  mechanical i n s t a l l a t i o n s  t o  be 
i n s t a l l e d  without  p e n e t r a t i n g  it. F u r t h e r ,  i t s  i n s t a l l a t i o n  a s  an i n t e g r a l  
p a r t  o f  t h e  wall  avoids  t h e  a p p l i c a t i o n  problems inhe ren t  i n  t h e  t r a d i t i o n a l  
il~ctliod, and a l lows  d e t a i l e d  in spec t ion  of  t h e  a i r -vapour  b a r r i e r  before  i t  
is  covered. 

'I'he double frame system r e q u i r e s  cons t ruc t ion  procedures  d i f f e r e n t  
from those  used f o r  convent iona l  w a l l s .  A procedure t h a t  has  been 
found i n  t h e  f i e l d  t o  be  convenient  i s  a s  fo l lows:  

1 .  'l'he wal l  i s  b u i l t  i n  t h e  h o r i z o n t a l  p o s i t i o n  on t h e  house f l o o r .  
'lhe i n t e r i o r  s t r u c t u r a l  frame i s  cons t ruc t ed  f i r s t .  I t  i s  s t r a i g h t e n e d  and 
squared i n  p repa ra t ion  f o r  t h e  shea th ing .  

2 .  The 150 pm (6 m i l )  po lye thylene  i s  placed on t h e  cold s i d e  of t h e  
inner  frame and l a p s  over  t h e  t o p  and bottom p l a t e s  and end s t u d s  (Figures  1, 
2 and 3 ) .  

3 .  The shea th ing  i s  app l i ed  t o  hold it i n  p l a c e ,  c a r e  being taken t o  
p r o t e c t  t h e  a i r -vapour  b a r r i e r  when t h e  sheathing i s  c u t  t o  s i z e  and t o  
ensure i t s  i n t e g r i t y  a t  window and door openings. 

4.  The e x t e r i o r  frame i s  then  cons t ruc ted  on t o p  of t h e  sheathed 
i n t e r i o r  wal l .  Window and door openings a r e  cons t ruc ted  t o  match exac t ly  
t h e  openings i n  t h e  i n t e r i o r  frame. The inncr  frarne provides t h e  s t r u c t u r a l  
s t r e n g t h ,  t h e r e f o r e  t h e  o u t e r  one does not  r e q u i r e  s t r u c t u r a l  headers  o r  
c r i p p l e  s tuds  f o r  t h e  win'dows and doors ,  o r  double p l a t e s ,  and can  be made 



of 38 x 38 mm (2 x 2) o r  38 x 63 mrn (2  x 3) ma te r i a l .  

5. When t h e  e x t e r i o r  frame has  been completed it i s  squared. I t  i s  
then  r a i s e d  onto  temporary suppor ts  s o  t h a t  t h e  space between inne r  and o u t e r  
frames can be set. P l a t e s  o f  plywood, 7 mm (5/16 i n . )  a r e  used t o  hold t h e  
wal l s  a t  t h e  c o r r e c t  spacing.  They a r e  n a i l e d  o r  s t a p l e d  t o  t h e  top  and bottom 
p l a t e s  t o  complete t h e  framing o f  t h e  w a l l .  This  ho lds  t h e  frames i n  t h e i r  
proper ,  r e l a t i v e  p o s i t i o n s ,  and provides  f i n a l  s t r a igh ten ing .  

6 .  When t h e  wall  i s  r a i s e d  t o  t h e  v e r t i c a l  p o s i t i o n ,  p rope r ly  loca ted  
on t h e  f l o o r  and n a i l e d  i n  p lace ,  it i s  necessary  only  t o  brace  t h e  wall  a t  
t h e  ends. No f u r t h e r  s t r a i g h t e n i n g  is  necessary  be fo re  p u t t i n g  on roof 
t r u s s e s  o r  f l o o r  j o i s t s  f o r  t h e  next  s t a g e  of  cons t ruc t ion .  The c o n t i n u i t y  
of t h e  air-vapour b a r r i e r  i s  provided by a bead o f  a c o u s t i c a l  s e a l a n t ,  which 
i s  added when t h e  polye thylene  i s  app l i ed  t o  t h e  c e i l i n g  o r  over t h e  j o i s t  
headers f o r  i n t e rmed ia t e  f l o o r s .  

The air-vapour b a r r i e r  is  loca t ed  well  away from t h e  inner  f a c e  of t h e  
wall  and w i l l  be somewhat co lde r  t han  i n  more common des igns .  I t  has  been 
assumed t h a t  a t  l e a s t  2/3 of  t h e  thermal  r e s i s t a n c e  should be p laced  on t h e  
cold s i d e  of  t h e  a i r -vapour  b a r r i e r .  I f  t h e  i n t e r i o r  s tud  space conta ins  
i n s u l a t i o n  of  RSI 2.3 (R 13) t h e  t o t a l  r e s i s t a n c e  of t h e  wall  would have t o  
approach RSI 7 (R 40) t o  achieve t h i s .  

In convent ional  house design,  t h e  space between t h e  top  p l a t e  and t h e  
roof i s  not  l a r g e  enough t o  al low much i n s u l a t i o n  t o  be placed on top  of t h e  
p l a t e .  In low energy houses,  high l i f t  t r u s s e s  a r e  used. I n s u l a t i o n  250 t o  
300 mm (10 t o  12 i n . )  t h i c k  can be p laced  d i r e c t l y  over  t h e  p l a t e  and s t i l l  
permit a i r  t o  flow from t h e  s o f f i t  i n t o  t h e  a t t i c  f o r  a t t i c  v e n t i l a t i o n .  
Plywood shea th ing  and/or  cardboard s o f f i t  b a f f l e s ,  made f o r  t h i s  purpose, 
prevent t h i s  i n s u l a t i o n  from f a l l i n g  i n t o  t h e  s o f f i t  space. The "high l i f t "  
e f f e c t  i s  obta ined  by us ing  t r u s s e s  1200 mm (4 f t . )  longer than  normal o r  by 
using s p e c i a l l y  designed roof  t r u s s e s .  

