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Preface 

I n t e r n a t i o n a l  Energy Agency 

I n  o rde r  t o  s t rengthen cooperat ion i n  t h e  v i t a l  area o f  energy p o l i c y ,  an 
Agreement on an I n t e r n a t i o n a l  Energy Programme was formulated among a  
number o f  i n d u s t r i a l i s e d  coun t r i es  i n  November 1974. The I n t e r n a t i o n a l  
Energy Agency ( I E A )  was es tab l i shed  as an autonomous body w i t h i n  t h e  
Organisat ion f o r  Economic Cooperation and Development (OECD) t o  
adminis ter  t h a t  agreement. Twenty-one coun t r i es  a re  c u r r e n t l y  members o f  
t h e  IEA, w i t h  t h e  Commission o f  t h e  European Communities p a r t i c i p a t i n g  
under a  spec ia l  arrangement. 

As one element o f  t h e  I n t e r n a t i o n a l  Energy Programme, t h e  P a r t i c i p a n t s  
undertake coopera t ive  a c t i v i t i e s  i n  energy research, development, and 
demonstration. A  number o f  new and improved energy technologies which 
have t h e  p o t e n t i a l  o f  making s i g n i f i c a n t  c o n t r i b u t i o n s  t o  ou r  energy 
needs were i d e n t i f i e d  f o r  c o l l a b o r a t i v e  e f f o r t s .  The IEA Committee on 
Energy Research and Development (CRO), ass i s ted  by  a  smal l  S e c r e t a r i a t  
s t a f f ,  coord inates t h e  energy research, development, and demonstrat ion 
programme. 

Energy Conservat ion i n  Bu i l d ings  and Community Systems 

As one element o f  t h e  Energy Programme, t h e  IEA encourages research and 
development i n  a number o f  areas r e l a t e d  t o  energy. I n  one o f  these 
areas, energy conserva t ion  i n  bu i l d ings ,  t h e  IEA i s  encouraging var ious  
exerc ises t o  p r e d i c t  more accu ra te l y  t h e  energy use o f  bu i l d ings ,  
i n c l u d i n g  comparison o f  e x i s t i n g  computer programmes, b u i l d i n g  
monitor ing, comparison o f  c a l c u l a t i o n  methods, as w e l l  as a i r  q u a l i t y  and 
i n h a b i t a n t  behaviour  s tudies.  

The Execut ive Committee 

Overa l l  c o n t r o l  o f  t h e  R&D programme "Energy Conservat ion i n  Bui l d i  ngs 
and Community Systems" i s  maintained by  an Execut ive Committee, which n o t  
o n l y  moni tors e x i s t i n g  p r o j e c t s  b u t  i d e n t i f i e s  new areas where 
c o l l a b o r a t i v e  e f f o r t  may be b e n e f i c i a l .  The Execut ive Committee ensures 
a l l  p r o j e c t s  f i t  i n t o  a  predetermined s t r a t e g y  w i thou t  unnecessary 
over lap  o r  d u p l i c a t i o n  b u t  w i t h  e f f e c t i v e  l i a i s o n  and communication. 

Annex V A i r  I n f i l t r a t i o n  and V e n t i l a t i o n  Centre 

The IEA Execut ive Committee (Bui l d i n g  and Communi t y  Systems) has 
h i g h l i g h t e d  areas where t h e  l e v e l  o f  knowledge i s  u n s a t i s f a c t o r y  and 
the re  was unanimous agreement t h a t  i n f i l t r a t i o n  was the  area about which 
l e a s t  was known. An i n f i l t r a t i o n  group was formed drawing exper ts  from 
most progressive countr ies,  t h e i r  l ong  term aim t o  encourage j o i n t  
i n t e r n a t i o n a l  research and increase t h e  wor ld  pool o f  knowledge on 
i n f i l t r a t i o n  and v e n t i l a t i o n .  Much va luab le  b u t  sporadic and 
uncoordinated research was a l ready t a k i n g  p lace and a f t e r  some i n i t i a l  
groundwork the  exper ts  group recommended t o  t h e i r  execut ive  t h e  fo rmat ion  
o f  an A i r  I n f i l t r a t i o n  and V e n t i l a t i o n  Centre. This  recommendation was 
accepted and proposals f o r  i t s  establ ishment  were i n v i t e d  
i n t e r n a t i o n a l l y .  



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 
firm basis for future research in the Participating Countries. 

The Participants in this task are Belgium, Canada, Denmark, Federal 
Republic of Germany, Finland, Netherlands, New Zealand, Norway, Sweden, 
Switzerland, United Kingdom and the United States of America. 



I n t r o d u c t i o n  

This document i s  a supplement t o  t h e  AIVC's 8 t h  Conference Proceedings, 
AIC-PROC-8-87. I t conta ins  10 a d d i t i o n a l  papers and f i v e  a d d i t i o n a l  
pos ters  which were presented a t  t h e  Conference, together  w i t h  a 
d iscussion reco rd  based on w r i t t e n  quest ions and answers prepared by 
conference p a r t i c i p a n t s  and authors. 





VENTILATION TECHNOLOGY - RESEARCH AND APPLICATION 

8th  A I V C  Conference, ~ b e r l  i ngen, Federal Republ i c  o f  Germany 
21 - 24 September 1987 

PAPER S. 1 

VENTILATION TECHNOLOGY - AIMS OF FEDERAL MINISTRY FOR 

RESEARCH AND TECHNOLOGY I N  RESEARCH AND APPLICATION 

KEYNOTE ADDRESS 

Dl? H HLAWICZKA 

Federal M in i s t r y  f o r  Research and Technology 
( BMFT) 
Federal Republic o f  Germany 





M r  Chairman, l ad ies  and gentlemen, 

On beha l f  o f  t he  Federal M i n i s t r y  o f  Research and Technology 
(BMFT), i t  i s  a p leasure f o r  me t o  welcome you as t h e  
p a r t i c i p a n t s  o f  t h e  8 t h  A i r  I n f i l t r a t i o n  and V e n t i l a t i o n  Centre 
Conference here i n  Ueberl ingen, t h e  German R i v i e r a  o f  t h e  
Bodensee, a t  one o f  t h e  most b e a u t i f u l  and scenic spots i n  
Germany. The sun i s  sh in ing  b r i g h t  and c l e a r  and i t  seems t o  
me, t h a t  a f t e r  having funded s o l a r  energy research du r ing  t h e  
l a s t  10 years, t he  sun has now opened t h e  fund t o  sponsor 
myself. 

We are  v e r y  proud t o  have t h e  p r i v i l e g e  t o  hos t  t h e  w e l l  
renowned AIVC Conference t h i s  year. During t h e  nex t  4 days 
researchers from 12 OECD coun t r i es  w i l l  again f i n d  a forum t o  
present t h e i r  research a c t i v i t i e s ,  t o  d iscuss t h e i r  research 
resu l t s ,  t o  exchange t h e i r  p o i n t s  o f  view and t o  ge t  a f i r s t  
hand view o f  what t h e i r  col leagues a r e  working on. 

May I o f f e r  my M i n i s t r y ' s  very  bes t  wishes f o r  t he  success o f  
t h i s  conference, as w e l l  as f o r  t h e  AIVC Steer ing  Committee's 
meeting and t h e  meetings of  t h e  working groups, which f o l l o w  up 
t h i s  conference. 

I n t r o d u c t i o n  

The Federal Republic o f  Germany (FRG) j o ined  t h e  I n t e r n a t i o n a l  
Energy Agency's ( IEA) Annex V " A i r  I n f  i 1 t r a t i o n  and Vent i  1 a t i o n  
Centref' (AIVC) a c t i v i t y  i n  December 1985 as t h e  t w e l f t h  
p a r t i c i p a n t .  We consider  t h i s  s tep  cons i s ten t  w i t h  our  energy 
R&D po l i cy ,  ie ,  t o  f i n d  new ways and new s o l u t i o n s  f o r  p r a c t i c a l  
a p p l i c a t i o n  by  s t i m u l a t i n g  and suppor t ing  re levan t  research 
a c t i v i t i e s ,  and t o  s t i m u l a t e  and support i n t e r n a t i o n a l  
cooperat ion between t h e  var ious  i nvo l ved  d i s c i p l i n e s .  Looking 
back, i n  1979 the  Federal Republ ic o f  Germany es tab l ished a 
research program, which was e n t i t l e d  "Luftung i m  Wohnungsbau", 
which means " V e n t i l a t i o n  and a i r  i n f i l t r a t i o n  i n  r e s i d e n t i a l  
bui ld ings."  

I remember q u i t e  w e l l  t h a t  t he re  was some rumour which 
culminated i n  t he  question: do we r e a l l y  need these 
i n v e s t i g a t i o n s ?  Today they  are  accepted. It may be t h a t  a 
German saying, formulated by Schopenhauer, t h e  very  famous 
phi losopher, g ives an answer t o  t h i s  observat ion: i t  reads as 
fo l lows:  

"Each i nnova t i on  has t o  pass th ree  stages u n t i l  breakthrough: i n  
t he  f i r s t  one, i t  seems r i d i c u l o u s ,  i n  t h e  second stage common 
op in ion  i s  f i g h t i n g  aga ins t  those new ideas; i n  t h e  t h i r d  i t  i s  
business as usual. I' 

This  program was a l so  p a r t  o f  two a c t i v i t i e s  w i t h i n  t h e  program 
"Energy Conservat ion i n  Bui 1d i  ngs and Community Systemst' o f  t h e  
IEA.  To t h i s  program new annexes were added, and now 18 annexes 
are  i n  progress o r  a re  a l ready completed, w i t h  3 more annexes i n  
preparat ion.  Germany was o r  i s  i nvo l ved  i n  many o f  them. 



The annexes which are  o f  main i n t e r e s t  i n  connection and w i t h  
regard t o  t h i s  conference are  t h e  so c a l l e d  v e n t i l a t i o n  
annexes. They are: 

Annex T i t l e  

V A i r  I n f i l t r a t i o n  and V e n t i l a t i o n  Centre (AIVC) 
V I  I I Occupants Behaviour 
I X Minimum V e n t i l a t i o n  Rates 
X I 1  Windows and Fenest ra t ion  
X I V  Condensation and Energy 
X V I I I  Demand Con t ro l l ed  V e n t i l a t i o n  Systems (under 

d iscussion)  

Object ives 

The main programme ob jec t i ves  f o r  t h e  FRG were t o  c o n t r i b u t e  
t o  energy e f f i c i e n c y  by i d e n t i f y i n g  proper techn ica l  s o l u t i o n s  
f o r  min imis ing  v e n t i l a t i o n  losses i n  b u i l d i n g s  and t o  t r a n s f e r  
such s o l u t i o n s  i n t o  p r a c t i c a l  app l i ca t i ons  as soon as 
possible. 

We have been support ing such research and development f o r  many 
years now, i n  t h e  f i e l d s  o f  v e n t i l a t i o n  i n  r e s i d e n t i a l ,  
commercial and i n d u s t r i a l  bu i ld ings ,  u s u a l l y  by funding 
s p e c i f i c  p ro jec ts ,  o f t e n  i n  c lose  cooperat ion w i t h  t h e  Federal 
M i n i s t r y  f o r  Regional Planning and Urban Development ( BMBau). 
The lea rn ing  curve t o  gain t h e  necessary experience w i t h  
modern i n f i l t r a t i o n  and v e n t i l a t i o n  techniques i s  
character ised from t h e  e a r l y  beginning i n  1979 u n t i l  today by 
about 23 p r o j e c t s  funded by BMFT w i t h  an amount o f  15,4 Mio 
DM. 

As i t  became more and more ev ident  t h a t  aspects o f  hygiene and 
comfort p l a y  an ever more s i g n i f i c a n t  r o l e  i n  d e f i n i n g  
requirements f o r  a i r  exchange and v e n t i l a t i o n ,  t he  Federal 
M i n i s t r y  o f  Youth, Family and Heal th (BMJFG) a l so  became 
involved i n  our  a c t i v i t y .  

When we s t a r t e d  t h e  R+D-programme " V e n t i l a t i o n  and a i r  
i n f i l t r a t i o n  i n  r e s i d e n t i a l  bu i l d ings "  e i g h t  years ago, we 
focused on energy conservat ion aspects and the re fo re  we 
in teg ra ted  t h e  programme i n t o  our  framework programme 
" E f f i c i e n t  energy use". Even today the  con t r i bu t i ons  t o  t h e  
above mentioned I E A  annexes are  s t i l l  funded through t h e  
" E f f i c i e n t  energy use" programme, bu t  we expect r e s u l t s  and 
techn ica l  so lu t i ons  as sp in  o f f s ,  so t o  speak, which s a t i s f y  
hygiene and comfor t  requirements too. 

Facing more and more problems o f  indoor a i r  q u a l i t y  as a  
r e s u l t  o f  new b u i l d i n g  mater ia ls ,  const ruc t ion  concepts o r  
changes i n  t h e  i nhab i tan ts '  behaviour, we learned a  l o t  from 
the  outputs of the  v e n t i l a t i o n  p r o j e c t s  and about t h e  
important r o l e  which v e n t i l a t i o n  and a i r  exchange p l a y  i n  
increasing indoor a i r  q u a l i t y .  But we a l so  learned about the  



limitations of controlling indoor air quality by ventilation 
alone, hence an integrated view of ventilation in conjunction 
with a total control of the indoor air environment may become 
necessary. 

For this reason the Federal Ministry for Research and 
Technology initiated a new R&D programme this year named 
1 I Indoor air pollutants and the indoor environment", and 
integrated into this programme some research activities from 
the programme "Humanization of the place of work", related to 
maintaining indoor air quality at the industrial work place. 

We expect that a closer cooperation between these various 
research disciplines will initiate novel energy conserving 
technical solutions which nevertheless meet indoor air quality 
requirements which are accepted by building occupants. 

R&D efforts and ongoing activities - - 
Energy conservation must be regarded above all, as a 
practical, short to medium-term contribution towards solving 
our environmental problem. In my opinion "Energy and 
Environment1' are like Siamese twins or both sides of a medal. 
The environmental issue, as a whole, is becoming more and more 
critical and more urgent. 

As all of us have become more aware in recent years, the 
question of energy supply in the future is not only a problem 
of resources and analyses of their scarcity. Concerns about 
irreversible changes to our environment which are also caused 
by increased energy consumption in all parts of the world are 
more often being mentioned in debates on future supply 
structures. I would like to mention just two examples: 

Climatic changes caused by the "greenhouse effect" are no 
longer just speculations but phenomena which have to be 
seriously and intensively investigated. Should these risks be 
realistically assessed then this could lead to changes in 
living conditions over the whole world which cannot be 
estimated. Suitable compensating measures would be necessary. 
This would directly affect today's energy supply structures 
and would put the utilisation of renewables, for instance, in 
a completely different light. 

The question of climatic changes and their results cannot be 
answered today or even in the next few years. However, even 
now, emissions of gases during the utilisation of fossil 
sources of energy are made responsible for considerable 
ecological damage. I would like to mention the new type of 
forest damage that has occurred particularly in Europe, and 
the most recent catastrophes caused by bad weather conditions 
in the Alps during the last few weeks. In public opinion these 
were the result of emissions and regional climatic changes 
caused by energy supply. Independent of whether this is 
provable scientifically or not, these events lead to reactions 



i n  communities which can a f f e c t  and change t h e  acceptance o f  
t he  use o f  f o s s i l  sources o f  energy. 

I n  o ther  words, i n  a d d i t i o n  t o  t h e  quest ion o f  resources, 
environmental a c c e p t a b i l i t y  of energy supply has become a  new 
dimension which must be considered. As environmental problems 
- c l i m a t i c  changes are  t h e  best  example - do n o t  genera l l y  
have a  reg iona l  o r  na t i ona l  character,  then t h e  i n t e r n a t i o n a l  
exchange o f  experiences and cooperat ion i n  t h e  f i e l d s  o f  
research and development are p a r t i c u l a r l y  important. The FRG 
has accepted t h i s  f a c t  and i s  l ook ing  f o r  cooperat ion w i t h  
other  countr ies,  f i r s t  o f  a l l  i n  t h e  framework o f  t h e  European 
Community and, i n  add i t ion ,  t he  exchange o f  in format ion  
p a r t i c u l a r l y  w i t h  t h e  Western i n d u s t r i a l i s e d  count r ies  w i t h i n  
the  framework o f  t h e  IEA. 

For t h i s  reason t h e  Federal Government has p a r t i c i p a t e d  i n  
most o f  t h e  IEA R&D programmes. A t o t a l  o f  more than 110 
m i l l i o n  DM f i n a n c i a l  support from t h e  budget o f  t he  Federal 
M i n i s t r y  f o r  Research and Technology alone has been spent f o r  
43 p r o j e c t s  o f  t h e  I E A  i n  t h e  f i e l d  o f  renewables and 
e f f i c i e n t  use o f  energy over t h e  past  12 years. 

As a  r e s u l t  o f  i n t e r n a t i o n a l  cooperat ion i n  the  framework o f  
t h e  IEA,  research and indus t ry  i n  Germany has very q u i c k l y  
managed t o  reach an i n t e r n a t i o n a l  standard i n  the  f i e l d  o f  
so la r  technology and e f f i c i e n t  use o f  energy. 

Even i n  t h e  f u t u r e  we w i l l  a t t ach  g rea t  importance t o  t h i s  
i n t e r n a t i o n a l  cooperat ion and t h e  exchange o f  in format ion  as 
we l l  as t h e  development o f  j o i n t  s t r a t e g i e s  t o  in t roduce new 
energy technologies. Here t h e  IEA p lays  an important  ro le ,  
which goes much f u r t h e r  than i t s  o r i g i n a l  tasks o f  
guaranteeing t h e  supply o f  energy t o  member count r ies  
independent o f  d i s rup t ions  i n  t h e  o i l  market. 

Measures f o r  e f f i c i e n t  use o f  energy i n  p a r t i c u l a r  are 
required the re fo re  s t i l l  p rov id ing  reasonable and concrete 
opt ions f o r  p r i v a t e  homes, f o r  t h e  community and f o r  business 
t o  main ta in  indoor a i r  q u a l i t y  w i thou t  any reduct ion  t o  
comfort. What we need are r e l i a b l e  and broadly a v a i l a b l e  
per iphera l  data, which i s  no t  s o l e l y  o r  e x c l u s i v e l y  o r ien ted  
towards t h e  economic mood o f  t he  day. 

Hence i t  f o l l o w s  t h a t  a l l  p r o j e c t s  w i t h i n  these programmes o r  
w i t h i n  our  IEA c o n t r i b u t i o n  should focus on p r a c t i c a l  
app l i ca t i ons  and lead towards a  p r a c t i c a l  bene f i t .  An example 
are the  r e s u l t s  and recommendations o f  Annex I X  "Minimum 
Venti l a t i o n  Rates", which inf luenced t h e  standardi  s a t i o n  
a c t i v i t i e s  i n  the  FRG i n  a  very cons t ruc t i ve  way. 