Basements a r e  used i n  some cases ;  i n  o t h e r s  a crawl space i s  employed. 
In both in s t ances  l a r g e  amounts of i n s u l a t i o n  have been i n s t a l l e d .  Spec ia l  
des igns  may be needed f o r  basement wa l l s  t o  accommodate t h e  l a r g e  amount of 
i n s u l a t i o n  and a t  t h e  same t ime t o  meet t h e  s t r u c t u r a l  requirements imposed 
by ho r i zon ta l  s o i l  p r e s su re s .  

Three d i f f e r e n t  double s tud  wa l l  des igns  a r e  shown i n  F igures  1 t o  3 .  
One o r  more houses have been b u i l t  fol lowing each o f  t hese  des igns .  

Energy consumption d a t a  have been obtained f o r  t h e  house represented  
i n  Figure 2. I t  has two s t o r e y s ,  no basement, and a t o t a l  f l o o r  a r e a  of 
approximately 250 m2. The est imated annual energy consumption f o r  space 
hea t ing  based on t h e  measured energy input  t o  t h e  house was 35 G J .  



The estimated space heating energy consumption f o r  a conventional house of 
t h a t  s i z e  would be 210 G J .  Both values a r e  based on 5600 OC heating degree- 
days - t h e  number measured i n  t h e  t e s t  year.  A prel iminary repor t  on energy 
consumptions i n  o the r  houses of similar type  has been preparede1 

Pressure t e s t s  have been ca r r i ed  out  on a number of houses, including 
21 low energy houses. Nine were of double stud construction with t h e  vapour 
b a r r i e r  placed i n  t h e  wall a s  shown i n  Figures 1 t o  3 .  In t h e  twelve o ther  
houses, which had been constructed with ca re fu l  a t t e n t i o n  t o  t h e  vapour 
b a r r i e r ,  it was placed i n  t h e  normal loca t ion  -- behind t h e  dry w a l l .  The 
a i r  leakage r a t e s  a t  a pressure  of 50 Pa were compared. For t h e  double stud 
walls t h e  average leakage r a t e  was 0.78 a i r  change per  hour (ach) with a 
standard deviat ion of 0.32 ach; f o r  t h e  o the r  houses t h e  average leakage 
r a t e  was 1.80 ach and t h e  standard devia t ion was 0.88 ach. For these  cases 
it appears t h a t  t h e  double s tud design r e s u l t e d  i n  s i g n i f i c a n t l y  lower a i r  
leakage r a t e s  and suggests t h a t  a i r  t i g h t n e s s  is more e a s i l y  achieved with 
t h i s  design than with o the r  types of const ruct ion.  

Construction c o s t s  f o r  a double s tud  wall w i l l  be s i g n i f i c a n t l y  higher 
than those of conventional houses. T e s t s  ind ica te  t h a t  with proper 
construction p r a c t i c e s  t h e  expected savings i n  energy f o r  space heating a r e  
achieved. The economics cannot be proper ly  assessed a t  t h i s  t i m e  s i n c e  a 
simple comparison of const ruct ion c o s t s  and energy saved does not  include 
t h e  benef i t s  t o  t h e  country of savings i n  non-renewable resources o r  reduced 
cost  t o  municipal and provincia l  governments of se rv ices  required t o  supply 
energy t o  t h e  houses. 

Reference 
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Energy Consumption of  a Group of  Low Energy Houses. Procs.,  
Jo in t  Solar  Conference, Universi ty of B r i t i s h  Columbia, 
Vancouver, B . C . ,  6 t o  10 August 1980. The Solar  Energy 
Society of Canada Inc.  and t h e  P a c i f i c  Northwest Solar  
cnergy Association. p.294-298. 
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should be pressure treated 

FlGURE 1 Wall section - grade beam and piling foundation 
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FlGURE 2 Wall section - pressure treated wood foundation 
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gravel drainage layer 

FIGURE 3 Wall section - concrete wall and footing foundation 
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INTRODUCTION 

Tes t i ng  detached houses us ing  t he  p r e s s u r i z a t i o n  technique, app- 
l y i n g  a nega t i ve  and a p o s i t i v e  pressure, i s  nowadays an accepted 
t e s t  method. The t e s t  i s  s imp le  t o  per fo rm and the obta ined t e s t  
r e s u l t s  a r e  a measure of  t h e  a i r  leakage through the c l i m a t i c  
b a r r i e r  o f  a bu i  l d i ng .  

When p r e s s u r i z i n g  a t e r raced  house two k i nds  o f  a i  r leakage wi 1 1  
be measured; f i r s t l y  the a i r  leakage through e x t e r i o r  w a l l s ,  c e i -  
l i n g ,  and c e r t a i n  p a r t s  o f  t h e  f l o o r  over  t he  crawl-space w i l l  
be measured, secondly the  a i r  leakage through w a l l s  common w i t h  
t he  neighbours i .e.  f rom one apartment t o  another.  These two lea- 
kage pa ths  have d i f f e r e n t  s i g n i f i c a t i o n  f rom an energy p o i n t  o f  
v i ew. 

The a i r  leakage through t he  facade, the c e i l i n g ,  and c e r t a i n  p a r t s  
o f  t he  f l o o r  i s  unfavourable because i t  w i l l  r e s u l t  i n  impor tant  
energy losses. The indoor c l i m a t e  can a l s o  d e t e r i o r a t e  i f  t he  a i r  
leakage i s  ex tens ive .  The a i r  leakage f rom one apartment t o  ano- 
t h e r  w i l l  however no t  i n f l u e n c e  the energy consumption t o  any 
notewor thy degree. The a i r  leakage through w a l l s  separa t ing  apar t -  
ments i s  anyway small f o r  normal running cond i t i ons .  The reason 
being t h a t  as t h e  temperature d i f f e rence  between d i f f e r e n t  apar t -  
ments i s  smal l ,  t he  d r i v i n g  forces f o r  a i r  leakage a re  almost non- 
e x i s t a n t .  

From an energy p o i n t  of  v iew i t  i s  t h e r e f o r e  above a l l  t h e  a i r  
leakage through the  surfaces o f  the apartment f a c i n g  the  ou t s i de  
which should be stopped and a p r e s s u r i z a t i o n  should t h e r e f o r e  only 
inc lude  these p a r t s  of the b u i  ld ing .  