But on t h e  o the r  side, t he  mission o f  t he  BMFT i s  l i m i t e d  t o  
t h a t  o f  an i n i t i a t o r  and c a t a l y s t  t o  b r i n g  about techn ica l  
so lut ions,  which have t o  be proven by t h e  economics. The 
p o s s i b i l i t y  o f  i n f l u e n c i n g  l e g i s l a t i o n  and regu la t i ons  der ived 



from it, i s  l i m i t e d ;  s e t t i n g  r e g u l a t i o n s  i s  t h e  task  o f  o the r  
departments w i t h  t h e  appropr ia te  inst ruments and competences. 
The BMFT must approach these o the r  departments o r  t h e  
par l iamentary  i n s t i t u t i o n s  and convince them, based on the  
r e s u l t s  and experience f rom t h e  research and development 
c a r r i e d  out ,  t h a t  t h e  re levan t  l e g i s l a t i o n  and regu la t i ons  
should be rev i sed  and adapted t o  t h e  l a t e s t  s tate-of - the-ar t  
techno1 ogy. 

The German v e n t i l a t i o n  programme and accompanying p r o j e c t s  
s t a r t e d  o f f i c i a l l y  i n  December 1980 and has a volume i n  the  
order  o f  15.4 m i l l i o n  DM (now about 8.4 m i l l i o n  US d o l l a r s ) .  A 
major p o r t i o n  o f  these funds went t o  demonstrat ion p r o j e c t  
i n v e s t i g a t i o n s  i n  occupied bu i ld ings .  The German c o n t r i b u t i o n  
t o  IEA1s Annex V I I I  " Inhab i tan ts  Behaviour" had been 
i n teg ra ted  i n t o  these i nves t i ga t i ons .  

During our  work i n  t h e  f i e l d  o f  v e n t i l a t i o n  technology we 
became aware o f  a v a r i e t y  o f  problems. Q u i t e  uncommon f o r  
engineers - b u t  on t h e  o the r  s ide  very  chal lenging, 
i n t e r e s t i n g  and important  - was t h e  necess i ty  t o  understand 
t o t a l l y  f o r e i g n  sub jec ts  and sciences l i k e  medicine, hygiene, 
biology, chemist ry  and physiology. And a t  leas t ,  a f t e r  t h e  
Indoor A i r  Conference 1957 i n  B e r l i n ,  we know how important  i t  
i s ,  t h a t  these sciences i n f l u e n c e  our  f u r t h e r  s t r a t e g i e s  on 
v e n t i l a t i o n  developments. 

Many i n t e r n a t i o n a l  exper ts  from a l l  f i e l d s  worked together  i n  
t h e  IEA-Annex I X  "Minimum V e n t i l a t i o n  Rates". The f i n a l  r e p o r t  
i s  about t o  be f i n i s h e d  and a b i g  s tep  has been made towards 
i n t roduc ing  b e t t e r  v e n t i l a t i o n  i n  r e s i d e n t i a l  bu i ld ings .  

The Occupants Behaviour IEA Annex V I I I  - a very  important  
study - was f i n i s h e d  l a s t  year and as a nex t  step, these 
r e s u l t s  must be used t o  develop b e t t e r  v e n t i l a t i o n  s t ra teg ies .  
Th i s  can be performed by indoor t e s t s  w i t h  new advanced 
v e n t i l a t i n g  devices, as proposed i n  t h e  IEA-Annex X V I I I  and by  
the  very impor tan t  s tudy on a i r  movement i n  rooms, which i s  
t he  o b j e c t i v e  o f  t h e  new IEA-Annex XX "Opt imizat ion o f  A i r  
Flow Patterns",  p resen t l y  under d iscuss ion  as one o f  t h e  nex t  
IEA-annexes. 

The l a s t  mentioned t o p i c  i s  an example f o r  t h e  engagement o f  
the  BMFT. V e n t i l a t i o n  technology i s  a t y p i c a l  technology and 
business f o r  small t o  medium s i zed  f i r m s  i n  Germany. 

For example they  d o n ' t  have t h e  e x p e r t i s e  t o  develop 
c a l c u l a t i o n  procedures t o  s imu la te  the  h i g h l y  soph is t i ca ted  
behaviour o f  a i r  f l o w  i n  rooms, i n c l u d i n g  heat  mass, heat  
momentum t r a n s f e r  and turbulence models, and t o  v e r i f y  these 
models by experiments; besides, these f i r m s  d o n ' t  have t h e  
necessary computing equipment, t h e  personal capac i t y  and 
f i n a n c i a l  resources t o  do t h i s  job. We a l l  know, t h a t  we need 
good t o o l s  f o r  s imulat ion,  because rea l -sca le  experiments a re  
t o o  time-consuming and t o o  expensive, and even c a n ' t  g i v e  



adequate i n fo rmat ion  on op t im isa t i on  p o s s i b i l i t i e s .  For t h i s  
reason t h e  BMFT provides funds f o r  research t o  develop simple 
computing too ls ,  which can be used on personal computers 
(PC's) by a r c h i t e c t s  and small  and medium s ized f i rms  i n  
i ~ d u s t r y .  

The German v e n t i l a t i o n  standards are  p resen t l y  under 
discussion. These standards have t o  be rev ised according t o  
recommendations on Indoor A i r  Qua1 i t y  ( I A Q )  t o  inc lude 
recommendations on basis- and demand-related add i t i ona l  
a u x i l i a r y  v e n t i l a t i o n .  

Some r e g u l a t i o n s  i n  Germany concerning v e n t i l a t i o n  are  n o t  so 
we l l  coordinated i n  some points.  Among the  problems i n  
r e v i s i n g  our  standards i s  one d i f f i c u l t y :  up t o  now nobody has 
come up w i t h  a s a t i s f y i n g  d e f i n i t i o n  f o r  "good indoor a i r  
qua l i ty " ,  a prec ise  d e f i n i t i o n  o f  what can be checked by 
measurements and used i n  prac t ice .  I see one approach t o  
achiev ing t h i s  and t h a t  i s  t o  advance our knowledge through 
i n t e r n a t i o n a l  cooperation. Our experience i s  t h a t  a l o t  o f  
r e s u l t s  f rom our i n t e r n a t i o n a l  cooperat ion - espec ia l l y  i n  t h e  
I E A  - have g iven important  i npu ts  t o  t h e  members o f  t h e  
various s tandard isa t ion  committees. 

Some aspects o f  energy consumption i n  t h e  FRG - - --- 

A f t e r  these general comments on a i r  i n f i l t r a t i o n  and 
v e n t i l a t i o n ,  which are  n a t u r a l l y  a l so  coloured w i t h  German 
experiences, l e t  me now b r i e f l y  g i v e  some d e t a i l s  o f  t h e  
energy s i t u a t i o n  i n  Germany. 

Energy supply i n  t h e  FRG i s  w e l l  balanced as f a r  as t h e  
u t i l i s a t i o n  o f  t h e  d i f f e r e n t  sources o f  energy i s  concerned 
and i t s  supply s t r u c t u r e  i s  extremely w e l l  organised. On t h e  
heat ing market i n  p a r t i c u l a r  t he re  i s  a hea l thy  compet i t ion 
between t h e  d i f f e r e n t  sources o f  pr imary energy w i t h  a s t rong 
i n t e r r e l a t i o n .  A dependency on i n d i v i d u a l  sources o f  pr imary 
energy does n o t  e x i s t .  Although the  Federal Republic i s  a n e t  
importer  o f  energy, t h e  supply s t r u c t u r e  i s  so balanced t h a t  
there  i s  no dependency on i n d i v i d u a l  supply ing countr ies.  Th is  
has l e d  t o  t h e  f a c t  t h a t  t h e  p r i c e  o f  gasoline, f o r  instance, 
i s  lower now than before t h e  f i r s t  o i l  p r i c e  c r i s e s  a f t e r  
i n f l a t i o n  has been taken i n t o  account. A reac t i on  t o  t h i s  
s i t u a t i o n  by i n d u s t r y  and p u b l i c  spending a t  t he  beginning o f  
t h e  1980s cou ld  n o t  be avoided. Th is  became not iceab le  by a 
reduct ion  i n  the  a t t e n t i o n  given t o  energy opt ions necessary 
fo r  t he  fu tu re ,  and i n  p a r t i c u l a r  t o  e f f i c i e n t  use o f  energy. 

During t h i s  pe r iod  o f  reduced p u b l i c  i n t e r e s t  u n t i l  today, t h e  
support o f  t h e  research and development programmes running 
i n t e r n a t i o n a l l y ,  f o r  instance w i t h i n  t h e  framework o f  t h e  EEC 
o r  the  IEA, was p a r t i c u l a r l y  important  both f o r  science and 
f o r  indust ry .  Today, there  i s  an a l t e r e d  a t t i t u d e  i n  t h e  
Federal Republ ic r e s u l t i n g  from two fac tors :  



The occurrence of f o r e s t  damage, a1 ready mentioned, and 
increas ing warnings o f  eco log ica l  damage and c l i m a t i c  changes 
have g iven t h e  environmental a c c e p t a b i l i t y  o f  energy systems 
more importance. New energy systems such as t h e  u t i l i s a t i o n  o f  
s o l a r  energy, perhaps us ing  hydrogen as a s to re  and e f f i c i e n t  
use o f  energy ( the  so c a l l e d  "NEGAWATT-market"), c l e a r l y  have 
an advantage over f o s s i l  fuels .  

I n  1986, t h e  reac to r  catastrophe i n  Tschernobyl made t h e  r i s k s  
of nuclear  energy i n  t h e  case o f  ser ious breakdowns o n l y  t o o  
clear,  and p a r t i c u l a r l y  i n  Germany t h i s  caused an in tense 
d iscussion on the  dangers and b e n e f i t s  o f  nuclear  power. Th is  
event a l s o  proved t h e  necess i ty  o f  i n v e s t i g a t i n g  new energy 
opt ions f o r  t h e  fu ture ,  o f  developing promising a l t e r n a t i v e s  
and so making safe and f l e x i b l e  energy supply s t ruc tu res  
poss ib le  f o r  t he  fu ture .  

B a s i c a l l y  i t  can be assumed t h a t  t h e  supply s t r u c t u r e  i n  t h e  
Federal Republ ic based on domestic coal, nuclear  energy, o i l  
and gas, w i l l  o n l y  change marg ina l l y  i n  t h e  foreseeable 
future.  The awareness o f  poss ib le  r i s k s  invo lved i n  us ing 
t r a d i t i o n a l  sources of energy has induced new i n i t i a t i v e s ,  
both i n  t h e  supply i n d u s t r i e s  and i n  p u b l i c  spending, t o  
develop processes f o r  t he  e f f i c i e n t  use o f  energy and t o  
u t i l i s e  renewable energy sources. 

On the  o the r  hand, var ious  methods t o  save energy i n  i n d u s t r y  
and housing have a l ready shown successful  resu l t s .  Using more 
e f f i c i e n t  heat ing  p l a n t s  and improved thermal i nsu la t i on ,  t h e  
heat ing demand o f  houses i n  Germany was reduced considerably 
from about 45 l i t r e s / m 2  a o i l  equ iva lent  before t h e  f i r s t  o i l  
p r i c e  c r i s i s  t o  about 20 l i t r e s / m 2  a as a f i g u r e  f o r  t h e  
average. 

I f  we consider  t h a t  25-50Z o f  t h e  t o t a l  energy f o r  space 
heat ing a re  v e n t i l a t i o n  heat losses, we t a l k  about an amount 
o f  400-800 Petajoule. 

I t h i n k  you w i l l  agree t h a t  t h i s  amount i s  worth t h i n k i n g  
about c a r e f u l l y  and deeply, e s p e c i a l l y  as t o  whether i t  can be 
reduced. 

Although t h e  o i l  p r i c e  i s  f a i r l y  low today, we shou ldn ' t  s top 
our R&D a c t i v i t i e s  i n  t h e  f i e l d  o f  energy savings. On t h e  
cont rary  we should cont inue f o l l o w i n g  a very steady path  
towards more independence o f  o i l  and o ther  energy c a r r i e r s .  

But we should consider another very important  aspect: every 
k i l o w a t t  hour f o r  heat ing  purpose consumed, puts s t ress  on our  
environment, and t h i s  i s  important  when we consider t h a t  t he  
product ion o f  e l e c t r i c i t y  i s  now performed w i t h  an e f f i c i e n c y  
o f  between 30 and 40% a t  maximum. I n  r e s i d e n t i a l  bu i ld ings ,  
t he  product ion o f  heat f o r  space heat ing  and h o t  water supply 
w i t h  a comlnon o i l  o r  gas furnace has an average annual 
e f f i c i e n c y  o f  between 50 and 80%. 



The p i c t u r e  becomes worse i f  we look a t  t h e  t r a n s i t i o n  o f  ou r  
pr imary energy ( f i g .  1). We use h i g h l y  va luab le  pr imary  energy 
c a r r i e r s  w i t h  which we cou ld  produce heat  a t  a  l e v e l  above 
l,OOO°C and we devaluate t h i s  va luab le  energy s o l e l y  t o  
produce h o t  water between 40 and 70°C. The exe rge t i c  
e f f i c i e n c y  - exergy i s  the  p a r t  o f  t he  energy which can be 
u s e f u l l y  transformed - the exe rge t i c  e f f i c i e n c y  o f  these 
processes a r e  o f t e n  below 8-12%. I n  o the r  words whenever we do 
n o t  use a l l  a v a i l a b l e  exergy, we a re  always wast ing energy0 

The tremendous amount o f  wasted energy can be seen by t h e  
energy f l o w  diagrams, which show f o r  t h e  FRG ( S l i d e  2)  a  r a t i o  
o f  wasted t o  usefu l  needed energy o f  223 t o  1+3, f o r  t h e  USA 
t h i s  r a t i o  i s  about t h r e e  quar te rs  t o  one quar ter ,  f o r  A u s t r i a  
t h e  r a t i o  i s  about 50:50%. One o f  t h e  main aspects f o r  
modernizat ion o f  t h e  n a t i o n a l  economics should be t o  improve 
t h i s  r a t i o  f o r  instance by d i s t r i c t  heat ing, cogeneration, 
heat  pumps and consequently heat  recovery and b e t t e r  
i n s u l a t i o n .  

I n  1973 t h e  r a t i o  o f  used t o  wasted energy f o r  p r i v a t e  
households was ca l cu la ted  i n  t he  FRG t o  be 45 t o  55% ( F i g  2). 

It was est imated t o  reverse t h i s  r a t i o  on 1990, i n  changing 
the  f i g u r e s  f o r  used and wasted energy. We reached t h i s  goal 
i n  1982, some years e a r l i e r  than forecasted i n  t he  70 ' s  ( F i g  
3) - 
AIMS OF THE BMFT ---- 

A t  t h e  end I ' d  l i k e  t o  o f f e r  a  few remarks about t h e  present  
status, e s p e c i a l l y  about t he  necess i ty  and mo t i va t i on  f o r  t h i s  
program, t o  g i v e  some views as I see it, on the  t rends  f o r  t h e  
fu tu re :  

- The f i n a l  goal w i t h  respect  t o  t h e  German research program 
" V e n t i l a t i o n  and a i r  i n f i l t r a t i o n  i n  r e s i d e n t i a l  bu i l d ings "  
i s  t o  min imise v e n t i l a t i o n  heat losses by means o f  
improvements i n  b u i l d i n g  physics and i n  v e n t i l a t i o n  
s t r a t e g i e s  i n  t h e  framework o f  economic perspect ives and - 
what tu rned ou t  t o  be very  important  - t o  make the  
i n h a b i t a n t  s e n s i t i v e  t o  v e n t i l a t i o n ,  t o  i n fo rm him about t h e  
appropr ia te  hand l ing  o f  new v e n t i l a t i o n  techniques. 

- Due t o  passive measures ( b e t t e r  i nsu la t i on ,  double and 
t r i p l e  g laz ing )  we could decrease the  transmission-heat 
losses so much, t h a t  v e n t i l a t i o n  heat losses become t h e  
dominant heat  loss. Therefore the re  might  be some advantages 
i n  t he  proper  combination o f  heat ing  and coo l i ng  systems 
w i t h  v e n t i l a t i o n ,  by us ing  a i r  and h o t  water as t h e  heat  
f l u i d  medium. 



- I n  t h e  FRG f o r  instance w i t h  a i r  t o  a i r  heat  pumps a l ready  
under opera t ion  i n  Denmark and Sweden, t he  renaissance o f  
t he  we1 1-known so c a l  l e d  "Kachelofen" o r  Ceramic furnace, o r  
s o l a r  c o l  l e c t o r s  (Fig. 3), support ing the  heat ing  system i n  
commercial and i n d u s t r i a l  b u i l d i n g s  w i t h  the  r e s u l t  o f  
saving between 30 t o  50% of t h e  o i l  consumption i n  
comparison before  i n s t a l l a t i o n  on the  r o o f  i s  underway. 

- It becomes important  f o r  a r c h i t e c t s  and design engineers t o  
keep an o v e r a l l  view o f  t he  b u i l d i n g  and o f  i t s  v e n t i l a t i n g  
system. Bu i ld ing ,  heat ing  and v e n t i l a t i n g  system, t h e  user, 
and t h e  environment a re  one e n t i t y  which have t o  be 
moni tored as a  whole. An i n teg ra ted  design method would n o t  
o n l y  r e s u l t  i n  b e t t e r  indoor  a i r  q u a l i t y  and an e f f i c i e n t  
use o f  energy b u t  would a l so  c u t  back the  immense amounts o f  
money f o r  damages t o  t h e  b u i l d i n g  fab r i c .  

- This o f  course imp l i es  t h a t  R&D a c t i v i t i e s  have t o  hand i n  
hand w i t h  what i s  needed i n  p rac t i ce .  The research r e s u l t s  
have t o  be t r a n s l a t e d  i n t o  a  language which can be 
understood and app l i ed  i n  p rac t i ce .  

- A t  l e a s t  i t  should no t  be fo rgo t ten ,  t h a t  t he  i n t r o d u c t i o n  
and d i f f u s i o n  i n t o  the  market i s  n o t  o n l y  dependent on a  
proper  f u n c t i o n i n g  techn ica l  so lu t ion .  To say i t  q u i t e  
f rank l y ,  t echn ica l  innovat ions can o n l y  en te r  the  market and 
survive, when the re  are  e x i s t i n g  innovat ions too  i n  
o rgan isa t i on  and admin i s t ra t i on  f o r  example t a r i f f s  f o r  
surp lus e l e c t r i c i t y  produced by cogenerat ion o r  renewables 
and o t h e r  incent ives,  which encourage consumers and 
producers t o  save energy and n o t  j u s t  t o  s e l l .  

- I ' m  sure  t h a t  t h e  exchange o f  i n fo rma t ion  and experiences a t  
t h i s  conference w i l l  c o n t r i b u t e  t o  achiev ing b e t t e r  indoor  
a i r  q u a l i t y ,  t o  reduce v e n t i l a t i o n  heat losses, and t o  
i d e n t i f y  economic and user-accepted v e n t i l a t i n g  systems. 

I wish f o r  a l l  o f  us f r u i t f u l  d iscussions and a  successful  
conference accompanied by having some n i ce  days together  here 
a t  Ueberl ir igen i n  t h e  Bodensee region. 

Thank you very  much. 
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Svnovsis 

Brookhaven National Laboratory (BNL) in the USA has developed a 

multiple tracergas technique called BNL/AIMS (Air Infiltration 

Measurement System) for determination of air infiltration rates. 

The technique is applicable in occupied dwellings and might be 

promising for wide-scale measurements. This paper discusses the 

main results of field measurements made by the Danish Building 

Research Institute with use of BNL/AIMS. The results obtained are 

compared with the results of parallel measurements made in the lab- 

oratory and by using computer controlled field measuring equipment. 

The aim of the measurements was to gain experience in the use of 

the BNL/AIMS equipment, and to obtain a basis for evaluation of 

the application and applicability of the method. 

With regard to whole-house air infiltration rates, the results 

prove to be in good agreement with results from known methods. 

However, there seems to be some inconsistency regarding zonal air 

infiltration rates and air exchange rates between zones. 

Introduction 

Since the beginning of the 1970'ies focus has been on efficient 

sealing of new buildings and on developing better insulating 

materials and techniques for use in existing and new buildings. 

The aim was not to reduce the ventilation rate in the buildings, 

but merely to reduce the air infiltration through random cracks in 

the building envelope. This allows for improved possibilities for 

controlling ventilation and air distribution within the building. 

To gain full profit from these improved possibilities thorough 

knowledge about air infiltration and internal air transport within 

buildings is essential, taking the principle of ventilation and 

the behavior of the occupants into consideration. 

The Brookhaven National Laboratory/Air Infiltration Measurement 

System (BNL/AIMS) is a tracergas technique, developed by Brook- 

haven National Laboratory (BNL) in the USA, based on the use of 

multiple tracers and passive sampling (ref 1). BNL/AIMS determines 

the average air infiltration rate. By zone-dividing a building and 

by simultaneous use of several different tracergases, the average 

zonal air infiltration rate and the air exchange rate between dif- 

ferent zones can be determined as well. 



With the object of obtaining better knowledge of the mechanisms 

of air infiltration, air movements and distribution of gaseous 

contaminants in multizoned occupied dwellings, The Indoor Climate 

Division at The Danish Building Research Institute and the Tracer 

Technology Center of Brookhaven National Laboratory have entered 

an agreement upon collaboration on testing the BNL/AIMS through 

field and laboratory measurements. 

BNL/AIMS (outline of features) 

Reference 1 gives a detailed describtion of the method and the 

measuring equipment, therefore only the outlines of the equipment, 

the application, and the performance will be given here. 

Equipment - - - - - - - - -  
The equipment consists of passive tracer emitters (PFT's - Per- 
fluorocarbon Tracers), glasstubes for passive adsorption of the 

tracergases (CATS - Capillary Adsorption Tracer Sampler), and, as 
a possibility for active collection of tracergases, a programmable 

sampler (BATS - Brookhaven Atmospheric Tracer Sampler). The CATS 
and the adsorptiontubes in a BATS are analyzed in the laboratory 

by means of gaschromatography. 

Application - - - - - - - - - - -  
Prior to a measurement the building is divided into zones. A 

different type of tracergas is used in each zone. The sources are 

usually distributed with one per every 50 m2 of living area. 

Dependent on the expected air infiltration rate in the building 

and the duration of the measurement the CATS and/or BATS are 

placed 2-24 hours after the distribution of the sources. Also the 

CATS are distributed one per every 50 m2 of living area. 

The measuring period can be from a few hours to several months. 

Performance - - - - - - - - - - -  
Reference 1 describes a series of laboratory tests of the perfor- 

mance of the equipment. The results show that the equipment gener- 

ally is reliable with a satisfactory reproducibility, though 

caution to the temperature sensitivity of the source rate must be 

observed, about 4 per cent change per 1 OC at room-temperature. 



The BNL/AIMS is based on the assumption that a constant emission 

of tracergas, after some time, depending on the ventilation rate 

in the building, will establish an almost constant concentration. 

However, the ventilation rate normally varies in time, and there- 

fore the concentration of tracergas will vary as well. 

The adsorption tubes performe a long term registration, and ana- 

lyses of the tubes gives the average tracergas concentration in 

the measuring period. As it can be mathematically proved, calcu- 

lation of the air change rate on the basis of the average concen- 

tration, using the equilibrium equation, will invoke an error. The 

reciprocal of the average concentration is less than the average 

of reciprocal concentrations, hence the BNL/AIMS has a negative 

bias. 

Measurements 

This paper describes measurements made in a two-storey flat, a 

kindergarten and a non occupied testflat set up in a laboratory 

(ref 3). 

The Brookhaven National Laboratory (BNL) placed the BNL/AIMS 

measuring equipment at our disposal and they also carried out the 

gaschromatographic analyses of the adsorption tubes. 

The field tests (two-storey flat, kindergarten) were made in 

collaboration with the Technological Institute of Denmark (TI), 

who carried out parallel measurements using their computer con- 

trolled measuring equipment (ref 2). This equipment performs a 

continuous measurement of the supply of outdoor air in up to ten 

different rooms simultaneously. 

The tests in the laboratory flat were made in collaboration with 

The National Swedish Institute for Building Research (SIB). 

Two - s torey flat - - - - - - - - - - - - - - -  
The flat (fig 1) was divided into three zones. Zone 1 was first 

floor, zone 2 was master bedroom and zone 3 was small bedroom. 

The measuring period lasted 94 hours. Active sampling by means 

of BATS were performed in 11 periods each lasting 8 hours (11 h - 
19 h, 19 h - 3 h, and 3 h - 11 h). Table 1 shows the zone data, 

and table 2 the results of the measurements. 



First floor 

Figure 1. Two-storey flat. Floor 

Second 

plans. 

floor 

Zone Vol. Avg. Number of Source Number of Number of 

(m3) temp. sources type CATS BATS 

1 First floor 90 21.0 2 PDCH 2 1 
2 Master bedroom 35 21.0 1 PMCH 1 1 
3 Small bedroom 23 21.0 1 PDCB 1 1 

Table 1. Two-storey flat. Zonedata. 

As seen from table 2 both the BNL/AIMS-measurement and the mea- 

surement made by TI showed that zone 1 had the greatest supply of 

outdoor air, subsequently zone 2 and 3. Zone 3 was, according to 

BNL/AIMS, an almost isolated zone. The standard deviations (SD's) 

stated in the table result from estimated standard deviations in 

the source strength (10 pct.) and zonevolume measurements (5 pct.) 

in the computer calculations and furthermore from differences in 

tracergas registrations in a zone. 

Table 3 shows the air flow between the three zones. The largest 

air flow is from first floor to the master bedroom and vice versa 

and very small airflow to and from zone 3. 

Figure 2 shows the measuring period divided into 9 8-hour pe- 

riods corresponding to the working periods of the BATS (2 periods 

were cancelled due to malfunctioning of the BATS). In each period 

the concentration measured by BNL/AIMS, respectively TI, is shown. 



Zone Vol. BNL/AIMS (CATS) BNL/AIMS (BATS) TI 

(m3) BNL+/- SD BNL +/- SD 
- 

1 First floor 90 0.82 +/- 0.10 2.28 +/- 1.38 1.40 
2 Master bedroom 35 0.43 +/- 0.21 -1.72 +/- 0.76 0.48 
3Smallbedroom 23 0.02+/- 0.07 0.03 +/- 0.25 0.22 

Total 148 0.60 +/- 0.06 0.99 +/- 0.86 1.00 

Table 2. Two-storey flat. Measured air infiltration rates (m3/h 
per m3). SD: Standard deviation, see text. 

Zone to zone Air flow (m3/h) Zone to zone Air flow (m3/h) 

1 - 2 68.0 +/- 16.7 2 - 3 9.3 +/- 2.9 
1 - 3 8.9 +/- 3.5 3 - 1 2.5 +/- 1.4 
2 - 1 41.9 +/- 10.2 3 - 2 7.2 +/- 2.1 
1 - outside 41.2 +/- 15.3 2 - outside 39.1+/- 12.0 
outside - 1 73.7 +/- 8.3 outside - 2 15.1 +/- 7.4 
3 - outside 8.9 +/- 2.4 
outside - 3 0.4 +/- 1.7 

Table 3. Two-storey flat. Air flow (m3/h) between zones. 

0 0.50 1.00 1.50 2.00 2.50 ACH 
I.........I.........I.........I.........I.........I.........I 

Figure 2. Two-storey flat. Whole-house average air infiltration 
rates (m3/h per m3), measuring period divided into BATS periods. 
Continuous line: BNL/AIMS-BATS measurement. 
Broken line : TI measurement. 



Figure 3 shows the BNL/AIMS-CATS measurement vs. the TI measure- 

ment. The bars indicate the SD's of the BNL measurement. As pre- 

viously discussed the BNL/AIMS has a negative bias. As appears 

from figure 2, significant variations in the air change rates did 

occur. This might explain the BNL/AIMS measurement using CATS 

being generally lower than the TI results (as seen from table 2 

and figure 3) and the average of the measurement using BATS being 

closer to TI results. 

0 0.25 0.50 0.75 1.00 1.25 ACH 

I.........I.........I.........I.........I.........I...... 
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CATS . x 

TI . * 
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Total 
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3 Figure 3. Two-storey flat. Measured air infiltration rates (m /h 
per m3). BNL/AIMS-CATS measurement vs. the TI measurement. 

Kindergarten - - - - - - - - - - - -  
The kindergarten is a one floor building and it was treated as a 

4-zone case. Each of the zones 1, 2, and 3 consists mainly of two 

play rooms. Zone 4 is a large room for common use with kitchen, 

staff quarters and toilet (fig 4). 

The building is mechanically ventilated. Air is supplied to 

zones 1, 2, and 3 and air is exhausted from zone 4. There was no 

recirculation of air. The air passes from zone 1, 2, and 3 to zone 

4 through doors and grilles placed above the doors. Exhaustion 

from toilets was deactivated during the measuring period. 

Duration of the measurement was 10 days and nights, and BATS 

registered in two periods, each of 4 x 12 hours. 



Figure 4. Kindergarten. Floor plan. 

Zone Vol. Avg. Number of Source Number of Number of 

(m3) temp. sources type CATS BATS 

1 Rooms 101/2 175 22.0 2 PDCB 2 1 
2 Rooms 103/4 175 21.0 2 PMCH 2 1 
3 Rooms 105/6 230 21.0 2 PMCP 2 1 
4 Room 118 850 21.5 4 PDCH 4 1 

Table 5. Kindergarten. Zonedata. 

As can be seen from table 6 and figure 5, the two measuring 

methods show the same tendency: largest air infiltration rate to 

zone 2, less to zone 1, 3, and 4. 

Zone Vol. BNL/AIMS (CATS) BNL/AIMS (BATS) TI 
(m3) BNL +/- SD BNL +/- SD 

1 Rooms 101/2 175 0.95 +/- 0.26 0.80 +/- 0.18 1.04 
2 Rooms 103/4 175 1.47 +/- 0.52 1.15 +/- 0.12 1.07 
3 Rooms 105/6 230 0.58 +/- 0.14 0.51 +/- 0.08 0.86 
4 Room 118 850 0.30 +/- 0.13 0.50 +/- 0.18 0.26 

Total 1430 0.57 +/- 0.06 0.62 +/- 0.12 0.55 

Table 6. Kindergarten. Measured air infiltration rates, (m3/h per 
m3) . SD: Standard deviation, see text two-storey flat. 
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Figure 5. Kindergarten. Measured air infiltration rates (m3/h per 
m3). BNL/AIMS-CATS measurement vs. the TI measurement. 

Results of measurements in zone 1 and 4 can be considered equal, 

and measurements of the whole-house air infiltration rate are 

almost identical. 

The ventilation system can be characterized as well balanced 

(table 7), and as could be expected, air exchange rate between 

zone 1, 2, and 3 was low. 

To be able to compare passive and active collection of tracer- 

gas, one of the two adsorption tubes in each of zone 1, 2, and 3 

was placed near the BATS. Results (not shown in this paper) indi- 

cates that CATS and BATS register identical concentrations of 

tracergas. 

Zone to zone Air flow (m3/h) Zone to zone Air flow (m3/h) 

1 - 2 8.6 +/- 8.4 
1 - 3 2.4 +/- 1.5 
1 - 4 195.0+/-81.2 
2 - 1 15.9 +/- 7.8 
2 - 3 17.4 +/- 7.2 
2 - 4 215.9 +/- 88.1 
1 - outside 9.2+/- 62.6 
outside - 1 165.5 +/- 44.4 
3 - outside -35.2 +/- 49.3 
outside - 3 132.6 +/- 31.2 

3 - 1 
3 - 2 
3 - 4 
4 - 1 
4 - 2 
4 - 3 
2 - outside 
outside - 2 
4 - outside 
outside - 4 

Table 7. Kindergarten. Air flow (m3/h) between zones. 



In each of the play rooms in zone 1, 2, and 3 TI supplied tra- 

cergas and measured the concentration. In each zone a significant 

difference between air infiltration rates in the two play rooms 

could be observed, with considerable fluctuations in the air flow 

to the bigger room. 

Figure 6 shows the whole-house air infiltration rate measured by 

means of BATS. As can be seen, steady state conditions prevailed 

during the first period, whereas conditions were more unstable 

during the second period. 

Fi ure 6. Kindergarten. Whole-house average air infiltration rates 3 (m /h per m3), measuring period divided into BATS periods. 
Continuous line: BNL/AIMS-BATS measurement. 
Broken line : TI measurement. 

Test flat in Sweden - - - - - - - - - - - - - - - - - - -  
In the laboratory at the National Swedish Institute for Building 

Research (SIB) a full scale one floor test flat is built. The flat 

consists of living room, bedroom, kitchen, bath and hall. In the 

test flat it is possible - with great accuracy - to control and 
measure the supply of outdoor air to each room. 

The aim of the measurements made in this flat was to test the 

performance of BNL/AIMS under controlled laboratory conditions. 

Two sets of measurements were carried out: internal doors open 



and internal dooxs shut. Each measurement lasted 3 days and 

nights. Only CATS were used, and the flat was treated as a four 

zone case. Zone 1: living room, zone 2: bedroom, zone 3: kitchen 

and zone 4: bath and hall. 

Mechanical exhaustion from kitchen and bath (67 m3/h and 28 m3/h 

respectively) was active during both measurements. Outdoor air was 

supplied through openings in the ceiling in the living room and in 

the bedroom. Simultaneous measurements were carried out by the 

standard measuring equipment in the flat. Mixing fans were used 

during both measurements. 

Figure 7. Laboratory flat. Floor plan. 

Zone Vol . Number of Source Number of Number of 

(m3 1 sources type CATS BATS 

1 Livingroom 56 1 PDCB 3 0 
2 Bedroom 3 6 1 PMCH 2 0 
3 Kitchen 3 5 1 PMCP 2 0 
4 Bath/Hall 4 9 1 PDCH 3 0 

Table 8. Laboratory flat. Zonedata. 



Internal doors open 

The measurements indicate a uniform distrution of tracergas in 

the whole flat. As could be expected: Air exchange rates between 

zones were comparatively high and directions of air movements 

diffuse, see table 9. 

Zone to zone Air flow (m3/h) Zone to zone Air flow (m3/h) 

1 - 2 132.1 +/- 74.5 
1 - 3 130.2 +/- 38.5 
1 - 4 40.1 +/- 42.6 
2 - 1 126.9 +/- 48.1 
2 - 3 0.4 +/- 19.0 
2 - 4 39.7 +/- 36.6 
1 - outside -3.0 +/- 37.7 
outside - 1 41.9 +/- 11.5 
3 - outside 17.1+/- 37.0 
outside - 3 9.9 +/- 4.4 

3 - 1 
3 - 2 
3 - 4 
4 - 1 
4 - 2 
4 - 3 
2 - outside 
outside - 2 
4 - outside 
outside - 4 

Table 9. Laboratory flat. Air flow (m3/h) between zones. Internal 
doors open. 

Table 10 and figure 8 show the result of the BNL/AIMS measure- 

ment compared with the SIB measurement. As can be seen, there is 

good agreement between the two, especially with respect to the 

whole-house air infiltration rate. 

Zone Vol . BNL/AIMS (CATS) SIB 

(m3 1 BNL +/- SD 

1 Livingroom 56 0.75 +/- 0.21 
2 Bedroom 3 6 0.81 +/- 0.34 
3 Kitchen 35 0.28 +/- 0.13 
4 Bath/Hall 49 0.09 +/- 0.10 

Total 176 0.49 +/- 0.03 

Table 10. Laboratory flat . Measured air infiltration rates (m3/h 
per m3). Internal doors open. SD: Standard deviation, see text 
two-storey flat. SIB: The National Swedish Institute for Building 
Research. 
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Figure 8. Laboratory flat. Measured air infiltration rates (m3/h 
per m3) Internal doors open. BNL/AIMS - CATS measurement vs . the 
SIB measurement. SIB: The National Swedish Institute for Building 
Research. 

Internal doors closed 

Internal doors were closed with a 10 mm fissure above doors. 

Standard deviations of average concentrations measured of each 

tracer in each zone are below 10 per cent - not considering PMCP 
placed and measured in zone 3. 

- 

Zone to zone Air flow (m3/h) Zone to zone Air flow (m3/h) 

1 - 2 
1 - 3 
1 - 4 
2 - 1 
2 - 3 
2 - 4 
1 - outside 
outside - 1 
3 - outside 
outside - 3 

3 - 1 
3 - 2 
3 - 4 
4 - 1 
4 - 2 
4 - 3 
2 - outside 
outside - 2 
4 - outside 
outside - 4 

Table 11. Laboratory flat. Air flow between zones. Doors closed. 



Significant air movements from living room and bedroom to kit- 

chen and bath were observed (table ll), whereas no other air move- 

ments were observed. Air flows were small compared to the case 

with internal doors open. 

Zone Vol . BNL/AIMS (CATS) SIB 

(m3 1 BNL +/- SD 

1 Livingroom 56 0.67 +/- 0.08 
2 Bedroom 36 1.08 +/- 0.12 
3 Kitchen 35 0.30 +/- 0.11 
4 Bath/Hall 49 0.12 +/- 0.05 

Total 176 0.53 +/- 0.04 0.54 

Table 12. Laboratory flat. Measured air inf iltration rates (m3/h 
per m3). Internal doors closed. SD: Standard deviation, see text 
two-storey flat. SIB: The National Swedish Institute for Building 
Research. 
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Figure 9. Laboratory flat. Measured air in£ iltration rates (m3/h 
per m3) . Internal doors closed. BNL/AIMS-CATS measurement vs . the 
SIB measurement. SIB: The National Swedish Institute for Building 
Research. 