Several d i f f e r e n t  methods f o r  on ly  measuring t he  a i r  leakage 
through t he  e x t e r i o r  sur faces have been t r i e d  ou t  w i t h  va ry i ng  
success. I t  has been shown t h a t  a t h e o r e t i c a l  de te rmina t ion  o f  
the d i f f e r e n t  leakage paths i s  ve ry  d i f f i c u l t  because cons t ruc t i on  
techniques and p roduc t ion  techniques vary  very  much. 

For c e r t a i n  cons t ruc t i ons  more a t t e n t i o n  i s  p a i d  t o  sound t r ans -  
miss ion problems than t o  a i r t i g h t n e s s .  Other cons t ruc t i ons  a r e  
p r i m a r i l y  designed t o  s u i t  t h e  p roduc t ion  techniques o f  the  s i t e .  
The d iscrepancy i n  c o n s t r u c t i o n a l  design i s  as can be seen large.  
The T e s t i n g  I n s t i t u t e  t h e r e f o r e  chose t o  develop ins t rumenta t ion  
f o r  t h e  s imp les t  p r i n c i p l e  o f  measurement. T h i s  means t h a t  the  
apartments a d j o i n i n g  the  apartment which i s  t o  be t es ted  i s  de- 
p ressur ized  o r  p ressur ized  t o  the  same pressure as the t e s t  apar t -  
ment. No a i r  leakage between t he  apartments w i l l  occur d u r i n g  the 
t e s t .  The on l y  a i r  leakage w i l l  be through e x t e r i o r  wa l l s ,  c e i l i n g  
and i f  t h e r e  i s  a crawlspace the  f l o o r .  



INSTRUMENTATION 

The instrumentation consists of the following parts: (see figure 
1 1 

a )  Fan w i t h  measuring duct for measuring a i r  flows. 

b )  Two fans for  obtaining negative or positive pressures i n  ad- 
joining apartments. 

c )  Micromanometer for  measuring the pressure difference between 
the inside and the outside. 

d )  Micromanometer for  reading a i r  flows. 

e )  Three doorleafs w i t h  connections for the fans. 

The measuring fan ( a )  i s  driven by a DC motor and i s  connected t o  
one of the two measuring devices, which have a range of 0 - 1100 
m3/hr and 700 - 4000 m3/hr. 

The measuring ducts work on the p i to t  tube principle where the 
dynamic pressure i s  measured with a punched cross tube i n  the a i r  
flow and the s t a t i c  pressure i s  measured a t  four points on the 
wall of the tube. 

The two pressure supporting fans ( b )  are axial-flow fans without 
any a i r  flow measuring device. The micromanometer ( c )  for measu- 
r i n g  the pressure drop across the exterior wall i s  connected t o  
a manifold w i t h  valves. Three apartments can be connected to  the 
manifold. One a t  a time can then manually be connected to the 
m i  cromanometer . 
The micromanometer ( d )  i s  used for  measuring the dynamic pressure 
in the measuring duct. The registered pressure corresponds to  a 
specific a i r  flow. 

The micromanometers (c )  and ( d )  can be connected to  a x/y-plotter. 
The doorleaf ( e )  are  made of aluminium frames w i t h  reinforced 
plast ic  f o i l .  The frames can be expanded with screws in order t o  
tighten against a door frame. The complete instrumentation has 
been p u t  together i n  a r i g  which i s  located i n  one of the vans be- 
longing to  the Testing Inst i tute .  
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PROCEDURE 

A l l  t he  openings f o r  c o n t r o l l e d  v e n t i l a t i o n  should be t i gh tened  
be fo re  a t e s t  can be s ta r t ed .  Windows, s h u t t e r s  and e x t e r i o r  
doors a r e  c losed.  The doo r l ea f s  a r e  mounted and t he  fans a r e  con- 
nected. 

The pressure i s  then ad jus ted  s tep  by s tep  t o  + l o ,  +20, +30, +40, 
+45, +SO, +55 Pa. A f t e r  t h a t  t he  fans  a r e  tu rned  around and t h e  
pressure i s  ad jus ted  t o  -10, -20, -30, -40, -45, -50, -55 Pa. 
When a p ressure  has been ad jus ted  i n  the  apartment which i s  be ing  
t es ted  t h i s  apartment i s  d isconnected from the  micromanometer. 
One o f  t he  a d j o i n i n g  apartments i s  connected t o  t he  micromanome- 
t e r  and t he  p ressure  i s  ad jus ted  t o  t he  same pressure  l e v e l  as i n  
t he  t e s t  apartment.  The pressure i s  ad jus ted  i n  t he  same way f o r  
t he  o t h e r  a d j o i n i n g  apartment. The pressure i n  the  t e s t  apartment 
i s  read once aga in  and ad jus ted  i f  necessary. When the  pressures 
i n  a l l  t h r e e  apartments a re  equal then the  a i r  f l o w  through t he  
fan i s  r e g i s t e r e d .  The a i r  f l o w  i s  a  measure o f  t he  a i r  leakage 
through e x t e r i o r  w a l l s ,  c e i l i n g  and f o r  c e r t a i n  cons t ruc t i ons  
a l s o  the f l o o r  above crawlspace i n  t he  apartment.  The t e s t  method 
i s  a l s o  u s e f u l  f o r  p r e s s u r i z a t i o n  o f  semi-detached houses. 



RESULTS 

In the following results from measurements in two different  ter-  
raced houses a re  presented. The results include measurements with 
and without supporting fans. In house A there i s  a continuous 
airlvapor barr ier  in the envelope. In house B the vapor barr ier  
i s  non-continuous, b u t  breaks occur a t  walls separating apart- 
ments. 

A pressurization t e s t  whi tout supporting fans in the adjoining 
apartments was made i n  t e s t  house A (see f ig .  2 ) .  The t e s t  re- 
su l t s  (3 , l  ach a t  50 Pa) show that  the tested apartment i s  not 
very t ight ,  the value i s  however close to  the code value. Next 
step was to  perform a pressurization t e s t  with supporting fans 
in the adjoining apartments (see fig.  3 ) .  The result  was now 2,5 
ach a t  50 Pa. The difference in a i r  changes rates (0,6 a t  50 Pa) 
depends on the fac t  that the supporting pressures prevented any 
a i r  flow through walls separating apartments from occuring. 