Generally there is good agreement between measurements made with 

BNL/AIMS and by SIB. Exfiltration from zone 3 measured by BNL/AIMS 

was 60,3 m3/h and from zone 4 32,4 m3/h, which is close to SIBf s 

preset exhaustion rates mentioned above, 

Conclusion 

Experience gained from field use of BNL/AIMS shows the measuring 

equipment to be easy and uncomplicated to handle. However, the 

importance of keeping the sources and the samplers well separated 

during storage and transportation (in order to aviod unintentional 

contamination of the samplers) is a minor irritant. 

Placed in a dwelling the measuring equipment is practically in- 

visible, thus interference with the occupants are not induced. 

In spite of the very few measurements made, and even though the 

primary aim of this project was to gain experience with the prac- 

tical use of the measuring equipment, the measurements do indicate 

the BNL/AIMS-method to be useful. Further investigations, theo- 

retically as well as based on laboratory tests and field use, are 

however essential before the method can be widely accepted. 

The mathematical multi-zone infiltration model used may be 

modified (in order to reduce the negative bias) through question- 

naires to the inhabitants about their airing routines. Distribu- 

tion of tracergases (single-zone and multi-zone) must be examined 

under laboratory conditions and comparisons to known methods must 

be made through extended field studies. In the future The Indoor 

Climate Division at The Danish Building Research Institute plans 

to carry out such investigations. 
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SYNOPSIS 

The 'Simplified Technique' is a method by which it is possible to determine approximately the 
infiltration and ventilation rates of large and complex buildings. The aim is to provide a reliable 
and easy-to-use procedure for non-specialists. 

This paper describes a working protocol for using this technique. Results from computer model 
studies are given to provide guidance on use of the technique and its potential accuracy. The paper 
concludes with a description of field measurements in two naturally ventilated office buildings 
using simple, robust and inexpensive hardware designed for this purpose. 

I .  INTRODUCTION 

Adequate ventilation is essential for the health, safety and comfort of the occupants of buildings 
but excessive ventilation leads to waste and in some cases to discomfort. Guidance has to be 
provided on means of ensuring that these requirements are met while avoiding the waste of resources 
inherent in excessive ventilation. Data are therefore required on ventilation rates in existing 
buildings for assessing the effects of remedial measures and for improving methods for predicting 
ventilation rates. 

Air enters a naturally ventilated building either through purpose-built openings like windows or by 
uncontrolled leakage (infiltration) through cracks etc. Despite the fact that the majority of 
buildings, whether for commercial, public or domestic use, are naturally ventilated, there is a 
dearth of experimental data on con~plex buildings like offices. This is because large, nlulticelled 
and naturally ventilated buildings pose many inherent difficulties when conventional tracer gas 
techniques are used to measure ventilation rates. Techniques employing multiple tracer gases can be 
used [I ,2,3] but these are labour intensive and require both specialist equipment and staff. To 
overcome these difficulties, a 'simplified technique' was originally proposed in a previous paper 
141 and evaluated through computer modelling [5] and field work 15.61. 

This technique is a method for determining approximately the overall airchange rate (i.e. total 
volumetric air inflow rate divided by the building's volume) of large and complex buildings using a 
single tracer gas. The aim is to provide a reliable and easily implemented procedure which can be 
used by non-specialist personnel. Analysis can be done off-line at a central laboratory which 
allows this method to be used in buildings at remote sites. 

In practice, this involves dispersing a tracer gas (such as sulphur hexafluoride, SF6) within a 
building. No particular attention is paid to how cotnpletely or uniformly the tracer gas is 
dispersed either initially or during the period of the test. This feature is significantly 
different from the conventional single tracer ventilation measurement methods. No artificial mixing 
of tracer with the internal air is required. 

Once the gas has been injected, a suitable period of time is allowed to elapse after which two 
averaged air sanlples are taken at one or more representative locations. Satnple concentrations, 
usually in the parts per billion (ppb) range, are then analysed off-line in  the laboratory to 
determine the infiltration or ventilation rates. 

This paper extends previous studies [4,5,6] in the following ways: 
- A working protocol for inlplementing this technique is described. 
- Results from new computer lnodel studies are given to provide guidance for the required 

delay period, td, between seeding and sampling. Results are also used to give an 
indication as to the closeness of the decay rate obtained with the true whole-building 
airchange rate. 



- Hardware. which could be used with this technique, is described. This includes automated 
and portable sampling units which have been designed for ease of use. 

- Exploratory field. measurements in two naturally ventilated office buildings are described 
to illustrate the use of this technique in practice. Predicted delay periods are conlpared 
with those obtained during the field measurements. 

2. THEORETICAL DESCRIPTION 

The theory and assumptions governing the simplified technique are described fully in an earlier 
paper [4] but the essential features and assumptions are given here for sake of completeness. In a 
multicelled building with n-cells, the concentration, c(t), of tracer gas in any one cell will vary 
with time t according to, 

where XI, A2, .., An are constants (eigenvalues) which can be computed numerically [4,5] along with 
the coefficients, a l ,  a2, ..., an. 

In single-celled buildings where the tracer gas can be well-mixed with the internal air, the 
building's airchange rate is determined by measuring the slope of the logarithm of the tracer 
concentration as it decays with time. In multicelled buildings, andlor in conditions of poor 
mixing, this approach is not valid since the concentration profiles will not only be influenced by 
the air exchanges with the outside but also by those between individual spaces. 

In such situations, two distinct 'decay' regions would be present in the semilogarithniic plots of 
concentration profiles taken within any of the multicelled spaces. The first of these, termed the 
'transition' region, occurs as soon as decay begins. This region is influenced by contributions 
from each eigenvalue. Within this region, the slope of the semilog plot varies with time. 

With increasing time, this variation is reduced and a 'dominant' region is established in which the 
slope is nearly constant and equal to the smallest eigenvalue. It has been shown [4] that this 
eigenvalue, Amin. would, under certain circumstances, approximate to the overall whole building 
airchange rate. 

It was also shown that the eigenvalues depended only on the intercell airflows and were totally 
independent of either the initial tracer gas concentration or its distribution. This is significant 
when implementing the 'simplified' technique since it means that a tracer need not be initially 
dispersed either uniformly or throughout a building because all concentration profiles, obtained at 
any point within the building, would have a dominant region with the same slope. 

The closeness of the minimum eigenvalue, Amin, to the overall airchange rate is primarily dependant 
on the extent of internal mixing that is present within the building. It also depends on whether 
the building is well-connected, i .e. there is unrestricted communication between each zone (a 
collection of cells which behaves similarly) with its immediate neighbours or, if not, individual 
rooms (cells) within a zone of interest are well-connected. 



3. COMPUTER SIMULATION 

A coniputer simulation study was carried out to determine the closeness of Amin to the overall 
building airchange rate in a mathematical nlodel of a multicelled building. The time delay, td, 
required for this rate to be established (within + 10% of the final value), on a tracer gas senlilog 
decay plot, was also studied. The computer program used was designed to study movement of 
contaliiinants in a multicell environlilent and had previously been used in field [2,3] and prediction 
[4,5] studies. 

In the present study, two models of a nominal multicell building were considered. Model I 
concentrated on dispersion within a single storey when there was restricted air movement between 
individual storeys but free movement within each storey. In the second study (Model 11). airflows 
through a common stairwell allowed three individual storeys to communicate with each other. 

It was also recognised that even though eigenvalues depended solely on the internal air movements, 
the time delay td was a function also of the distribution of the tracer within the building. In 
Model I1 siniulations, therefore, various tracer dispersion strategies were considered. 

3.1 . Model I (Single Storey) 

The model consisted of seven cells (Fig I ) ,  representing two sets of three rooms with each set on 
either side of a corridor running along the width of the building. Each room volume was set to 
unity with the corridor volume taken to be twice that value. Figure 1 also shows the two airflow 
configurations, Cases I.A. and I.B., were chosen to give a whole building airchange rate of unity. 
The flows were configured to represent conditions when the external wind was blowing parallel to the 
wide face of the building or normal to it. 

In previous papers [4,6], a 'mixing parameter' f3 was superimposed on internal airflows to simulate 
interzonal mixing. Values for $ were chosen, somewhat arbitrarily, to represent conditions ranging 
from good to bad mixing. For this paper a range of values for f3 were obtained by considering 
airflows obtained from a previous prediction [7] on an existing three-storey office building where 
total inflows into the the major central area of each of these storeys ranged from 470 to 800 m3/hr. 

Lidwell [8] showed that inherent air turbulence within buildings permits a two-way exchange of air 
through open doorways. For a typical open doorway (1.9 m high by 0.8 nl wide) connecting an office 
to a central corridor, calculations [8] indicate a two-way turbulent exchange of 430 m3/hr through 
each half of the doorway, similar to the exchanges [9] brought about by a temperature difference of 
2OC between the room and corridor. Using a previous [4] definition for the mixing parameter, i.e. 
ratio of mixing to total inflow (in this instance into a single storey), f3 will then take values 
lying between 0.5 and 0.9 In the present simulation, these are covered by values of 0.3 and 1.0 for 
$ to maintain consistency with previous work. 

Table 1 lists the eigenvalues obtained for each of the four simulations. In each instance, Amin is 
showti to be considerably smaller than the others. As expected, Amin approxinlates to the 
whole-storey airchange rate and the correspondence between these two parameters increases (from 
within 20% of each other to within 10%) as mixing increases. 

With the tracer gas dispersed throughout the whole storey, time delays td, expected in each of the 
seven cells were calculated and given in terms of a system time constant, defined as the reciprocal 
of the overall airchange rate. Results showed that in all cases, td never exceeded a value of 0.6 
tinie constants. As an example, Figure 2 shows how quickly the dominant region is established in a 
windward room, a leeward room and tlie corridor when f3=0.3 for Case I.B. The closeness of the 
dominant slopes of these profiles to the whole-storey airchange rate is shown by coriiparison with tlie 
decay profile obtained when there is perfect mixing (@=a) between cells. 



3.2. Model I1 (Three-storey Building) 

This consisted of three storeys, connected through a common stairwell (Fig 3) .  The volun~es of the 
four zones were each set to unity. Three airflow configurations, considered previously 161, were 
used to represent conditions which were solely temperature (i.e. buoyancy) driven, wind driven or a 
combination of buoyancy and wind induced. Also, three tracer gas dispersion strategies were 
considered, namely; 

- tracer distributed only in stairwell. 
- on all storeys except in stairwell, and 
- tracer dispersed throughout building. 

The mixing parameter for this model was obtained by considering results from pi-evious field 
measurements in two naturally ventilated office buildings. In one building, multiple tracer gas 
measurements [3] showed that 6 was about 0.1 for two-way flows between each storey and a common 
stairwell. 

In the other building, measurements [5] indicated ventilation rates between 3,400 and 3,900 m3/hr. 
Within this building, each storey connected to a common stairwell through a 1.7 m wide by 1.9 m high 
doorway. Two-way exchanges between each storey and tlie stairwell were calculated using the same 
calculation procedure described earlier giving 6 a value between 0.2 and 0.25. Considering values 
of f3 obtained for both these buildings, it was decided that values of 0.1 and 0.3 would be 
appropriate for use in the computer simulations. 

Table 2 lists the eigenvalues obtained for each of the computer simulations. It can be seen that 
Amin is considerably smaller, and hence more dominant, than the other rates and that its value is 
usually within 30% of the true whole-building airchange rate. 

Table 2 also lists delay times, td, obtained in each zone. Although no specific pattern can be 
identified, the following general trends are seen; 

- td can vary between zero (immediate dominant decay) and 6 time constants, 
- time delays are smaller when there is increased internal mixing, and 
- td averaged from all cases lies between 1.6 - + 0.5 time constants at the 95% level of 

confidence. 

3.3. Discussion of computer model studies 

Computer model studies were used to determine how soon a dominant decay region is established when 
using tlie simplified technique and how well the semilogarithmic slope approximated to the overall 
ventilation rate. A variety of airflow configurations, approximating as much as possible to 
real-life situations, were considered. 

Results from representation of tracer dispersion in an isolaied storey of a multi-storey building 
show that a dominant slope, eqirivalent to Amin, is established on a 'decay' plot within at least 0.6 
time constants and that the magnitude of this slope is within 20% of the true ventilation rate of 
that single storey. 

In a multistorey building, where each storey is interconnected, compilter simulations show that 
semilogarithmic concentration decay profiles will give an approximation to the building ventilation 
rate provided sufficient time has elapsed after the tracer gas is dispersed. This study indicates 
that this could be as close as 30% of tlie true rate and is similar in value to that foulld in an 
earlier study [ S ] .  The closeness of this approxiniatio~i will depend on the extent of inter~ial 
mixing. 



Simulations also indicate a variation in the period needed before the decay rate approximates 
towards the overall airchange rate. For these particular cases, results show that a period of two 
time constants would be sufficient in most instances. 

4. HARDWARE FOR FIELD MEASUREMENTS 

The aim of the simplified technique is to provide a simple and robust ventilation measurement 
procedure which could be used by non-specialists. The technique requires the operator to inject a 
tracer gas into a building and, after a suitable period has elapsed, to take samples of air at 
various locations within the building. 

Although the measurements can be carried out at remote sites, subsequent analysis requires the 
samples to be sent to a central laboratory. Suitable gas analysers can then be used to measure the 
sample concentrations. 

The proposed user of this technique would therefore require, in addition to the protocol for 
conducting these measurements, the following hardware; 

- portable tracer gas cylinders, together with an outlet valve preset to a specified delivery 
rate. 

- suitable containers in which to collect and retain air samples while they are sent to a 
central laboratory for analysis. 

- sampling units, each pre-programmed to collect air samples into the containers at specified 
times and for specified durations. 

4.1. Tracer injection 

Sulphur hexafluoride, SFg, was the natural choice since it satisfied all the properties that are 
either necessary or desirable in a tracer gas 171. The ability to measure concentrations at levels 
of parts per billion (ppb) volume, using electron-capture gas chromatography, made it additionally 
desirable for the simplified technique. 

Small pressurised cylinders containing liquified SFg, each weighing 3 kg in total when full, were 
used since they were sufficiently light for portability. Each contained a sufficient quantity of 
gas for many tests to be carried out from one cylinder. The exact number depended on factors such 
as initial target concentration, volume seeded and building airchange rate. As an example, one SF6 
cylinder can be used for approximately 100 tests in a 5,000 m3 building if the initial required 
tracer concentration is set at about 300 ppb. 

A constant flow rate of about 75 mllmin was maintained by attaching a needle-valve to the two-stage 
pressure regulator fixed to the cylinder outlet. This was sufficient to seed a 40 m3 room to an 
initial 300 ppb by i~ijecting the gas for about 10 seconds. 

Additional to SF6, two further gases (Freon 13BI and nitrous oxide, N20) were used in parallel 
experiments. While SF6 and Freon 13B1 were analysed using electron-capture detection, N2O 
concentrations were measured using an infrared analyser. 



4.2. Automated bag-sampler units 

Air samples were collected in 3-litre Tedlar (polyvinylfluoride) bags. It has been shown previously 
[6,7] that these bags would retain SF6 over a period of at least a month without any measureable 
tracer loss. 

Pairs of these bags were connected to automated sampler units (Fig 4). The units were designed and 
built to be robust, compact, easy-to-use and inexpensive. Each unit comprised a pump delivering a 
continuous air sample (0.2 Ilm) to either of two sample bags via a solenoid-valve flow diverter. 
The timing and duration of the two samples were controlled by two pre-set mechanical timers. 

These were set-up so that each bag would be filled continuously over about 15 minutes. This period 
was chosen so that averaged samples could be taken, minimising local fluctuations in tracer 
concentrations. An average decay rate over a l Yi hr period was obtained at each measurement location 
by filling the second bag 1 '/z hrs after the start of the first. 

4.3. Gas chromatographic (GC) analysis 

Air samples, with tracer at ppb levels, were analysed using a Perkin-Elmer Model 8310 GC employing a 
nickel-foil electron-capture detector (ECD). A 2m long glass tube (6 mm OD) packed with 80-100 mesh 
Porapak Q (an ethyl vinyl benzene polymer) was used as the separating column. 

The detector was operated at 350 OC and the oven temperature set at 100 OC. Argonlmethane at 15 
mllmin was used as the carrier gas. With these operating conditions, atmospheric oxygen separated 
at 1.2 minutes, while SF6 and Freon 13B1 (bromo-chloro-difluoro methane), used as a second tracer in 
the field measurements, gave sharp and distinct peaks on a chromatograph at 2.4 and 5.2 minutes 
respectively. 

Pre-calibration work showed that the ECD was approximately five times more sensitive to SF6 than to 
Freon 13B1. Analysis was restricted to the linear response regions, 0-100 ppb for SF6 and 0-850 ppb 
for Freon 13B1 and, when necessary, gas samples were pre-diluted with laboratory air using a large 
(100 ml) glass syringe. 

5. FIELD MEASUREMENTS 

Field measurments were carried out simultaneously in two naturally ventilated office buildings. 
Building A, which is rectan ular in plan, comprises two storeys with a volume of 2153 m3. Building li B (with a volume of 4840 n~ ) is T-shaped and consists of a four-storey block (running approximately 
EW) linked to the southern end of a two storey block aligned NS. A stairwell leading from the first 
level foyer provides common access to all four levels while a stairwell at the northern end linked 
the two lower levels. These buildings are described more fully in Reference 5. 

5.1 . Description of tests 

A total of five tracer gas decay-type tests (summarised in Table 3) were performed - two in Building 
A atid three in Building B. Tests within each building were carried out in parallel and were 
designed to provide comple~llentary results. In addition to the use of SF6, one further tracer gas 
(Freon 13B1) was used in Building A and two (Freon 13B1 and N20) in Building B. 



Tests 1 and 3. in Buildings A and B respectively, were designed to be straightforward tests of the 
proposed protocol for the simplified technique. Dispersion of SF6 was completed one hour before 
sampling on the assumplion that this delay would be sufficient. To cater for the possibility that 
this would not be so, Freon 13B1 was dispersed in two further tests (Tests 2 and 5) five hours 
before sampling was due to begin. 

Since only two discrete samples (from any one location) were to be taken during the above tests, it 
was considered that a useful check would be provided by dispersing N20 as a third tracer and 
analysing it continuously in real time. This was done as Test 4 in Building B when N20  was 
dispersed at the same time as SF6 (Test 3). An automated sampling and data-logging system was used 
to draw air samples continuously from locations in Building B at the same locations as for the 
discrete samples. Samples were sequentially drawn through nylon tubing from each location and 
directed through a Leybold-Heraeus infrared gas analyser. The output was logged on a digital 
recorder for subsequent processing. 

5.2. Location of tracer sampling points 

Within each of these buildings, samples were taken at various locations (Table 4) which were mostly 
along corridors. Previous work [5] has shown that these corridor locations can be considered as 
good representative points for taking air samples. Of the three in Building A, two were located in 
the long corridors on each of the two levels and the third was placed on the short corridor of the 
second level near to the stairwell connecting the two storeys. 