The pressurization t e s t s  in house B was performed in the same 
way as in t e s t  house A .  The two resul ts  from house B,are close to 
each other in th i s  case and that  i s  the point (see f ig .  4 and 5).  
In t e s t  house B the airlvapor barrier i n  the exterior walls i s  
cut and folded into the joint  between the exterior walls and the 
apartment separating wall s .  The results show that the ai  rlvapor 
barrier does not cover the part  of the apartment separating wall 
wich i s  part of the exterior wall. This design principle for  wood 
frame house cause serious a i r  leakage to  occur. 

The t e s t  method described above could be a helpful tool to  point 
out leaky constructions. I t  could also change the design princi- 
pals to  ei ther  constructions with continuous air/vapor barr ier  
or construction where each apartment i s  a separat unit seen from 
an airt ightness point of view. 

A continuous air/vapor barr ier  must cover a l l  the inside of the 
wooden frame i . e ,  apartment separating walls must be connected 
to the inside of the exterior walls. This will mean just a minor 
change in the production methods of today and i t  i s  probably the 
simplest way to  reach the goal 2 ach a t  50 Pa wich was the pri-  
mary recommendation given in the Swedish Building Code. 
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A I R  L E A K A G E  THROUGH C R A C K S  IN C O N C R E T E  ELEMENTS 

(Summary ) 

Alf Jergl ing 

1 .  INTRODUCTION 

A desired r e s t r a in t  of energy use in buildings makes demands upon the 

tightness of the house envelope. Swedish Building Code gives the 

maximum values of allowed ventilation rates in buildings. Concerning 

building components maximum values are  given without further s t a t e -  

ments of the construction of the component. The building material concrete 

i s  applicable f o r  wall constructions in one-family houses as well as in 

blocks of f l a t s ,  a t  which a i r  exchange a t  normal pressure differences bet- 

ween the inner and the exterior side of the wall occurs only through cracks 

in the concrete material (windows e t c  are  disregarded here). Of great in- 

t e re s t  i s  therefore the knowledge of leakage rates  through cracks in con- 

crete  s t ructures .  This investigation deals partly with leakage through 

cracks in concrete elements, partly with cracks in joints between concrete 

elements. 

2 .  EXPERIMENTAL INVESTIGATION 

2.1 Test equipment and t e s t  methods 

Determinations o f  a i r  leakage dependence on pressure difference, crack width 

and crack depth have been carried out on laboratory manufactured t e s t  speci- 

mens and on t e s t  specimens composed of parts from prefabricated concrete 

elements. The solid concrete specimens were made in the dimension 300 x 500 mm 
and the d i f fe rent  thicknesses 400, 150 and 200 mm. The prefabricated elements 

constituted standard elements with thicknesses 150 and 265 mm. Tha magnitude 

of the a i r  leakage a t  different  pressure differences was determined for  cracks 

through the concrete specimen and f o r  cracks in joints  between concrete ele-  

ments. Measurements were made for  crack widths 0 . 1 ,  0.3, 0.5 and 0.7 mm and 

pressure differences 25, 50, 75, 1 0 0 ,  300 and 500 Pa. 



2 . 2  Air leakage through cracks in solid concrete elements 

Air leakage through cracks in solid concrete elements with thicknesses 

1 0 0 ,  150 and 200 rnrn was determined by mean of a t e s t  equipment. f i g .  1. 

Some of the t e s t  resul ts  are shown in f i g  2 ,  where the mean values for  

(1 ) pressure box 

( 2 )  slot 

400 

Fig. 1 Test equipment 

micromanometer 

f lowrneter 

U-tube (mano- 
meter) 

pressure re- 
gulator 

connection 
with compressed 
air 

specimen 

Fig. 2 Air-flow through cracks in 100 mm sol id concrete elements, 
mean values f o r  a1 1 measurements (hatching denotes 95% interval ) 

Fig. 3 Crack surfaces of 100 mm concrete element 
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The crack w i d t h  in a t e s t  specimen was changed in three steps from 

0.1 mm to  0.7 m m ,  through which the crack surface has to  change i t s  

appearance, f i g .  3 .  The variations of a i r  leakage rates for  different  

crack widths a re  i l l u s t r a t ed  in f ig .  4 .  

0 0,l 0,3. 45 07 brnm 

Fig. 4 Relationship between a i r  leakage and crack width for  element 
thicknesses 100 mm. 

2 , 3  Air leakage through cracks i n  joints between prefabricated con- 
crete  elements 

Air leakage through cracks in joints between concrete elements was determined 

fo r  both 150 mm wall elements and 265 mm f loor components. The t e s t  resul ts  

fo r  joints betwee.n wall elements show the same pictures of the relations 

between a i r  leakage and pressure as in 2.2. 

3 .  ANALYTICAL DETERMINATION OF AIR FLOWS THROUGH CRACKS 

3.1 General expressions for  the a i  r-fl ow 

The course of the flow through a concrete crack i s  complicated. A f i c t i t i o u s  

"tube of flow" has i r regular  shape and area, some parts of the boundary area 

touch upon concrete, some parts border on more or  l e s s  stationary a i r .  



Air-flow through a s lo t  i s  often estimated by the simple expression 

E q .  (3.1 1 )  i s  based on a rough picture of pressure conditions for  a i r -  

flows through cracks. 

The pressure difference across a crack i s  obtained from pressure losses a t  

entrance and e x i t ,  which together with f r i c t ion  losses yield a relation of 

the form 

where 51, t 2  = loss  factors  

x = f r i c t ion  fac tor  

v = flow velocity = g / b  

dh = hydraulic diameter = 2b 

b = crack width 

m = empirical "constant" 

p = density of the a i r  

t = crack depth (here e.g. wall thickness) 

In t h i s  investigation the tubes of flow have i r regular  shapes and the crack 

surfaces are very rough, wherefore the loss factors  c1 and c 2  have been in- 

troduced. E q .  (3.12) can be transformed into 

Calculations according to  eq (3.13) give approx. f o r  a i r  leakage through 

cracks in oncrete 

fo r  0.3 r b ~  0.7 1om3rn ( q  m3/mh) 

where k = 1 for  t = 0.10 m 
= 0.85 for  t = 0.15 m 

= 0.7 for  t = 0.20 m 

b = crack width 
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Eq (3 .  I I ) gives n-val ues between 1 . O  t o  0.882. 

For a i r  leakage through j o i n t s  between concre te  elements (t = 150 mm) 

eq 3.13 gives 

where k = 1 f o r  b = 0.3 . l o m 3  m 
' 3 

k = 0.7 f o r  0.5 l o m 3  sbs 0.7 . 10 m 

Eq (3.11) g ives  in  t h i s  case  n-values between 0,996 t o  0.778. Eq (3.14) and 

(3.15) f i t  t h e  curves of t e s t  r e s u l t s  with a good accuracy. 

4. ESTIMATION OF CONCRETE STRUCTURES ACCORDING TO DEt4ANDS OF 

TIGHTNESS IN SWEDISH BUILDING CODES 

According t o  Swedish Building Codes a bui lding must have a s a t i s f a c t o r y  

degree of a i ' r t i gh tness .  For bui ld ing  with 23 s to reys  t h e  maximum a i r  
3 2 3 exchange r a t e  i s  0.2 m / m  h f o r  50 Pa, which corresponds t o  1.8 m / h  

f o r  an assumed wall a r e a  of 3.6 x 2.5 m (normal wall a rea  f o r  a dwelling- 

room). Some examples of  crack lengths  corresponding t o  the  t i g h t n e s s  demand 

and ca luc la t ed  by means of  t h e  t e s t  r e s u l t s  a r e  presented in  Table 1 .  

Table 1 Maximum crack  length /outher  wall a rea  of a dwelling-room. 
Cracks through s o l i d  concre te  

Comment: The crack  l eng ths  a r e  c a l c u a l t e d  from t h e  mean flow values  

The con t r ibu t ion  from s l o t s  in  and around window-constructions has been 

disregarded i n  t h e  c a l c u l a t i o n s  of t h e  crack lengths  given in  Table 1 .  
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1 s t  Discussion Session 

Monday af ternoon - 21s t  September 1981 

Chairman Ingemar Hbglund (Sweden) 

J. Kronval l  I n  the  c a l c u l a t i o n  o f  energy balances, how do you take 
(Denmark) i n t o  account the  in f luences o f  i n h a b i t a n t ' s  bevaviour ? 

A. EZmroth Energy balances are caZcuZated i n  di f ferent  m y s  i n  
(Sweden) d i f ferent  countries. I n  the draf t  Handbook, we have 

tried t o  indicate the methods by which the energy 
balances are caZeuZated. Concerning your speci f ic  
question on the infZuence of inhabitantsf  behuviour, 
t h i s  was not considered i n  the pi lot  studies of single 
famiZy dwellings that  I have described. In  repeated 
measurements on these we l Z-sealed, mechanieaZ Zy 
ventilated hiZdings ZittZe difference i n  the ra te  of 
ventization was found. I t  seems, therefore that  i n  such 
buildings predictable v e n t i k t i o n  rates  have been achieved. 
There may weZZ have been some in f lueme of open windows 
but t h i s  m s  not monitored. 

W. de Gids The Dutch energy balance i s  based on measurements made 
(Ho l l  and) over a pe r iod  o f  3 months dur ing  which the  pos i t i ons  o f  

a l l  doors and windows were monitored. The f l o w  ra tes  
through the  windows and doors were then ca lcu la ted  on 
the  bas is  o f  previous i n f i l t r a t i o n  r a t e  measurements 
through such openings. 

P. Burberry I n  the  Uni ted Kingdom, the  savings from i n s u l a t i o n  
(U. K. ) measures on the whole have been much less  than was 

t h e o r e t i c a l l y  an t i c i pa ted .  Th is  i s  very d i f f e r e n t  from 
the  p i c t u r e  t h a t  was presented e a r l i e r  t h i s  afternoon. 
P a r t  o f  the  reason i s  t h a t  the  comfor t  temperature 
increases because e i t h e r  the occupants d e l i b e r a t e l y  
choose t o  have more comfort  r a t h e r  than save energy o r  
t he  house mean temperature r i s e s  as a r e s u l t  o f  t he  
i n s u l a t i o n  measures and consequently the  actual  savings 
a re  f a r  l e s s  than those t h e o r e t i c a l l y  an t i c i pa ted .  
This seems very d i f f e r e n t  from your  experience and I 
wondered whether t he  authors could comment on t h a t  
d i f f e rence .  

H. Orr I would l i k e  t o  comment on your supposi t ion and I t h i n k  
(Canada) t h a t  we have found genera l l y  the  same s o r t  of s i t u a t i o n  

when people have i nsu la ted  basements. The ac tua l  savings 
a re  n o t  as g rea t  as we would expect them t o  be, p r i m a r i l y  
because the temperature i n  the basement r i s e s  q u i t e  
s u b s t a n t i a l l y .  



P.  Collet The airt ightness measurements described were f i r s t  made 
(Denmark) i n  October and subsequently in February. Could some of 

the differences in the resul ts  be due to  seasonal 
variations i n  the structure ? 

A. EZmroth The moisture content i n  the timber construction was 
(Sweden) measured i n  the 25 month period between the October and 

February t e s t s  of airtightness.  I t  was found that  the 
moisizre content decreased which suggests that there may 
also have been some shrinkage of the wood. I agree that  
weather eonditions can influence airtightness but we 
have no measurements t o  demonstrate th i s .  

D. Harrje We have made an extensive ser ies  of fan-pressurization 
( USA ) t e s t s  on a house throughout an en t i re  winter period. 

Measurements were made every three days and there were 
10% variations between the resul ts  of t e s t s  made i n  
a dry spell and those made during wet weather. There 
seems to be a correlation between leakage and the 
condition of the wood and the sealants. 

P. Collet I have a second question which I wish to ask Ake 
(Denmark) Blmsterberg . Are you aware that, with the method of a i r  

i n f i l t r a t ion  r a t e  measurement you were using, under 
cer tain conditions errors  of between 30 to  100% may 
occur because of differences i n  the tracer gas 
concentrations in d i f fe rent  rooms ? 

A. Blomster- I know there are problems with t h i s  method and for t h i s  
berg reason we are now dweloping a new method based on 

( Sweden) constant concentration. 

D. Harrje 
( USA 1 

I have a question for  Dr Wanner. The study of odours 
has always been on a very subjective basis and I am 
pleased to  note the sc ien t i f ic  basis of your studies. 
Your t e s t s  have shown tha t  observers outside the t e s t  
room are able to  detect odours reasonably consistently, 
b u t  can people i n  the room i t s e l f  detect a slow build- 
u p  of odour concentration ? 