Four locations were chosen in Building B. Two were on the first level at either end of the 
building; one was placed at the northern end of a central corridor (with office rooms on either 
side) and the other was placed at the southern end in a foyer area. Two others, one at the northern 
end and the other at the southern end, were placed on level 2 and 3 corridors respectively. 

5.3. Test Conditions 

As before, all tests were conducted when the buildings were unoccupied. Even though it was warm, 
the space heating was kept on to enhance any mixing between the tracer gases and the internal air. 
All internal doors were kept propped open but all outside windows and doors were shut. Outside 
weather conditions were monitored at a height of 10 m at a nearby open site. 

Tracer gases were manually injected into each of the buildings. Table 3 lists the durations and 
completion times. Assuming airchanges around 0.5 ach, this target level was set to allow subsequent 
samples to be within the linear calibration range of the GC. Similarly, the release rate of gas 
from a cylinder containing liquified Freon-13B1 was set at 1.4 Ilmin for an initial target 
concentration of about 3.5 ppm. 

For N20,  the initial target concentration was set at about 200 ppm. This relatively high initial 
value was a consequence of the limitation imposed by the range (1 to 150 ppm) measurable on the 
on-line infrared gas analyser. 

Automated bag sampler units were placed at each of the sampling locations. These were set to take 
samples beginning at 1600 and 1730 GMT in Building A and 1525 and 1655 GMT in Building B. Each 
sample was taken over a continuous period lasting either 12 or IS minutes depending on how the clock 
timers in each unit were set. 



During the four hour period when measurements were being made. conditions were as follows; 
- air temperature within Buildings A and B were constant at 23 and 25OC respectively. 
- outside air temperature constant at 1 l°C, 
- wind speed varied around 4 m/s (Fig 5), and 
- the wind was mainly from the north. 

5.4. Results and discussion 

Air samples collected in each of the sampling bags were analysed using the GC. Table 4 tabulates 
the decay rates obtained from the automated units at each of the sampling locations. Rates obtained 
from the N20 decay profiles (Fig 6) in Building B are also tabulated. 

Results for Building A show decay rates of 0.7 hr-I for two locations and 0.5 hr-I for the remaining 
(2nd level corridor) location obtained one-hour after SF6 was dispersed. Rates conlputed from tracer 
gas (Freon 13B1) dispersed five hours before the first sample showed a longer tern1 rate of 0.5 hr-l 
for two locations and 0.2 hr-I for the one on the first level corridor. 

It is difficult to explain this low value. Previous work [5] has, however, shown that these 
discrepancies can occur. With regard to using the simplified technique in the field, such an 
anomalous result suggests that at least three locations should be a~onitored for any given building. 

Results for Building B indicate a building which is not too well-connected and where one zone is 
highly ventilated relative to the others. Results from Test 3 show a higher decay rate at the 
northern sampling location in Level I .  This appears to be the result of the wind blowing fro111 the 
north during the tests, thereby inducing a higher infiltration rate at this location compared to the 
more sheltered locations at the southern side of Level I .  

Comparison with rates calculated from Test 4, using the on-line N20 measurements, shows good general 
agreement between the data sets and gives confidence in the discrete samples. The largest variation 
is the difference between 0.3 (from SFg) and 0.4 hr-I (from N20) for the location at the northern 
end of Level 1.  

Results from the long-term decay experiment (Test 5) suggest a reducing decay rate on three of the 
four locations. While the decay rate on the northern side of Level 1 remains at 1.0 hr-l, tlie rate 
at the southern side is reduced. The other two locations settle to rates in tlie region of 0.3 to 
0.4 hr-l. 

5.5. Conclusions 

Field measurements indicate that the simplified technique can identify either a well-connected 
building or one where distinctive ventilation patterns occur. In the former, as in Building A, an 
overall steady decay rate is obtained. Prediction analysis, arrived at earlier show that this value 
is a good measure of the buildings overall airchange rate. 

In Building B, the simplified technique appears to identify portions of the buildings with 
distinctive airchange rates, i.e. those which do not conitnunicate well and which may be either 
greater or less ventilated tlian the building overall. These results indicate that in such 
instances, it would be incorrect to ascribe a unique value to the airchange rate of the building. 



6. PROPOSED PROTOCOL AND OVERALL CONCLUSIONS 

The 'simplified' technique relies on decay rate measurements made during the dominant period as an 
approximation to the overall airchange rate of a multicelled building. Currently, it is difficult 
to experimentally assess how good this approximation is because of the lack of proven and practical 
techniques, especially in naturally ventilated buildings. 

At present, therefore, recourse has to be made to computer modelling. Two models, one representing 
a single storey and the other a multistorey building were tested through various airflow 
configurations for realistic degrees of internal mixing. Results indicated that rates measured 
using the simplified technique would be usually within 30% of the true airchange rate and that this 
approxin~ation would be better with increased internal mixing. Given the ease with which this method 
can be used in the field, it is considered that this approximation is acceptable. Bearing in mind 
the known possible variation (by a factor of four) in the ventilation rate [lo] for housing between 
nominally identical buildings, the simplified method gives results which are much better than 
commonly used estimates. 

Computer modelling also predicted that dominant decay regions would be set-up relatively fast 
(within 0.6 time constants) within any single isolated storey. In an interconnected multistorey 
building, however, this could increase up to six time constants. Two time constants would, however, 
be a more likely figure. 

Using hardware, designed specifically for robustness and ease of use, field measurements were 
carried out in two naturally ventilated office buildings. Parallel measurements, using additional 
tracer gases, were carried out to determine the integrity of the computed rates. 

Measurements indicated that the one hour delay between dispersing and sampling a tracer gas was 
insufficient for the dominant decay to be established and that a longer time interval would have 
been better. Results from the tests in the second building showed, for the particular weather 
configurations for that day, a building where one zone was highly ventilated relative to the others. 

From this and previous studies, a protocol for using the simplified technique in a n~ulticelled 
building would be as follows: 

1 .  Conduct tests during stable weather conditions (e.g. absence of blustery winds). 
2. Open all internal doors and shut all openings to the outside. 
3. Disperse the tracer gas within as much of the building as possible. The injection rate 

should be set according to the intial target concentration which is determined by; 
- time period over which the test is taking place, and 
- concentration range over which it is possible to analyse the samples. 

4. Allow time for the gas to disperse within the building so that a dominant decay region can 
be established. It appears from these limited tests and computer n~odelling that four hours 
would be sufficient in medium-sized office buildings. 

5 .  Take two 'spot' samples at each location of interest with at least three locations being 
nionitored in any one building. Each of these samples should be an average over 15 minutes. 
and the times at which each filling starts should be separated by about 1.5 hrs. This 
would allow sufficient clarity between samples during subsequent GC analysis. 

6. For off-line analysis, samples should be collected in Tedlar bags. Times and locations at 
which these bags were filled should be noted. 

To surnmarise, this paper described a simple technique for determining approximately the ventilation 
or infiltration rates of large, ~nulticelled buildings using a single tracer gas. The expected 
accuracy of the technique was tested in a computer model study. Field measurements, using 
inexpensive and robust hardware, show this technique yields usefi~l information. Further field 
trials are planned and guidance given accordingly. 
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MIDEL -- I .A. -- --- I.B. - 

Mixing R a t i o  0.3 1 .0  0.3 1 .0  

Eigenvalues: 
min 0.96 0.99 1.19 1.08 
2 11.30 33.68 14.41 36.93 
3 2.88 8.48 4.40 9.99 
4 9.27 8.87 4.99 10.59 
5 3.06 8.67 3.81 9.41 
6 3.16 8.76 5.16 9.24 
7 2.97 8.57 3.64 10.76 

TNX33 1 figenvalues for Single-Storey Ccquter -1 

D E L  I1 Buoyancy Wloyancy + Wind Wind 

Mixing ratios 0 .1  0.3 0.1 0.3 0 .1  0.3 

Eignvalues  
min 1.06 1.26 0.75 0.85 0.60 0.81 
2 4.97 8.00 2.58 5.18 2.19 4.89 
3 2.08 2.34 1.86 0.85 1.29 1.85 
4 2.90 3.60 1.01 1.70 1.72 2.44 

With whole building seeded, d e l a y  periods as measured wi th in ;  
F i r s t  s t o r e y  4.9 1.9 0.1 0.1 1 .8  1.4 
Second s t o r e y  1.1 1.2 1.6 0.9 6.1 2.2 
Th i rd  storey 0.5 0.7 3.3 1 .6  5.4 2.2 
Stairwell 0.1 0.2 1 .8  0.1 4.2 0 .1  

With o n l y  t h e  three s t o r e y s  seeded, d e l a y  periods as measured w i t h i n ;  
F i r s t  s t o r e y  4.7 1 .8  2.7 0.7 0.2 0.3 
Second s t o r e y  0 .1  0.1 0.3 0.4 5.8 2.1 
Th i rd  s t o r e y  0.3 0.9 2.4 1.4 4.9 2.1 
S t a i r w e l l  0.5 0.5 1 .8  0.9 0.5 0.3 

With o n l y  t h e  s t a i r w e l l  seeded, d e l a y  p e r i o d s  as measured w i t h i n ;  
F i r s t  s t o r e y  0.5 0.4 1 .8  0.3 0.6 1 .8  
Second s t o r e y  0.3 1 .7  3.1 1.4 1.1 0.7 
T h i r d  s t o r e y  0.5 0.4 0.8 0.5 0.9 0.6 
S t a i r w e l l  4.7 1 . 5  3.0 1.4 5.3 1 .7  

LlBBL13 2 Eigenvalues and Delay Periods for the Three-Storey eanputer -1 



TEST BI6X; TRA(=ERGAS Target Duration of tracer Cclnpleted Delay to 
Concentration injection (min) at GbQ sanpling (hrs) 

1 A 300 ppb 2 5 1500 1 
SF6 

2 A F13B1 5.5 ppm 

3 B SF6 300 ppb 

4 B 
N2° 200 ppm 

5 B F13B1 5.5 ppm 

TABLE 3 Tracer Gas Dispersion Strategy for Field Meamreients 

Decay rates (per hour) using tracer gases; 

sF6 
F13B1 

N2° 

A F i r s t  Leve l  (Cor r ido r )  0.74 0.16 

Second Level  ( S t a i r w e l l )  0.73 0.50 

Second Level  (Cor r ido r )  0.48 0.51 

B F i r s t  Leve l  (North)  1 .03 1.00 0.92 

F i r s t  Level  (South)  0.28 0.12 0.41 

Second Level  0.67 0.37 0.59 

Th i rd  Level  0.83 0.27 0.87 

TABLE 4 Sapling lkcations and Waswed Decay Rates (per how) 
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Figure 1 Airflows in Model I (Single Storey) 
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Figure 2 Ekanple of Concentration Profiles from Cqyter Enbdel I.B. 



Figure 3 Airflows in Model I1 (Three-storey Building) 
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SYNOPSIS 

The accuracy of tracer gas measurements of building air 
infiltration rates has been a widely discussed topic. One 
question that has often come up at past AIVC conferences is the 
ability of passive methods, such as the Perfluorocarbon Tracer 
(PFT) method, to accurately measure fluctuation air flow rates. A 
series of field studies is being conducted to compare the air 
infiltration measurements of the constant concentration tracer gas 
(CCTG) and PFT methods and provide recommendations for their 
proper implementation in the field. 

The field studies include side-by-side measurements of multi-zone 
air infiltration rates using the CCTG and PFT methods. The 
results are reported from two tests in an unoccupied single- 
family house and eight tests in an occupied house. Test periods 
varied from one to three weeks. The measurements from the 
unoccupied house showed that there were no major discrepancies 
between the two methods. The PFT measurements in the occupied 
house were consistantly lower than those by the CCTG method. Warm 
weather periods with substantial, periodic airing resulted in the 
PFT method producing underprediction errors greater than 30%. 
During the cold weather periods when the fluctuation in the 
infiltration rate was due to weather changes and a small amount of 
airing, the underprediction error ranged from 5 to 29%. 

1.0 INTRODUCTION 

The Perf luorocarbon Tracer (PFT) approach, as developed by Dietz 
et all at the Brookhaven National Laboratories (BNL), is a 
efficient method for field measurements of multi-zone air flow 
rates and studies of indoor air pollutants. Questions have been 
raised about the accuracy of the method since it relies upon 
natural air movement in the zones for tracer mixing and some of 
the equipment used is presently unfamilar to much of the air 
infiltration research community. It has also been recognized that 
due to an approximation in the development of the air flow rate 
computation, the technique will generally underestimate the 
average air infiltration when the infiltration rate is not steady. 

The purpose of this study is to evaluate the accuracy of field air 
flow measurements using the PFT technique. The initial portion of 
the study analyzes the expected error in the flow measurements 
resulting from inaccuracies in the PFT equipment. Simultaneous 
PFT and constant concentration tracer gas (CCTG) field 
measurements are then conducted to judge the actual performance of 
the method. These measurements are performed in unoccupied and 
occupied single family houses under various weather conditions. 

2.0 DESCRIPTION AND ACCURACY OF SYSTEMS 

2.1 Constant Concentration Svstem 



The constant concentration tracer gas system measures the air 
infiltration rate in separate zones of a multi-zone building by 
keeping the concentration of a single tracer gas constant at a 
target level in all the zones. This is accomplished by varying 
the tracer injection rate in each zone according to the 
concentration measurements and estimated air infiltration rates in 
the zones. Using this method, the air infiltration is 
approximately equal to the tracer injection rate for the zone 
divided by the target concentration. 

The CCTG measurements were performed usin two different 10 zone 
4,3 systems developed at Princeton University . Both use sulphur 

hexaflouride (SF6) as a tracer gas with target concentrations 
ranging from 50 to 350 parts per billion (ppb). Each system 
measures the concentration of SF6 using a gas chromatograph (GC) 
with an electron capture detector (ECD). The original system has 
an aluminum oxide column and operates with a 60 second sample 
time. The most recent model, system two, uses a moisture trap, 
molecular sieve columns, and a backflushing arrangement to achieve 
a reduced sample time of 30 seconds (if necessary the sample time 
can be reduced to 15 seconds). Both systems have been modified to 
provide hourly adjustment for GC drift, on site graphic display of 
data, and remote access of on-going and past data via 
telecommunications. 

Errors in the infiltration rates measured by the CCTG technique 
are the result of nonuniform mixing in a zone, fluctuations in the 
flow rates, and uncertainty in the injection flow rate, 
concentration measurement, concentration of the injection gas, and 
concentration of the calibration gas. For typical system 
operating conditions, a high degree of intrazone mixing, and 
adequate physical divisions between zones, the uncertainty in the 
air infiltration measurement is approximately 5%4. Since the 
unoccupied house had a large open staircase between the downstairs 
and upstairs the uncertainty in the air infiltration measurements 
is assumed to be 10%. The uncertainty of the measurements in the 
occupied house are also assumed to be 10% because no mixing fans 
were used and there were sometimes large fluctuations in the flow 
rates due to the opening and closing of windows (i.e. airing). 

2.2 Perfluorocarbon Tracer Svstem 

The PFT method is a passive, constant emission tracer gas 
technique which can be used to measure average infiltration and 
interzone air flow rates in a multi-zone building. The 
measurements are performed by placing a constant source (or 
emitter) of a different type of tracer gas in each zone of the 
building and recording the average concentration of each gas in 
each zone. 

A detailed description of the equations used to compute the 
multizone air flow rates is presented in Dietz et all. A 
discussion of the development of these equations for a single zone 
case is presented here to illustrate the underprediction problem 
of passive methods. For a single zone building when the testing 
period is sufficiently long (greater than two to four days), the 



tracer emission rate is equal to the product of the concentration 
and the infiltration rate. Given a relatively constant emission 
rate, the average infiltration rate is equal to the product of the 
emission rate and the average of the inverse of the concentration. 
Because it is not practical to measure the average inverse 
concentration, the inverse of the average concentration is used 
instead. The two quantities are identical when the infiltration 
rate is steady but the inverse of the average is smaller for 
fluctuating infiltration rates. The effect of using the inverse 
average concentration on the underprediction of infiltration rates 
is discussed in the results section. 

The passive sources and Capillary Adsorption Tube Samplers (CATS) 
used in these tests are the same as those developed at BNL~. The 
CATS are small glass tubes about the size of a cigarette. During 
sampling one of the two caps on the ends of the tube is removed 
allowing the tracer gases to diffuse into the tube where they are 
adsorbed by a charcoal-like material (Ambersorb) located near the 
center of the tube. The gas adsorbed in the CATS is driven off by 
heating the tube to 400-450°c in a desorbsion rack and the sample 
is sent to the GC. The GC measures the volume of tracer gas 
contained on the CATS. By knowing the tracer diffusion rate and 
exposure time of the CATS, the tracer gas volume can be converted 
to an average concentration. Experiments performed in our test 
chamber show that the standard deviation of the measured volume of 
a group of 10 CATS exposed for one day was 2.4% of the mean. 
Since this deviation is less than or equal to the accuracy of the 
GC, the precision of the CATS is assumed to be 2%. The passive 
CATS volume measurements were compared to samples taken directly 
from the test chamber and analyzed on the GC. The data from the 
tests indicate that volume measurements by the two methods were 
not statistically significant. Thus, the accuracy of the CATS 
sampling process is assumed to be 2%. 

The passive sources consist of a small metal tube half the size of 
a cigarette containing the liquid tracer gas with a silicone 
rubber plug on one end. The tubes are filled with 0.4 mL of a 
individual tracer and last for two to seven years. A drawback to 
this type of emitter is that the emission rate is strongly 
temperature sensitive. The variation in temperature is 
approximately 5% per degree celsius and is described by the 
following relation5 : 

Sl = S2 exp(-4000(1/T1 - 1/T2)) (1) 

where Si = steady state source rate measured at Ti (K) 

The response of the emission rate to changes in temperature is not 
immediate - the steady-state rate is reached after 10 to 14 days. 
Thus, as long as there is not a steady trend in the indoor 
temperature during the measurement period, under typical 
conditions it is reasonable to use the average temperature over 
the test period to adjust the emission rate and to assume that the 
emission rate is constant. In our measurements it is assumed that 
the temperatures of the emitters are known to an accuracy of 2OC 
which yields an accuracy of 10% for the source rate. 



The gas chromatograph used in the study is similar to the BNL two- 
trap atmospheric model6. Although it can provide direct ambient 
measurements, for this study the system was used only to analyze 
CATSs from the field. The CATSs are analyzed by placing them in a 
desorbsion rack where they are individually heated to drive the 
adsorbed gases onto one of the two GC traps. The GC trap is flash 
heated to 400'~ to send the gases through a palladium catalyst, 
nafion drier, 15cm pre-column, 91.5cm analytical column, and a 
ECD. Backflushing through the catalyst, drier, and pre-column is 
provided at the proper time to prevent heavier gases from entering 
the analytical column. The desorbsion of a CATS and analysis is 
completed in nine minutes. A chromatogram of the three gases 
presently used by our group (perfluoromethylcyclopentane (PMCP), 
perf luoromethylcyclohexane (PMCH) , perfluorodimethylcyclohexane 
(PDCH)) is displayed in figure 1. The desorbsion rack and GC are 
connected to a microcomputer-based data acquisition and control 
system. The software for the system, developed at Princeton 
University, provides automated analysis of a full (23 position) 
rack, system calibration, and storage of the measurements in a 
disk file. The disk file can be read directly into a multi-zone 
air flow rate computation program. 