H. Wanner As we know from our own personal experience, the 
(Switzerland) perception of odours by people i n  the room i s  quite 

d i f ferent  from those outside. Whereas people i n  the 
room may feel an increase i n  temperahme, they are not 
sensi t ive  t o  a change i n  odour level .  In  our t e s t s  we 
asked the persons i n  the room t o  give their  impression 
of the odour Zeuel, but their  response i s  not as 
reproducible as that  of the t e s t  panel outside the room. 

P. Hartmann I have an additional question in th i s  context. We have 
(Switzerland) seen that  Dr Wanner has by his recent experimental work 

confirmed one of the curves on the Swedish diagram which 
gives the a i r  quantit ies required i n  occupied rooms for  
various levels of ac t iv i ty  and for  the smoking and non- 
smoking situations.  Has any work been done recently i n  
Sweden to  verify any of the other curves ? 



A. Ehroth 
(Sweden) 

D. Etheridge 
(U. K. ) 

A. EZmroth 
(Sweden) 

D.  Etheridge 
(U.K.) 

A. EZmroth 
(Swedm) 

M. Liddament 
(U.  K. ) 

The data we have used i s  based on published literature. 
I know of no projects being conducted to verify these 
graphs. 

I have a question f o r  Arne Elmroth. I s  the Handbook 
going to  include designing for  natural ventilation as 
we1 1 as f o r  mechanical ventilation systems ? 

In the draft Hrmdbook, no attempt has been made t o  define 
aZternutive ventiZation systems. I t  i s  a guide on 
structuraZ design to  reduce air  infiztration and, although 
the ef fects  on ventikztion are described, there i s  no 
information about the merits or demerits of aZternutive 
v enti  Zation systems . 
In Sweden, i s  natural ventilation an option being 
considered for  the future ? 

There i s  no restriction on the use of na-turaZ vantiZation 
i n  Sweden but aZmost aZZ new houses have mechanicat 
v enti  tation, 

May I ask Arne Elmroth whether, i n  Sweden, there a re  
problems w i t h  noise generated by mechanical ventilation 
systems, especially i n  bedrooms ? 

A. EZmroth There have been some instames of excessive noise ZeveZs 
(Sweden) but the modern ventiZation systems are not normaZZy 

noisy and so present no probZems. 

P. Hartmann We have heard about investigations on the benefits of 
(Switzerland) some types of r e t r o f i t  measures b u t  none i n  which there 

was a change from a natural ventilation system to  a 
mechanical one. I s  there any work being done on t h i s  ? 

A. EZmroth Changing from nuturaZ to  mechanicaZ ventiZation has not 
(Sweden) been featured i n  our investigations and so we have no 

results.  

2nd and 3rd Discussion Sessions 

Tuesday afternoon - 22nd September 1981 

Unrecorded 



4th Discussion Session 

Wednesday morning - 23rd September 1981 

Chairman Peter Hartmann (Switzerland) 

M .  Liddament A question to  David Harrje. You have shown the resu l t s  
( U .  K. ) of a i r  i n f i l t r a t ion  ra tes  for  many dwellings. Were 

these based on one or two spot measurements made a t  each 
s i t e  ? 

D . Harrj e In  the survey, there were several hundred houses and 
(U. S. A. ) measurements which i n  t o t a l  numbered more than a thousand. 

The houses were re-vis i ted a number of times during the 
heating season. The significance of the resulting data 
l i e s  i n  the number of houses that  are shown t o  require 
retro-f i t  t r eahen t .  There were only a small ident i f iable  
number i n  which further tightening may have caused a 
problem. 

P .  Burberry May I ask Mr Harrje about mu1 t i p l e  tracer gas measurement 
(U. K. ) techniques ? I did not notice any reference in his  paper 

to  th i s  important principle. 

D. Harrje You are r ight .  I should have ci ted,  for exwnple, the work 
(U.S.A.) being done by Rodney Gale and David Etheridge who are 

using a second tracer gas t o  determine the movement of 
a i r  between a dwelling a t  the a t t i c  space. 

R .  Gale 
( U .  K. ) 

The value of multiple t racer  gas techniques depends on the 
aim of the testing. In most of our work we have been 
concerned about the amount of fresh a i r  moving into houses 
and so a single t racer  gas technique was inadequate. When 
the concern i s  the movement of a i r  within the building 
then the multiple t racer  gas technique i s  needed w i t h  a 
different  gas released in each room. 

P, Hartmann While vis i t ing the National Research Council in Canada 
(Swtizerland) recently, I noted tha t  an investigation was being 

conducted into al ternat ive methods of determining inter-  
flows between rooms. I t  i s  possible that  progress on 
th i s  work may be reported next year. 

P. Geisbrecht I would l ike  to p u t  a question to  David Harrje. How do 
(Canada") you account for  such large variations in the leakage of 

houses ? I noticed tha t  an airchange ra te  of 196 times 
per hour was reported for  a house in New Orleans. 

D. Harrje The degree of variation i s  largely due t o  the sens i t iv i ty  
IU. S. A. ) of the occupants and i s  related t o  the outdoor climate. 

A leakage of a ir  into a room when the outdoor temperature 
i s  -30'~ i s  much more noticeable than i n  mild winter 
climates as experienced, for example, i n  Nez Orleans 
where the outtjoor temperature may drop t o  0 C for only 
one hour during the heating season, In the colder 
climates, i n  North Dakota for instance, occupants having 
suffered discamfort from a i r  leakage had already under- 
taken remedial action whereas i n  wamer climates i n  
places l i k e  New Orleans or Charleston, no e f for t s  t o  reduce 
i n f i l t r a t i o n  had been made. 



A .  Elmroth May I draw attention to  the variations in the methods of 
(Sweden) conducting pressurization t e s t s  in different countries. 

In the USA for  example, the ventilation openings a re  not 
blocked, in Sweden they are. In comparing resu l t s ,  i t  
i s  necessary to take these differences into account. The 
various t e s t  methods are  summarized in the draf t  Handbook. 