PFT G a s  C h r o m a t o g r a p h  O u t p u t  

S a m p l e  Peak Display 
Kay, Sapla  GC Amlyeie 091 17/87 at  lth 371 33 trq B 2 

Figure 1. Sample chromatogram showing peaks from three different 
PFT gases : PMCP, PMCH, PDCH. 
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The PFT analysis system is calibrated by measuring the peak height 
response of each of the gases over a range of gas volumes. 
Calibrations are presently performed for volumes from 5 to 500 
pic0 liters. If necessary the range could be expanded or shifted 
down by a factor of 40. A typical calibration curve for the three 
gases is displayed in figure 2. The data are fit to a third order 
polynomial equation using a weighted least squares regression 
technique. The difference between the sample volume and that 
computed from the calibration equation is seldom greater than 3%. 
The calibration of the system typically drifts a few percent from 
day to day. To adjust for this drift three CATSs, with known 
volumes of tracer gas (reference CATS), are analyzed with each 
rack of field CATS. The difference between the known and assumed 
volumes are used for a linearly proportional adjustment of the 
calibration curves. Our tests have shown the drift to be 
proportional over the entire calibration range. 

0 .5 1 1.5 2 2.5 3 

Log (Vol) 

PMCP 

PMCH 

PDCH:B 

PDCH :C 

Figure 2. Typical calibration curve for PFT gases. The curve fit 
is a third order polynomial. 



The calibration samples and reference CATS are constructed by 
flowing a calibration gas of known concentration through a CATS 
for a specified time at a known rate. The accuracy of the timing 
mechanism and flow measuring device is less than or equal to 1%. 
Unfortunately , commercially produced calibration gases of high 
accuracy are not available. In order to establish the PET gas 
concentrations in the calibration cylinder, a series of 
calibration gas exchanges have been conducted with BNL. 
Additional standards were made at Princeton using the gas emitted 
by sources located in a sealed flask placed in a constant 
temperature bath. The standards were produced by flowing air 
through the flask at a constant, measured rate and collecting the 
air in a sample bag. With this method, the concentration of the 
sample bag is equal to the tracer gas source rate divided by the 
air flow rate. The GC measurements from the BNL gas, the sample 
bags, and the calibration cylinder have been compared to determine 
the concentration of the cylinder. From the range of values 
obtained in this process, it is belived that the accuracy of the 
PFT gas concentrations in the cylinder is approximately 8%. 

This section has presented the errors associated with each piece 
of equipment of the PFT system. In addition to these errors there 
is also an error due to the nonnuiformity of the concentration in 
the zone. This error is chosen to be either the standard 
deviation of the CATS measurements in the zone or 5% - whichever 
is greater. Given the uncertainties of the variables in the flow 
equation, the uncertainty of the each air flow rate can be 
approximated by the Euclidean summation of the uncertainty due to 
each variable in the flow rate equation7. Using this method the 
uncertainty of the infiltration rates in the occupied house ranged 
from 15 to 20% for the downstairs, 17 to 55% for the upstairs, and 
14 to 24% for the whole house. 

DESCRIPTION OF TEST HOUSES 

3.1 Unoccu~ied House 

The unoccupied house is a bi-level, single-family residence 
located northwest of Washington, D.C.. The house is heated with a 
heat pump warm air system. There are supply vents in each zone of 
the house and the two return vents are located upstairs. 
Infiltration measurements in this structure have been described in 
previous AIVC publications, including a companion paper in this 
conf erence8 , '. The CCTG system was installed to measure 
infitration in the downstairs and five separate upstair zones. 
For the purposes of this study the flow rates in the five upstair 
zones have been added together and are designated as the single 
upstair zone. 

The PET gases were released by placing two PMCH emitters in the 
downstairs and five PDCH emitters in the upstairs. The 
concentration measurements were obtained using three CATS in the 
downstairs and six to seven upstairs. The temperature in the 
upstairs and downstairs was measured and recored on a separate 
data acquisistion system. The average temperatures over the 
sample period are used to adjust the tracer emission rates. 



3.2 Occupied House 

The occupied house is a single story ranch house with basement 
located in central New Jersey. It is heated with a heat pump, oil 
furnace backup, warm air system. The basement is unfurnished and 
not purposely heated, i. e. , all supply and return vents are 
located upstairs. The total volume of the two levels is 767 cubic 
meters. The house is part of a seven-home radon studylo and is 
designated as house #5 in the figures. As part of the radon 
study, side-by-side CGTG and PFT air flow measurements have been 
conducted for nine consecutive months. 

The CCTG system has been installed to measure infiltration in 
seven upstair zones and two downstair zones. Similar to the 
unoccupied house, the separate zones in the upstairs and 
downstairs have been combined and infiltration measurements are 
reported for these two zones of the building. For the PFT 
measurements the house was also treated as a two zone building. 
PMCH was released in the basement using three emitters and three 
PDCH emitters were distributed upstairs. The concentration 
measurements were carried out using three CATSs upstairs, three 
downstairs, one replicate downstairs, and one blank (i.e. 
unexposed) downstairs. The temperatures in the two zones were 
recorded on a separate data acquisition system and the average 
temperatures over the sample period are used to adjust the tracer 
emission rates. 

4.0 FIELD TEST RESULTS 

4.1 Unoccuvied House 

The simultaneous PFT and CCTG measurements were performed on two 
separate occations. The first test was conducted from August 
21st, 1986 to September 9th. The second test started January 
14th, 1987 and ended January 22nd. Since the CCTG system was 
interrupted every second day to perform interzone tests and the GC 
was not always functioning properly, the CCTG data does not span 
the entire time of the PFT measurements. For the first period the 
CCTG measurements cover 66% of the total time and they cover 77% 
of the second. 

A comparison of the CCTG and PFT data for both time periods is 
displayed in figure 3. The measured average infiltration rates 
for the two separate zones and whole house are shown along with 
the corresponding uncertainties. For all of the values the 
uncertainties of the two methods overlap. This indicates that 
there are no major discrepancies between the two methods. From 
this limited data set (with incomplete coverage by the CCTG 
method), it is difficult to draw any conclusions about the 
tendency of the PFT method to measure lower values than the CCTG 
method . 
4.2 Occupied House 

The PFT measurements from November 1986 to May 1987 have been 
analyzed. These 15 tests span time periods from one to three 
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Figure 3. Results of the CCTG and PFT measurements for the two 
test periods. The error bars indicate the uncertainties of the 
measurements. 

weeks. The CCTG system was operating in the house for 10 of the 
test periods. The results reported here include eight periods 
when the CCTG system was operating for at least 85% of the period. 
On average, the CCTG data covers 93% of the PFT period. 

A comparison of the infiltration measurements of the two methods 
is displayed in figure 4. The data show that the PFT measurements 
are consistantly lower than those by the CCTG method. Figure 5 
displays the same comparison for the whole house data with error 
bars indicating the uncertainty of the measurements (note - one of 
the data points is off scale and has the value: CCTG - 1.30, PFT- 
0.21). Unlike the results from the unoccupied house, in only one 
of the eight measurements does the uncertainty explain the 
difference between the two methods. 
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Figure 4. Results of the CCTG and PFT measurements for the eight 
test periods. The data include the infiltration measurements for 
the basement, upstairs, and whole house. 

A possible explanation for this difference is that the occupants 
of house #5 are causing large fluctuations in the infiltration 
rate during some of the periods. Figures 6 and 7 display the time 
history of the CCTG measurements in house #5 for the eighth and 
twelfth periods. During the twelfth period there appears to be a 
fairly regular pattern of airing each afternoon. At these times 
the infiltration in the basement often increases by a factor of 
ten over its normal value (note - data above 1.0 are not shown on 
the graph). In comparison, the infiltration values shown in 
period eight do not fluctuate as strongly or as regularly. 

From the analysis presented in section 2.2, it is expected that 
the relative magnitude of the fluctation will effect the level of 
underprediction of the PFT method. For the following analysis the 
standard deviation of the infiltration rate divided by the mean 
(normalized standard deviation - NSD), as computed from the CCTG 
data, is used as a measure of the fluctuation. This variable is 
plotted against the percent underprediction of the PFT method (the 
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Figure 5. A comparison of the two methods for the whole house 
data. Error bars are included as a representation of the 
uncertainty of the measurements. 

measurement by the CCTG method minus that by the PFT method 
divided by that by the CCTG - all multiplied by 100) in figure 8. 
The results show that there is a general trend of greater 
underprediction with larger deviations in the flow rate. However, 
there is quite a bit of scatter in the data that is not explained 
by the NSD. 

The expected magnitude of the underprediction error can be more 
accurately determined from the CCTG time history data. These data 
are used with the single zone tracer gas equation to simulate the 
tracer concentration for the PFT method. The simulation is 
performed using the whole house data and treating the house as a 
single zone with one tracer gas being emitted. A two zone 
simulation is not possible since the CCTG system does not 
typically measure interzone flow rates. The constant tracer 
source rate is divided by the average simulated concentration to 
compute the simulated PFT measurement. The simulations were 
performed using the CCTG data from the eight measurement periods. 
A comparison of the percent underprediction of the measured PFT 
flow rate and those from the simulated rates is displayed in 
figure 9. The plot shows that there is a good correlation between 
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Figure 6. CCTG measurements of the infiltration during a winter 
measurement period. This period had the lowest NSD (0.56). 

H o u s e  5 CCTG R e s u  1 t s  XSD = 3.18 

I '  I I I I I I I I I 

I 
87 08 

I I 

BB 

Julian Date 
100 101 102 103 104 105 108 

- Baeem~nt - - Upstolro - - HOUOP 

Figure 7. CCTG measurements of the infiltration during a warm 
weather measurement period. This period had the highest NSD 
(3.18) and the most evident airing. 
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Figure 8. Variation of the percent underprediction of the PFT 
method with the relative magnitude of the infiltration rate 
fluctuation. The fluctuation is measured by the normalized 
standard deviation of the infiltration as reported by the CCTG 
method. 
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the measured and simulated underprediction. The strong 
relationship between the measured and simulated values indicates 
that the variation in the flow rate is responsible for much of the 
underprediction of the PFT method. However, the measured error is 
consistantly greater than the simulated error. This bias could be 
due to either the simplified nature of the simulation (one zone 
instead of two with interzones flows) or a bias in the two 
measurement systems. 
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The results of the simulations show that the underestimation error 
of the PFT method is large when there are strong fluctuations in 
the flow rate. However, in some instances the error is as low as 
5%. The four periods with the largest simulated percent 
underprediction (32 to 78%) occurred during the spring when the 
average outdoor temperatures varied from 12 to 20'~. The high 
levels of NSD (1.8 to 3.2) and large, periodic excursions in the 
infiltration (see figure 7) indicate occupant airing during this 
warm weather. Thus, variation in the infiltration as a result of 



Figure 9. A comparison of the measured to simulated percent 
underprediction for the eight test periods. 

occupant airing, and not changes in the weather, is causing large 
errors in the PFT measurements. The periods with the smallest 
error (5 to 29%) occurred during the winter when the average 
outdoor temperature varied from -1 to ~ O C .  The lower NSDs (0.6 to 
2.0) and fewer infiltration excursions (see figure 6) indicate 
that airing is still present, but to a lesser degree, in the cold 
weather. The reduced airing corresponds to underprediction errors 
less than 30%. In summation, the data show that regular occupant 
airing can result in PFT underestimation errors greater than 30% 
but that infiltration fluctuations due to weather with only small 
amounts of airing result in errors between 5 to 30%. 

5.0 CONCLUSIONS 

The PFT approach has proven to be an efficent way to conduct field 
measurements of air infiltration rates in multi-zone buildings. 
Multiple measurements can be performed in many houses relatively 
easily. The laboratory analysis equipment is complex, but after 
the system became operational it operated reliably. The inherent 
errors of the PFT equipment and non-uniform mixing in a building 



corresponded to uncertainties ranging from 14 to 24% for the whole 
house infiltration measurements in the occupied house. The 
substantial, periodic airing that occurred during warm weather 
resulted in the PFT method producing underprediction errors 
greater than 30%. During periods when the infiltration 
fluctuation was due to weather changes and small amounts of airing 
the underprediction error ranged from 5 to 29%. 
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THE EFFECT OF VAPOUR BARRIER THICKNESS ON AIR TIGHTNESS 

Abst rac t  

Laboratory measurements have shown t h a t  when pressure d i f f e rences  
a r e  app l i ed  across wa l l  and r o o f  elements, the  m a j o r i t y  o f  t h e  
pressure drop takes p lace across the  vapour b a r r i e r .  S i m i l a r l y ,  
f i e l d  measurements have shown t h a t  t he  m a j o r i t y  o f  t he  leakage i n  
Norwegian b u i l d i n g s  occurs a t  t h e  j o i n t s  i n  t he  vapour b a r r i e r ,  
a t  w a l l / f l o o r  j o i n t s ,  around penet ra t ions  o f  the  vapour b a r r i e r  
and through holes i n  the  vapour b a r r i e r .  P r i o r  t o  1980, the  
standard vapour b a r r i e r  i n  Norway was 0.06 mm t h i c k  polyethy lene 
sheet ing.  However i t  was suggested t h a t  t he  use o f  t h i c k e r  mate- 
r i a l  cou ld  reduce the  number of holes i n  t he  vapour b a r r i e r  
created d u r i n g  cons t ruc t ion  so i n  1980 the  use o f  0.15 mm t h i c k  
sheet was i n i t i a t e d  and t h i s  i s  now the  standard. 

Th i s  paper r e p o r t s  on a comparative study o f  the  a i r  leakage per-  
formance o f  these two vapour b a r r i e r  thicknesses. The study con- 
s idered 10 i d e n t i c a l  s i n g l e  fami ly  houses, f i v e  o f  which were 
cons t ruc ted  us ing  0.06 mm polyethy lene and f i v e  o f  which used 
0.15 mm. A i r  i n f i l t r a t i o n  measurements were c a r r i e d  ou t  on comp- 
l e t i o n  o f  t h e  houses and repeated four  years a f t e r  cons t ruc t i on .  
The r e s u l t s  show t h a t  t he  houses w i t h  0.06 mm f i l m  were on 
average about  17% more leaky than the  houses w i t h  the  0.15 mm 
f i l m  when t h e y  were new. 

Background 

90% o f  t h e  people i n  Norway l i v e  i n  s i n g l e  fami ly  houses and 95% 
of these a r e  b u i l t  of t imber frame const ruc t ion .  I n  order  t o  make 
t h e  houses more energy e f f i c i e n t  we have looked a t  d i f f e r e n t  ways 
o f  making t h e  envelope more a i r t i g h t  so t h a t  t he  v e n t i l a t i o n  r a t e  
can be c o n t r o l l e d  by the  occupants. Laboratory measurements have 
shown t h a t  when pressure d i f fe rences are app l ied  across wa l l  and 
r o o f  elements, t he  m a j o r i t y  o f  the  pressure drop takes p lace 
across t h e  vapour b a r r i e r .  F i e l d  measurements o f  a i r  t i gh tness  
accompanied by thermography measurements have shown t h a t  t he  ma- 
j o r i t y  o f  t h e  leakage takes p lace a t  t he  j o i n t s  i n  the  vapour 
b a r r i e r ,  e s p e c i a l l y  a t  the  w a l l / c e i l i n g  j o i n t s .  Leaks a re  a l s o  
o f t e n  seen around penetrat ions of the  vapour b a r r i e r  and through 
holes i n  t h e  vapour b a r r i e r .  

Norwegian housebui lders used t o  use 0.04 mm o r  0.06 mm t h i c k  po- 
l ye thy lene  f i l m  as the  vapour b a r r i e r  i n  t imber frame c o n s t r u c t i -  
ons. However about 1980 0.15 mm t h i c k  polyethy lene f i l m  was i n -  
troduced t o  t h e  b u i l d i n g  market w i t h  the  aim o f  reducing the  
number o f  ho les  made i n  the vapour b a r r i e r  dur ing  cons t ruc t i on .  
It was a l s o  expected t h a t  the j o i n t s  i n  the  polyethy lene should 
be t i g h t e r  w i t h  a t h i c k e r  f i l m .  



Method 

To v e r i f y  these p red i c t i ons  10 i d e n t i c a l  s i n g l e  f a m i l y  houses 
were b u i l t .  They each havz 1 1/2 storeys and a  basement g i v i n g  a  
t o t a l  f l o o r  area o f  260 m , are heated by e l e c t r i c i t y  us ing  i n d i -  
v i d u a l l y  thermostated, wa l l  mounted panel heaters and have mecha- 
n i c a l  v e n t i l a t i o n  us ing  a  balanced system w i t h  heat r y o v e r y ,  see 
f i gu res  l a  - I d .  The normal v e n t i l 2 t i o n  r a t e  i s  100 m /h b u t  can 
be v a r i e d  up t o  a  maximum of 250 m /h. I n  5 o f  t he  houses 0.06 mm 
po lye thy lene f i l m  was used and i n  the  o ther  5 ,  0.15 mm f i l m  was 
used. A l l  t h e  b u i l d i n g  d e t a i l s  were discussed w i t h  the  a r c h i t e c t ,  
t h e  developer and the  carpenters before cons t ruc t ion  s t a r t e d ,  i n  
order  t o  f i n d  ou t  how the  b u i l d i n g  d e t a i l s  which a f f e c t  a i r  t i g -  
htness were planned. The f i n a l  so lu t i ons  were chosen by the  ar -  
c h i t e c t  and t h e  developer w i t h  the  aim t h a t  t he  cons t ruc t i on  
d e t a i l s  should be s i m i l a r  f o r  a l l  the  houses. 

Meetings were arranged w i t h  a l l  t he  carpenters before c o n s t r u c t i -  
on s t a r t e d  where they were informed about t he  p r o j e c t ,  why and 
how t o  b u i l d  a i r t i g h t  houses, t he  b u i l d i n g  regu la t i ons  and about 
how t o  measure a i r t i g h t n e s s .  

Dur ing t h e  cons t ruc t i on  we v i s i t e d  the  b u i l d i n g  s i t e  several 
t imes bo th  t o  see how the  vapour b a r r i e r  was i n s t a l l e d  and t o  i n -  
t e rv iew  t h e  carpenters about the  i n s t a l l a t i o n  o f  t he  f i l m .  

A f te r  c o n s t r u c t i o n  we measured the  a i r t i g h t n e s s  o f  the  houses 
us ing  f a n  p r e s s u r i z a t i o n  i n  conjunct ion w i t h  thermography measu- 
rements. 

A f t e r  4 years  the  measurements were repeated. A t  t he  same t ime we 
in te rv iewed  the  occupants and questioned them about draughts, the 
v e n t i l a t i o n  system and whether they had c a r r i e d  ou t  any a l t e r a t i -  
ons t o  t h e  house s ince the  l a s t  measurements which cou ld  a f fec t  
t h e  a i r t i g h t n e s s .  I n  a d d i t i o n  we read the  e l e c t r i c i t y  meters. 