P.  Hartmann May I also draw attention to the various sources of 
(Switzerland) information on instrumentation. F i rs t ly ,  there a re  the 

papers of 1 s t  AIC Conference; secondly, a search i n  AIC's 
database AIRBASE will reveal many papers on measurement 
techniques; thirdly,  t h i s  sumnary paper presented by Mr 
David Harrje will be included in the proceedings of th is  
conference. There will be information also in the AIC 
Handbook and AIC Technical Note 4 "Instrumentation for  
the measurement of a i r  in f i l t ra t ion  - an annotated 
bib1 iography", which will be regularly updated, i s  a 
fur ther  source of re1 evant information. 

R. Lipscombe A short question for  our f i r s t  speaker. I was surprised 
(U. K. ) a t  the low figure of heat loss through the walls of 4%. 

You talked about sealing internal doors, b u t  you made no 
comments about the sealing of external doors and windows. 
Do I assume that  you have much higher standards in Holland 
than we do i n  England ? 

R. Gale A couple of points on Willem de Gids' contribution. He 
(U. K. ) concluded tha t  internal doors had no effect  b u t  I think 

he would be aware that  that  was due to his model. In 
the model , external 1 eakage connected direct ly  to  flues 
which went s t raight  out of the top of the building, so 
leakage into the bathroom and kitchen went s t raight  out 
of the f lue  ventilation ducts. From our experience of 
practical measurements we have found that  sometimes 
internal doors can have an effect  on ventilation. I t  
depends whether i t  i s  wind-dominated or stack-effect- 
dominated and on the configuration of the individual house. 
I j u s t  wanted to make that  clear in case people drew 
tha t  conclusion as a very firm one. Another point 
re lates  to what I said ea r l i e r  about the difference 
between fresh a i r  entry and a i r  mixing within the house. 
In the example you presented, variation in wind direction 
resulted in one bedroom being over-ventilated a t  one 
point and under-ventilated a t  another. That would be 
t rue only i f  you are  concerned about fresh a i r  direct ly  
entering that  room. However, the excess fresh a i r  that  
entered the room on the windward side will find i t s  way 
to the leeward side bedroom and sa t i s fy  the needs for  
fresh a i r  i n  that  room. I think that  needs to be borne 
i n  mind when we are  seeking to meet a i r  requirements 
within a house. 

W. de Gids I agree with your f i r s t  point. I did not say that 
(Ho Z Zand) internal doors had no inf  Zuence a t  aZZ. In our study, 

the doors of the bathroom and WC were leaky for vent i lat ion 
purposes and so the differences betmeen open and closed 
were minima 2. 



With regard to  your second point, i n  the case I described 
there was, with a closed door only, a cross flow of only 
2 . 1  Zitre/s o f  fresh air  so your comments are not totaZZy 
applicable i n  th is  case. 

M. Modera I have a b r i e f  coment  on a previous po in t .  I would 
(U.S.A. ) t h i nk  t h a t  the leakage through the wal ls  appeared t o  

be so low because o f  the over r id ing in f luence o f  
v e n t i l a t i o n  stacks. I f  they were no t  there, then the 
leakage through the wa l l s  would represent a much higher 
proport ion.  



5th Session Discussion 

Wednesday morning - 23rd September 1981 

Chai man Peter Hartmann (Switzerland) 

D. Harrje I have a question f o r  David Etheridge and Rodney Gale. 
( U .  S.A. ) Your studies have shown that  the pattern of natural 

ventilation in a house can vary and that  to establish 
the required pattern was sometimes rather compl icated. 
Would not the introduction of a mechanical ventilation 
system be a more rapid method of achieving the 
required ventilation ? 

R. Gale 
(U. K. ) 

There i s  s t i l l  a tendency i n  the U.K. t o  depend on 
natural ventilation. We are extremely surprised a t  
the large d i f f ~ r e n c e s  ( i n  some rooms a three-fold 
increase i n  vent i lat ion ra te)  found i n  t e s t s  made a t  
the same time of the year under similar weather 
conditions. We have not properly digested the 
implications of these resul t s  or of the design require- 
ments of a mechanical vent i lat ion system t o  cope with 
changes i n  the neutral plane within the building. I t  
i s  too early for us  t o  answer your question. 

P.  Hartmann Do you expect to conduct similar experiments on houses 
(Switzerland) which are  less  affected by stack ef fec t  ? 

R. Gale Yes, but we have no speci f ic  plans. This house afforded 
(U.  K. ) the opportunity to  perform t h i s  type of experiment and 

we intend looking for other opportunities t o  repeat it. 

A. Elmroth I have two questions to  Mark Modera. The f i r s t  is  that ,  
(Sweden ) in your t e s t  unit you have made arrangements to  change 

the leakage areas in the walls b u t ,  as I remember, you 
have no such arrangement to  change the leakage areas 
through the roof and f loor  . . ... . . 

M. Modera We can change the leakage area of the floor but not 
(U .  S.  A. the roof. 

A. Elmroth B u t  i f  you study the resul ts  presented by Willem de 
(Sweden) Gids ea r l i e r  t h i s  morning, you will see that  most a i r  

leakage takes place through floors and roofs, Mould 
you please comment on th i s  ? 

M. Modera I t  i s  true i n  houses i n  Denmark, for example, but it i s  
(U .  S. A. ) not necessarily true i n  h s e s  a l l  over the USA. Our 

work shows that the proportion of a i r  leakage through 
the floor and ceil ing varies from 1/3 t o  2/3 and was 
normally about 2/2.  I n  our t e s t  un i t ,  the fact thut 
we did not have a leakage through the ceil ing would not 
a f f e c t  our comparison of the f i l l-scale measured data 
with that  predicted by the model. 
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D. Etheridge 
( U .  K .  ) 

My second quest ion i s  as fo l l ows .  I n  your  ca l cu la t i ons ,  
do you assume t h a t  t he  neu t ra l  plane i s  a t  the  mid-height  
o f  the  b u i l d i n g  ? 

No. In our calculations we simply use the measured 
pressure differences across the i.ndividual leakage areas. 
There are no asswrrptions regarding the neutral plane. 