Resul ts  

Dur ing t h e  cons t ruc t i on  per iod  no d i f f e rence  could be seen i n  the 
number o f  ho les  o r  o ther  damage which could be a t t r i b u t e d  t o  the 
d i f f e rence  i n  the  th ickness o f  t he  polyethylene f i l m .  

The carpenters s a i d  t h a t  one disadvantage o f  the t h i c k  f i l m  was 
t h a t  i t  was heav ier ,  however, they thought t h a t  the  greater  
s t reng th  was an advantage. 

The a i r t i g h t n e s s  measurements which were c a r r i e d  ou t  on complet i-  
on showed t h a t  t he  average n  value f o r  the  houses w i t h  the  
t h i c k  f i l m  was 2.9 ach compa%d w i t h  3 .4  ach f o r  t h e  houses w i t h  



t h i n  f i l m ,  see f i g u r e  2 .  Af ter  4  years t h e  numbers were 3.2 ach 
and 3.6 ach respec t i ve l y ,  see f i g u r e  3 .  

Thermography measurements showed many d i f f e r e n t  leaks i n  each of 
t h e  10 houses. We were, however, n o t  able t o  d iscover  any d i f f e -  
rence i n  t h e  leakage d i s t r i b u t i o n  between the two groups of 
houses. We found leaks i n  the  vapour b a r r i e r  j o i n t s ,  e .g.  between 
w a l l s  and r o o f s  and i n  roo fs ,  see f i gu res  4  and 5, and a l so  
between d i f f e r e n t  b u i l d i n g  components where one o r  both d i d  n o t  
have a  vapour b a r r i e r ,  e.g. between w a l l s  and windows and between 
w a l l s  and in te rmed ia te  f l o o r s ,  see f i g u r e s  6  and 7. 

I n  t he  quest ionna i re  on ly  one occupant complained about draughts 
saying t h a t  t he re  were draughts around the  doors and windows. 
However 70% o f  t he  occupants were d i s s a t i s f i e d  w i t h  the  mechani- 
c a l  v e n t i l a t i o n  system complaining t h a t  i t  had i n s u f f i c i e n t  capa- 
c i t y ,  t h a t  i t  was no isy  and t h a t  the heat  recovery system seemed 
i n e f f i c i e n t .  

The annual t o t a l  e l e c t r i c i t y  consumption f o r  each house i s  shown 
p l o t t e d  aga ins t  i t s  a i r  t igh tness  i n  f i g u r e  8. The average annual 
e l e c t r i c i t y  consumption f o r  the  group of houses w i t h  0.15 mm f o i l  
i s  29800 kwh compared w i t h  30800 kwh f o r  t he  houses w i t h  0.06 mm 
t h i c k  f o i l .  

Discussion 

The fan p r e s s u r i z a t i o n  measurements c a r r i e d  ou t  when the  houses 
were new showed t h a t  the  houses w i t h  the  t h i n  f i l m  were on 
average about 17 % more leaky than t h e  houses w i t h  the  t h i c k  f i l m  
. A f t e r  4 years t h i s  d i f ference had apparent ly  decreased t o  9  %. 
Th is  r e d u c t i o n  can be due p a r t l y  t o  changes c a r r i e d  by the  occu- 
pants which cou ld  have a f fec ted  the  a i r t i g h t n e s s .  It may a l so  be 
due t o  t h e  e f f e c t s  o f  thermal movement. 

The standard o f  b u i l d i n g  w i l l ,  o f  course a f f e c t  the  r e s u l t s .  The 
i n t e n t i o n  was t o  l e t  each cons t ruc t ion  crew b u i l d  one house w i t h  
each o f  t h e  two polyethy lene f i l m  thicknesses b u t  i n  p r a c t i c e  
t h i s  was o n l y  t he  case w i t h  6 of the  houses. The remaining 4  were 
b u i l t  by o the r  cons t ruc t ion  crews. However the  v a r i a t i o n  i n  a i r -  
t i gh tness  o f  houses b u i l t  by the  same crews appeared t o  be of the  
same order  as the  v a r i a t i o n  between d i f f e r e n t  crews. There are  
however o t h e r  f a c t o r s  t h a t  could i n f l uence  the r e s u l t s  e.g. which 
of the  houses was b u i l t  f i r s t ,  o r  the  weather cond i t ions  du r ing  
the  cons t ruc t i on  o f  the  vapour b a r r i e r .  

The Norwegian b u i l d i n g  regu la t ions  r e q u i r e  t h a t  the n  value 
s h a l l  be equal t o  o r  l ess  than 4.0 ach. This regu la t i 88  was i n -  
troduced i n  1981. However a i r  t igh tness  measurements made on new 
s i n g l e  f a m i l y  houses before and a f t e r  1981 show s i g n i f i c a n t l y  
h igher  va lues than 4.0 ach on average. The low average of t he  n  
value f o r  t h e  houses i n  t h i s  p r o j e c t ,  3.2 achy may thus i nd i ca tgO 



t h a t  t he  r e s u l t s  a re  in f luenced by the  purpose o f  t he  p r o j e c t .  
The c o n s t r u c t i o n  o f  t he  houses i n  t h i s  study i s  no l ess  complex 
than t h a t  f o r  t he  o ther  houses measured so t h i s  cannot exp la in  
t h e  1  ow 1  eakage. 

There appears t o  be poor c o r r e l a t i o n  between the  t o t a l  e l e c t r i c i -  
t y  consumption i n  t h e  houses and t h e i r  a i r t i g h t n e s s .  The spread 
i n  i n d i v i d u a l  consumptions i s  a l so  l a r g e  b u t  t h i s  i s  t o  be ex- 
pected because the  t o t a l  e l e c t r i c i t y  consumption, which inc ludes 
n o t  o n l y  space heat ing  ba t  a l so  water heat ing,  cooking, l i g h t i n g  
and power i s  g r e a t l y  dependent on the  occupants. Pa r t  o f  the  
spread may a l s o  be due t o  the  f a c t  t h a t  some o f  the  houses used 
wood f o r  space heat ing  i n  a d d i t i o n  t o  e l e c t r i c i t y ,  bu t  t he re  was 
i n s u f f i c i e n t  i n fo rma t ion  t o  inc lude t h i s  i n  the  c a l c u l a t i o n  o f  
t h e  t o t a l  energy consumption. The group o f  houses w i t h  0.06 mm 
t h i c k  f o i l  does have a  s l i g h t l y  h igher  average t o t a l  e l e c t r i c i t y  
consumption (3% h igher )  than the  group o f  houses w i t h  0.15 mm 
t h i c k  f o i l .  

I n  order  t o  access the  cos t  e f fec t i vness  o f  us ing 0.15 mm t h i c k  
f o i l  r a t h e r  than 0.06 mm t h i c k  f o i l  t he  average 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  two groups o f  houses need t o  be known. Work c a r r i e d  
o u t  p r e v i o u s l y  a t  NBI (see r e f . 1  used a computer programme 
c a l l e d  ENCORE t o  c a l c u l a t e  a  r e l a t i o n s h i p  between the  a i r t i g h t -  
ness and t h e  annual energy consumption f o r  v e n t i l a t i o n  of dwel- 
l i n g s .  Using meteorological  data f o r  a  standard year (1964) f o r  
Oslo the  p r e d i c t e d  energy l oss  over t he  heat ing  season due t o  i n -  
f i l t r a t i o n  f o r  an average dwe l l i ng  w i t h  d i f f e r e n t  values of a i r -  
t i gh tness  i s  shown i n  f i g u r e  9. From t h i s  graph i t  can be seen 
t h a t  t h e  use o f  0.15 mm f o i l  r a t h e r  than the  0.06 mm f o i l  r e s u l t s  
i n  a  r e d u c t i o n  i n  t he  ca l cu la ted  i n f j l t r a t i o n  heat l o s s  f o r  t h e  
heat ing  season ofaabout  300 kWh/100m . Thus f o r  the t e s t  house 
( f l o o r  area 260 m 1 t h e  saving i s  about 760 kwh. A t  a  c u r r e n t  
c o s t  o f  0.35 NoK/kWh t h e  energy costs a re  thus reduced by about 
270 N ~ K / y r . ~ C u r r e n t  p r i c f s  f o r  t he  0.15 mm and the  0.06 mm f o i l  
a re  2 NoK/m and 5  NoK/m respec t i ve l y .  This means t h a t  t he  a d i i -  
t i o n a l  c o s t  o f  us ing  0.15 mm t h i c k  f o i l  on a  t e s t  house (300 m 
t o t a l  f o i l )  i s  about 900 NoK . The add i t i ona l  cos t  f o r  t he  0.15 
mm t h i c k  f o i l  i s  thus recovered i n  approximately 3.5 years. 

Conclusions 

The r e s u l t s  from our study show t h a t  the  5  houses w i t h  0.06 mm 
po lye thy lene as the  vapour b a r r i e r  are on average 17  % more leaky 
than t h e  5 houses b u i l t  w i t h  0.15 mm f i l m .  The n values are  2.9 
ach and 3 .4  ach respec t i ve l y  5 0 

Af te r  f o u r  years the  m a j o r i t y  of the  houses were l ess  a i r t i g h t  
w i t h  the  houses w i t h  0.15 mm f i l m  showing an increase i n  n  
value o f  about 10% compared w i t h  an increase o f  about 7% f%F the  
houses w i t h  t h i n  f i l m .  The houses w i t h  t h i c k  f o i l  are thus now, 
on average, o n l y  10% more a i r t i g h t  than those w i t h  t h i n  f o i l .  



D i r e c t  comparison of the  2 sets o f  r e s u l t s  i s  however d i f f i c u l t  
because some of t he  owners have made changes t o  t h e i r  houses 
which cou ld  a f f e c t  the  a i r t i g h t n e s s .  Increased leakage may a l s o  
be due t o  thermal movement. 

The c u r r e n t  Norwegian Bu i l d ing  Regulat ions r e q u i r e  an n  value 
o f  n o t  more than 4 ach. The average f o r  the  houses i n  t l 8  study 
a t  3 . 2  ach was we l l  w i t h i n  the regu la t i ons .  This  leakage i s  actu-  
a l l y  low compared w i t h  other  measurements on new s i n g l e  f a m i l y  
houses and t h i s  i nd i ca tes  t h a t  the  nature o f  the p r o j e c t  and the  
e f f o r t s  t o  make a l l  the  p a r t i c i p a n t s  aware o f  a i r  t igh tness  may 
have i n f l uenced  the  r e s u l t s .  

The po lye thy lene sheet thickness d i d  n o t  a f f e c t  the  p o s i t i o n  of 
leaks i n  t h e  houses as f a r  as could be seen us ing  thermography. 
It a lso  had l i t t l e  e f f e c t  on the  b u i l d i n g  process and both t h i c k -  
ness were equa l l y  acceptable t o  the  cons t ruc t ion  workers. 

Only the  t o t a l  annual e l e c t r i c i t y  consumption o f  each o f  the  
houses was measured and t h i s  showed on ly  poor c o r r e l a t i o n  w i t h  
a i r t i g h t n e s s .  The average consumption f o r  t he  two groups of 
houses was s i m i l a r  w i t h  the houses w i t h  t h i c k e r  sheet having mar- 
g i n a l l y  lower consumption, bu t  the  i n d i v i d u a l  consumptions showed 
considerable spread (+15%).  

Using a  t h e o r e t i c a l l y  ca lcu la ted  r e l a t i o n s h i p  between a i r t i g h t -  
ness and energy consumption f o r  i n f i l t r a t i o n ,  the d i r e c t  payback 
pe r iod  f o r  t h e  t h i c k e r  polyethy lene sheet ing was ca l cu la ted  t o  be 
about 4 years ,  which i s  sho r t  compared w i t h  the  l i f e t i m e  of t he  
b u i l d i n g .  The change t o  0.15 mm t h i c k  polyethy lene sheet ing thus 
appears t o  be cos t  e f f e c t i v e .  
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F igu res  1 a and 1 b 
Views o f  t h e  t e s t  houses 
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Figure 1 c 
Ground f l o o r  p lan 

F igure I d 
Sect ion showing the timber frame wal l  construct ion 
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Figure 2 
E f f e c t  o f  f o i l  thickness on a i r  t ightness 
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Figure 3 
E f f e c t  o f  f o i l  thickness on a i r  t ightness 
comparison o f  1982 and 1986 measurements 



Figure  4 F igure  5 
Leak a t  a vapour b a r r i e r  j o i n t  Leak a t  a vapour b a r r i e r  
between a w a l l  and a s lop ing  j o i n t  i n  the r o o f  
r o o f  

F igure  6 F igu re  7 
Leak between a window and Leak between a wa l l  and an 
a wa l l  in te rmed ia te  f l o o r  



Figure 8 x 0.06 mm 
Total annual electricity consumption + 0.15 mm 
vs. a i r  tightness 

Figure 9 
Average annual infiltration energy loss vs. a i r  
tightness for housing in Oslo 
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The COa-concentration of room air provides an indicator for the air 
quality in spaces without smokers. A classroom with mechanical 
ventilation has been evaluated for eighteen months using such a 
technique. These measurements were made within the framework of the 
research project Gumpenwiesen. A model to calculate the COa con- 
centration as a function of occupancy, activity level of the occupants 
and air change rate was developed. It was validated using the 
measurement data. The daily profile of C0a concentration and the 
duration of time when the limit of 1500ppm is exceeded can be 
predicted. The prediction can be made for h y  time step and any 
room. The model is useful as a planning tool for fixing the necessary 
air change rates for occupied rooms. 

1. MINIMUM OUTSIDE AIR SUPPLY RATE 

The COz-Concentration is a measure of room air quality. The maximum 
level of COa-concentration in room air for hygienic reasons (non 
smoking area) is given by Prof. Wanner (ETH Zurich) for classrooms as 
1500 ppm (Ref. 1). The minimum air supply rate per person can be 
calculated by using the following formula, where the COa-production per 
person is dependent on the activity of the person. 

C 
v = lo3 

Kzul - Ka 

V= Minimum outside air supply rate in m3/h person 
C= COa-production in l/(h person) 
Kzule max. allowed COa-concentration in the room air (ppm) 
Ka= COZ-Concentration in the outside air (300 ppm) 

The calculated minimum outside air rate for rooms, where smoking is not 
allowed, are given in Table 1 for two COZ-concentration levels. 

Activity COa-Production Outside Air Supply Rate for COa 
max. 1500 ppm max. 1200 ppm 

l/h person m3/h person m3/h person ................................................................ 
resting 12 10.0 13.3 
sitting 15 12.5 16.7 
light work 23 20.2 25.6 
medium work 30 25.0 33.3 
hard work >30 >25.0 >33.3 

Table 1: Minimum outside air supply rate for non smoking 
rooms (Ref. 2) 



2. INSTANTANEOUS CQa 

In rooms where incoming air is perfectly mixed with room air, the 
instantaneous COa-concentration in the room air can be calculated using 
the following formula: 

Kt= COz-Concentration in the room air at time t (ppm) 
Ka= COZ-Concentration in the outside air (300 ppm) 
KO= COZ-Concentration in the room air at time 0 (ppm) 
Ctot= GO2-production in the room (m3/h) 
n= air change rate (l/h) 
I= room air volume (m3) 
t= time difference (h) 

3. - ma-VARIATION IN THE MEASUREMENT ROOH 

In one of the classrooms of the measured building "Gumpenwiesen", the 
COZ-concentration was monitored using a gas analyser during the 18- 
month measurement period. A typical profile for a day is shown in 
figure 1. The measured and calculated COZ-concentrations can also be 
compared in this figure. The agreement between the two curves shows, 
that its possible to calculate the COZ-concentration in the room air at 
any given time, if one knows the parameters on which it depends 
(perfect mixing provided): 

- number of people 
- length of occupancy 
- COI-production per person (activity) 
- air change rate (natural and mechanical ventilation) 
- room volume 

I = 2lOm3 ; C02 : 15e/h. pers. ; persons : 14 ... 2 2  
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Figure 1: Comparison of measured and calculated CO1-concentrations 
the 13th May 1986. 

for 



The cumulative frequency distribution of the the hourly maximum COI- 
concentration in the measurement room is shown in figure 2. When the 
room air supply system was on, and more than one person was in the 
room, then the 1500 ppm maximum level was exceeded 30.7 % of the time. 
The outside air supply of 9 m3/h per person is too small (following 
table 1: 12.5 m3/h per person is required). 

Figure 2: Cumulative frequency distribution of the the hourly maximum 
COs-concentration in the measurement room 



The required conditions in the classroom are shown in figure 3 with the 
occupancy schedule for the room shown in figure 4. The maximum COP 
concentration of 1500 ppm was never exceeded, if the fresh air intake 
was 11.2 m3/h person. Due to the breaks, the hourly average of fresh 
air intake needs not be as high as given in table 1. 
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Figure 4: Occupation schedule for figure 3. 



4. OMmrrW PROGRAM 

The formula (2) was put into a spreadsheet program using a time step of 
six minutes. With this program it is possible t o  obtain a realistic 
view of the (201 variation quickly and easily. Especially in rooms where 
a large number of people is coming and going, the model can be used, to 
reduce the outside air supply rate. 

The software is already used in Switzerland for different purposes. 

CO2-CONCENTRATION I N  ROOM A I R  Software by Th. Baumgartner 

INWT : 
Room volume: 210 m3 
Outside air rate: 11.8 m3/h Pers 
Nunbers of persons: 22 Pers 
Schedule of persons: 2 

Schedule of system: 2 

Calculated values (outside a i r ) :  
Supply air volume: 259 .€I m3/h 
A i r  change rate: 1.24 l / h  

Other parameters: 
C02-production : 15 l / h  Pers 
Max, C02-value: 1500 ppm 
C02 of ou ts ide  air: 300 PPm 
Natural vent i la t ion:  .06 l / h  

Hints f o r  t he  INPUT: 

Schedule of persons: 
0: occupied from: 8.00-17.00 
1: l i k e  0 + rest from 12.00-14.00 
2: l i k e  1 + each hour 6 Mine break 
Schedule of t h e  vent. system: 
0: rlnning from: 8.00-17.00 
1 : l i k e  0 + adi t iona l :  7.00- 8.M3 
2: l i k e  0 + adi t iona l :  17.00-18.00 

Results: (during occupation) 
C02-Limit: 150d mm 
C02-Room* C02-Limit: 0 h 
$ of occupation: 0 % 
Max. CO2-concentr. : 1495 ppm 
Aver. CO2-concentr.: 1245 ppm 

Table 2: Sample input of the spreadsheet program 

In this paper a model was presented to calculate the variation with 
time of CO -concentration in perfectly mixed room air, provided that 
occupancy, 2activity level, air change rate and room volume are known. 
The results of the model were compared with measurements in a 
mechanically ventilated classroom. The model provides a tool to 
determine minimum outside air supply rates for rooms with a 
significantly fluctuating occupancy. This air supply rate is smaller 
than the one calculated with standard methods. In the future the model 
may as well be used for other pollutants where the production rate 
varies rapidly with time. 