May I r e f e r  back t o  the  quest ion o f  mechanical as opposed 
t o  na tu ra l  v e n t i l a t i o n  ? What M r  Gale has sa id  i s  
e x a c t l y  r i g h t  - there  a r e  many reasons f o r  supposing 
t h a t  we s h a l l  cont inue w i t h  na tu ra l  v e n t i l a t i o n  i n  t he  
UK. There i s  one very  fundamental f a c t o r  which in f luences 
t h i s  and i t  i s  economic r a t h e r  than techn ica l .  We i n  the 
UK have no requirements f o r  separate v e n t i l a t i o n  
p rov i s ions  f o r  bathrooms and k i tchens.  Therefore, 
mechanical e x t r a c t  i s  l i a b l e  t o  be g ross l y  uneconomic. 
Whereas, i n  o ther  count r ies ,  i t  may appear t o  be o n l y  a  
marginal increase i n  c o s t  and so be f i n a n c i a l l y  a t t r a c t i v e .  
A number o f  such f a c t o r s  would seem t o  be very important  
i n  a d d i t i o n  t o  the  p u r e l y  techn ica l  issues. The 
economics invo lved and the  p a r t i c u l a r  d i f f e rences  i n  
na t i ona l  regu la t i ons  obv ious ly  have a  very g rea t  ef fect  
and do cons t ra in  the  techn ica l  so lu t i ons .  

As has been noted before,  I t h i n k  the re  w i l l  be some more 
d iscuss ion  on these economical aspects and on the  
b e n e f i t s  o f  mechanical ven t i l a . t i on  nex t  year i n  t he  nex t  
A I C  conference. 

A quest ion t o  Mark Modera. Whyd id  you choose a  h a l f -  
hour pe r iod  ? 

There was no strong reason for choosing the half-hour 
period. I t  was chosen because it produces a reasonable 
amount of data t o  deal with. I f  measurements zjere taken 
every f ive minutes there would be too much, and i f  they 
were made every hour there would be too l i t t l e .  

A quest ion t o  Peter C o l l e t .  Did you encounter any problems 
i n  us ing 50 ppm o f  n i t r o u s  ox ide i n  occupied houses ? 

No, no problems as a l l .  

We have a l s o  used n i t r o u s  ox ide f o r  measurements i n  
rooms t h a t  were occupied and we have n o t  experienced 
any problems e i t h e r .  

My t h i r d  quest ion i s  t o  David Etheridge. You b r i e f l y  
mentioned t h a t  w i t h  your  new system you a lso  monitored 
window opening hab i t s .  What type o f  instrument d i d  you 
use ? 

Our equipment only monitors whether a window i s  open or 
shut. 



H. Orr I have a coment  regarding the  cos t  o f  p rov id ing  
(Canada) openable windows compared t o  t h a t  f o r  mechanical 

v e n t i l a t i o n .  Our s i t u a t i o n  i n  Canada i s  t h a t  we a re  
requ i red  t o  have e i t h e r  an openable window o r  mechanical 
v e n t i l a t i o n  and, genera l l y ,  cont rac tors  are f i n d i n g  t h a t  
the  c o s t  o f  i n s t a l l i n g  a window i s  10 times more than 
the  c o s t  o f  mechanical v e n t i l a t i o n .  

P. Hartmann I t h i n k  t h a t  t h a t  i s  a s i t u a t i o n  s p e c i f i c  t o  your  
(Swi tzer land)  country .  

R. Gale May I ask a quest ion o f  Peter C o l l e t  and a l so  make a 
(U.K. ) comnent f o r  the b e n e f i t  o f  o ther  people making 

measurements us ing n i t r o u s  oxide. F i r s t  a  quest ion fo r  
Peter; you showed an example o f  how your system could 
respond t o  an increase i n  v e n t i l a t i o n  r a t e  when the  
window was opened and how the  i n j e c t i o n  r a t e  he needed 
c o n t i n u a l l y  rose and so i t  was poss ib le  t o  main ta in  
good c o n t r o l .  How long does i t  take your system t o  
g e t  back t o  e q u i l i b r i u m  when the  window i s  closed ? 
This  i s  a much more d i f f i c u l t  s i t u a t i o n  t o  deal w i t h  
as you a r e  e s s e n t i a l l y  o u t  o f  c o n t r o l  a t  t h a t  p o i n t  
because you w i l l  be i n j e c t i n g  f o r  too  long. While he 
i s  t h i n k i n g  about t h a t ,  may I sound a note o f  cau t i on  
f o r  anyone using n i t r o u s  oxide. Careful  cons idera t ion  
must be g iven t o  the  s p e c i f i c a t i o n  and performance o f  
the  analyser,  because some analysers are  r a t h e r  s e n s i t i v e  
t o  water vapour. This  i s  q u i t e  an important  p o i n t  f o r  
anyone who i s  t r y i n g  t o  do measurements us ing n i t r o u s  
ox ide  i n  occupied houses where water vapour l e v e l s  can 
change q u i t e  considerably. 

P. Collet Our sampling occurs every five mimtes a d  so for the 
(Denmark) concentration of tracer gas t o  double between samples 

there would need t o  be a reduction of more than 12 a i r  
changes per hour. Let us  consider a room which, a t  
the commencement of a 5 minute period, has 12 a i r  
changes per hour kt that  just a f t e r  the s tart  of the 
inject ion of nitrous oxide equivalent to  that ventilation 
rate,  the window i s  closed. There w i l l  be nearly five 
minutes when the high rate of inject ion w i l l  occur and 
t h i s  could raise the concentration from 50 ppm t o  100 ppm. 
The inject ion of tracer gas would then be shut o f f  and 
the time taken for the reduction of the concentration 
back t o  the control level  w i l l  depend on the in f i l t ra t ion  
ra te  i n  the window closed condition. I t  i s  not l i ke l y  i n  
any reasonably normal circumstances t o  generate a 
concentration level as high as 300 p p ,  and i f  it occurs 
the gas inject ion shuts o f f  anyway. 

P. Hartmann I n  concluding t h i s  conference, may I express on your  
(Swi tzer land)  beha l f  a  s incere word o f  thanks t o  the  Swedish Council o f  

B u i l d i n g  Research and i n  p a r t i c u l a r  t o  Arne Elmroth and 
h i s  he1 pers Per Lev in  and t o  h i s  secre tary  f o r  t h e i r  
sp lend id  organ isa t ion  and the  prepara t ion  o f  so much 
documentation. I n  add i t i on ,  we thank a l l  o f  t he  authors 
f o r  t h e i r  con t r i bu t i ons  and a l l  who partook i n  the  
d iscussions.  
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