(1) Wanner H.U., Fecker I, Personal Communication 
(2) Handbuch der Klimatechnik, Bd.1, p. 95, 

C.F. Miiller Verlag, Karlsruhe 1986 
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SYNOPSIS 

When carrying out pressure tests of models of 
multi-story buildings in The Boundary Layer Wind Tunnel, 
the external mean and RMS pressures are measured at 400 
to 800 different locations over the building surface. 
The tests are originally carried out in order to 
determine the net wind loads for the design of cladding 
and glazing, but the results can also be used to 
estimate the internal pressures, and then calculate the 
air infiltration. Two mathematical models are used to 
estimate the wind-induced air infiltration in three 
multi-story buildings. One of the mathematical models 
is used to estimate the infiltration in the case that 
the internal pressure is optimally controlled (i.e.when 
the mean differential pressures all over the building 
surface equal zero) and the only infiltration will be 
that due to turbulence. The importance of including the 
turbulence in infiltration calculations is discussed. 
The effectiveness and potential advantages of carrying 
out these studies is referred to as well as the 
limitations presented by current practices. 

MODEL AND BUILDING DESCRIPTIONS 

The three buildings in question are of different shapes 
but of similar heights. The surroundings are different 
as well, roughly they experienced three different 
exposures to the wind: exposed, intermediate and 
built-up. Photographs of the models are shown in Fig.1 
and Fig.2. 

A) The first building is located at a lake shore, and 
only one other high-rise building is located close to 
it, so it is exposed. In full scale it rises to 136 
meters, and the plan is shaped almost like a 
four-leaf clover. (Pressure taps are not shown in 
photographs of building A) 

B) The second building is square with cut-off corners. 
The corners are increasingly cut off near the top. 
It rises to a full scale height of 184. meters and it 
is located on a lake shore but a number of high-rise 
buildings are located north of the building. The 
terrain is later referred to as intermediate. 



FIG.l PHOTOGRAPHS OF THE THREE WIND TUNNEL MODELS 



F I G . 2  PHOTOGRAPHS OF THE THREE WIND TUNNEL MODELS 

WITHIN THE PROXIMITY MODELS 



C) The third building tested has a full scale footprint 
of 38 x 65.5 meters and rises to a height of 147 
meters. ~t is surrounded by high-rise buildings, so 
the terrain is referred to as built-up. (Only the 
tallest of the two buildings in Fig.lC was used in 
this study). 

2. TEST PROCEDURE 

Models of the three multi-story buildings have been 
tested in The Boundary Layer Wind Tunnel Laboratory at 
The University of Western Ontario, London, Ontario, 
Canada, in order to determine the accelerations, 
deflections and moments of the buildings. The net wind 
loads acting on the building used in the design of the 
cladding and glazing were also determined. The test 
results of the latter are used to calculate air 
infiltration rates. Models of the buildings in question 
were built in detail at a scale of 1:500 in plexiglass 
and equipped with pressure taps for measuring the mean 
and the root-mean-square (RMS) values of the external 
pressures at a large number of locations over the 
surfaces of the buildings. These measurements were 
taken at 10 degree intervals for a full 360 degree range 
of azimuths. The model of the immediate surroundings 
included all major buildings within a full scale radius 
of 610 meters. The overall textures of the upstream 
terrains were modelled but not the detailed geometry. 

3. INSTRUMENTATION 

Measurements of wind-induced surface pressures at a 
point are accomplished by allowing the surface pressure 
to act on a transducer which provides an electrical 
analogue of the pressure. The electrical signal is then 
processed using standardized instrumentation techniques 
and digitized to allow on-line analysis by a small 
computer an.d peripherals. 

In practice, the transmission of surface pressure to the 
transducer is complicated in two ways. First, there are 
usually a large number of measuring positions requiring 
the use of multiple pressure switches - in this case 
scanivalves - to provide a reasonable trade-off between 
a large number of transducers and a lengthy testing 
time. Second, the model is generally too small to allow 
the pressure switches and transducers to be very close 
to the measuring locations. The resulting use of long 
lengths of pneumatic tubing leads to modification of the 
pressure at the transducer compared to that at the model 



surface. 

These problems are dealt with as follows: pressure taps 
on the model are connected pneumatically to one of 
several scanivalves, each capable of handling 48 
different taps. Each scanivalve contains a pressure 
transducer to which individual taps are connected on 
computer command. The pneumatic connection between 
model and scanivalve is typically 1/16" ID plastic 
tubing containing a restricting insert of small bore at 
a specific point along its length. The function of the 
restrictor is to add damping to the resonant system made 
up of the pressure tube and the connecting volume 
adjacent to the pressure transducer. The resulting 
pressure system with two-foot long tubes responds with 
negligible attenuation or distortion to surface pressure 
fluctuations with frequencies up to about 100 Hz. 
~lthough some response is obtained for signals of 
several hundred Hertz, these higher frequencies suffer 
increasing attenuation. 

The on-line digital data acquistion system, consisting 
of a small computer and peripherals, simultaneously 
samples the signals from each of the pressure 
transducers at a rate of about 500 times per second for 
sixteen inputs. Typically, sampling is continued for a 
period of up to about a minute in real time during which 
the computer records, for each input, the maximum and 
minimum values that occur, and computes the mean and the 
RMS values. Other statistics such as probability 
distributions can also be gathered. The reference 
dynamic pressure, usually measured in the free stream 
above the boundary layer, is monitored similarly. At 
the end of the sampling period, the measured maximum, 
minimum, mean and RMS pressure for each channel are 
converted to pressure coefficients by dividing each by 
the reference dynamic pressure. These are then stored 
on disk for later analysis. In addition to the sampling 
and on-line calculation, the computer controls the 
experimental hardware such as the stepping of the 
scanivalves, the rotation of the turntable on which the 
model is mounted and the wind speed. 

4. THE MATHEMATICAL MODELS 

Tamura and shaw4 and shaw5 developed some 
valuable information on the leakage of Canadian 
buildings using measurements of the flow into buildings 
from a fan pressurization system. They found the 
leakage proportional to c(Ap)" where Ap is the 
pressure difference, c an empirical flow coefficient and 
n an empirical flow exponent. The flow coefficient, c, 
was found to have a mean and range of 0.018 5 0.010 



[m/s/( k~a)-'-~~ 1. These values were found from 
the testing of 8 high-rise buildings. The flow 
exponent, n, can vary over the range 0.5 to 1.0, but it 
appears to converge on a value of 0.65. In the 
following the value of c is set to 0.018 
[m/s/( k ~ a  ) - 0 - 6 5  I, and the value of n is set to 
0.65. The three mathematical models used in this study, 
are derived from this expression and the model to 
calculate total infiltration described by Davenport and 
surry3 : 

Q i n  = fz (z)dz dA(r) 

where the -fluctuations of the pressure are described in 
statistical terms by a probability density function 
f ~ ( z )  that can be taken as Gaussian. The 
parameter z is a random variable with mean zero and 
standard variation of unity, and zi is the value 
of z at which Ap = 0. The flow coefficient, c(r), is a 
function of the position, r, since the leakage is, in 
practice, not uniformly distributed. 

4.1 The internal pressures 

The time average internal pressure coefficients for 
distributed leakage are found by using the continuity 
condition Q  = 0, and the two first terms of the Taylor 
expansion as deqcribed by Davenport and surry3 : 

in which the reduced pressure term is represented by 

E(Cp) is the expected value of the external mean 
pressure coefficient, and it is a first approximation to 
Cpi and the second term gives a correction usually 
of around 10 %. The parameter m = 1 - n and 0 lnlel is 
a weighting function. 

4.2 Model 1 

In this model the turbulence is not included in the 
infiltration calculations but only the mean differential 



pressures. The velocity pressure is q = 1/2 P v2 
where P is the density of air and V the mean velocity, 
and when expressing Ap by q ACp and when n is the 
number of pressure taps, the equation for the total 
leakage flow into the building is: 

n 
Qin = c q0.65 A ACp 0.65 (for LCp > 0) 

i = l  

where Ai is the tributary area and the summation 
is done for those areas where ACp > 0 only. 

4.3  Model 2 

In this model the turbulence is included, and the 
equation is 

i = l  J o 
where 

4 . 4  Model 3 

This model is the same as model 2, but the mean 
differential pressure coefficients ( ACp) are all set 
equal to 0, so the model simulates the infiltration 
corresponding to the lowest possible air change rates, 
when the internal pressure is controlled, but not 
fluctuating. In other words the only infiltration is 
that due to the turbulence. 

i = l  J o 
where 

4 . 5  Infiltration and Exfiltration Estimates 

The calculations of the internal pressure coefficients 
are not exact. In order to obtain a better estimate of 
the infiltration into the building the following is 



done. First the infiltration is calculated as indicated 
above and then the exfiltration is calculated by 
reversing the sign of the differential mean pressure 
coefficients, and then recalculating the infiltration. 
The mean of these two is taken to be the best estimate 
of the infiltration. The difference is not found to be 
significant though. 

5. RESULTS FROM THE THREE MATHEMATICAL NODELS 

In Fig.3 are the results from model 1 and model 2 for 
gradient wind speed equal to 10, 20 and 30 m/s. The 
overall influence of including the turbulence does not 
seem very significant, but including the turbulence 
seems always to result in slightly higher infiltration 
rates. when Building B was subjected to winds from the 
north, the inclusion of turbulence resulted in more than 
twice as much infiltration. This is a significant 
difference,though. The results of model 3 are shown in 
Fig.4 for the same wind speeds as those looked at in the 
previous models. In order to determine how much the 
infiltration rates will decrease, the results from model 
2 are shown again. It is, of course, impossible to 
control the internal pressure so that it will equal the 
external mean pressure at all points of the exterior 
wall, but by individual pressure control in all rooms, 
one can come close. The results from model 3 is, 
therefore, the absolute minimum air change rates we can 
obtain by internal pressure control. Since the 
infiltration rate always seems to be at least half as 
much for model 3 as for model 2, a better air barrier 
system might be the way forward rather than a better 
pressure control. None of the models above includes the 
stack effect, which is a significant factor for high 
rise buildings. The results show that we can expect 
only a minor reduction in the overall wind-induced 
infiltration rate in the case of a building located in a 
built-up area. For wind coming from sea or lake, we can 
expect to halve the infiltration rate. 

6. AN EXAMPLE OF A WIND CLIMATE 

Since the overall infiltration rates can vary by a 
factor four or more due to changes in wind direction 
alone, the annual heat losses and heat gains for a 
building will be very dependent on what the 
predominating wind direction is for the area in 
question. The wind climate for Columbus, Ohio is taken 
as an example. There is a predominating gradient wind 
direction between 225 and 270 degrees (Southwest to 
West). The wind data from records in the period 1960 to 
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FIG.4 THE VARIATION OF OVERALL INFILTRATION RATES WITH GRADIENT WIND SPEED. 

THE THREE CURVES CORRESPOND TO WIND SPEEDS OF 10, 20 AND 30 m/sec. 

MODEL 3 INDICATES THE LOWEST RATE POSSIBLE WHEN CONTROLLING THE 

INTERNAL PRESSURE. IN MODEL 2 THE INTERNAL PRESSURE IS NOT CONTROLLED 



1978 are fitted to a Weibull distribution as described 
by various authors (ex. Conradsen et alland 
~avenport~) and Fig. 5 illustrates the resulting 
distribution. P O V g )  = the probability of exceeding the 
hourly mean gradient wind speed, Vg, within an azimuthal 
sector of 10 degrees. 
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FIG.5 PROBABILITY OF EXCEEDING THE HOURLY MEAN 

GRADIENT WIND SPEED, Vg, AS INDICATED, 

WITHIN AN AZIMUTHAL SECTOR OF 10 DEGREES 

FOR COLUMBUS I OHIO 

The results from the infiltration calculations (model 2) 
are combined with the probability distribution in Fig.6. 
~ l s o  in Fig.6 are the same results but with the 
probability distribution turned 180 degrees.   he 
probability distribution is seen to be the most 
dominating factor. Since most of the air infiltration 
will take place on the wind ward walls, mbre heating and 
cooling is needed in certain areas of the building. 
Designing HVAC systems in high-rise buildings, by 
including informations as those in  FIG,^, could be 
beneficial. 
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7. CONCLUSIONS 

Wind induced overall infiltration rates on a high-rise 
building can vary by a factor of four or more for 
different wind directions due to difference in exposure. 

Estimating overall infiltration rates from mean 
differential pressures only, will result in a slight 
underestimate. 

A simple approach to internal pressure control would, 
under some circumstances, reduce the wind induced air 
changes by roughly half. 

Information on the wind speed and direction and the 
infiltration likely to result can be exploited using 
zone heating and cooling to improve the efficiency of 
the HVAC system. 
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SYNOPSIS 

Measurements in some dwellings show differences of the absolute 
humidity as a function of the kind of ventilation (only natural 
or mechanical exhaust air or balanced ventilation) and the posi- 
tion of the single rooms, especially of the bedrooms. Therefore 
is investigated into the expected moisture transport in two dif- 
ferent ground plans. 

The main humidity production is in the kitchen and bathroom. If 
kitchen and bathroom are on the outer side, the dwelling is load- 
ed with this moisture through the main wind direction. This 
counts especially for bedrooms, because through this moisture 
load on the day there can appear peaks in the night. 

By the right layout of these rooms in the ground plan you can re- 
lieve the dwelling of moisture load as far as possible. 

If kitchen and bathroom are in the interior of the dwelling, on- 
ly the effectiveness of the natural or mechanical exhaust air 
counts for the transport of moisture. By the right construction 
of the exhaust air, this air can reduce the moisture even in the 
living- and bedrooms. 

INTRODUCTION 

The National German building code only say that a dwelling's ven- 
tilation has at least to be guaranteed by natural cross ventila- 
tion. In fact, also before this code was set up, there has al- 
ways been a regard for dwelling ventilation in the way that ever- 
y room of an apartment could be provided with supply air coming 
through opened or not airtight closed windows or out of other 
rooms in the dwelling, respectively. 

The last two decades show a development in building construction 
favorizing smaller dwellings, especially apartments of a size of 
30 - 40 m2. Additionally those apartment buildings were economi- 
cally constructed as blocks with ground plans of depth up to 15 
m. In the interior of the dwelling windowless sanitary rooms 
like bathroom and W.C. are situated. Consequently, first we had 
to accept bathroom and toilet as interior and windowless rooms; 
finally - with the late edition of the building code - we have 
come to kitchens, situated in the dwelling's centre and without 
windows, too. 

However, these rooms now being windowless an additional ventila- 
tion according to the building code becomes necessary. This 
code, written down in DIN 18 017, describes a shaft ventilation 
with natural air draught or an additional supporting ventilator. 



The efficiency of this system for the interior rooms depends on: 
- a sufficient natural air draught trough the shaft 
- the operation time of the possibly installed ventilator in the 
day's course 

- the amount of air which is additionally provided as supply air 
out of these rooms which still have natural cross ventilation 

Experience shows that those shaft ventilation systems - in possi- 
ble combination with ventilator - for the interior rooms have al- 
so improved the ventilation of the whole dwelling in general. 

In case of a greater amount of exhaust air load arousing from 
many visitors to the user, people smoking or an exagerated heat- 
ing up of the rooms a sporadic ventilation by a wide opening of 
the windows for a short time is still absolutely necessary, 
though. 

The basic ventilation by the exhaust system reaches an air 
change rate of 0,3 - 0.5 per hour. A ventilation by window open- 
ing comes up with an air change rate of 1-5 - 3,O per hour de- 
pending on the wind (direction and velocity) and the opening 
time of the windows. 

In the last 10 years the function of the ventilation systems for 
the interior sanitary rooms turns more bad, because the construc- 
tion of new windows becomes more airtight as well in new build- 
ings as in older buildings through reconstruction. Therefore 
there are only little possibilities for the air to come through 
the envelope and the cross ventilation doesn't exist in a ade- 
quate proportion. 

PROBLEMS OF VENTILATION CONCERNING A THREE ROOM DWELLING, 
PARTIALLY FINANCED WITH GOVERNMENT SUBVENTION 

The apartment consists of three rooms, dining place and kitchen 
and interior bathroom and toilet. 

Figure 1 shows a ground plan with cross ventilation according to 
west - east direction. With the wind coming most often from 
southwest till northwest one can expect that the stream of natu- 
ral air will take its way from dining place, kitchen and living 
room over the floor into parents' and children's room. The 
points of exhaust ventilation in kitchen, bathroom and toilet 
will be even more efficient, if during periods of high load of 
exhaust air this air is drawn off additionally by a mechanical 
system. Even if this mechanical aid is used just temporarily, an 
air stream from the bedrooms to the ventilation points as a sort 
of supply air for the interior rooms can arouse. 



I n  case o f  changing wind d i r e c t i o n  o r  an i n s u f f i c i e n t  o r  even 
miss ing v e n t i l a t i o n  i n  bathroom, W.C. and k i tchen,  i t  can happen 
- as shown by  t h e  tu rned around arrows i n  f i g u r e  1 - t h a t  t h e  
supply a i r  stream i s  l e d  from bedrooms t o  t h e  l i v i n g  area. 

The f i g u r e  2, a) - c), presents a c u t  through the  ground p lan  o f  
f i g u r e ' l ,  showing t h e  poss ib le  a i r  streams through t h e  rooms. 
The minimum demand o f  t he  n a t i o n a l  b u i l d i n g  code i s  a s h a f t  ven- 
t i l a t i o n  system w i t h  n a t u r a l  a i r  draught i n  bathroom and W.C. 
There i s  no d e f i n i t e  r u l e  f o r  t h e  k i t chen  as l ong  as being pro- 
vided w i t h  windows - here through t h e  d i n i n g  p lace - b u t  exper i -  
ence recommends a t  l e a s t  t he  same t reatment  f o r  t h e  k i t chen  as 
f o r  t he  i n t e r i o r  s a n i t a r y  rooms. 

The f u n c t i o n  o f  exhaust v e n t i l a t i o n  w i t h  o n l y  n a t u r a l  a i r  
draught ma in l y  depends on t h e  l eng th  o f  t h e  s h a f t  and t h e  d i f f e r -  
ence i n  d e n s i t y  between i n s i d e  and ou ts ide  a i r .  

The stream o f  supply a i r  as w e l l  as the  stream going through t h e  
dwel l ing,  which imp l i es  a l s o  t h e  cont inous stream o f  exhaust a i r  
t o  t he  v e n t i l a t i o n  po in t s ,  i s  i n  t h e  meantime r u l e d  by wind d i -  
rec t i on ,  wind i n t e n s i t y  and by t h e  pressure d i f f e r e n c e  as de- 
scr ibed i n  f i g u r e  2 f o r  t h e  cross v e n t i l a t i o n .  The consequence 
o f  wind calm i s  s tagnat ion  o f  t h e  streams. 

The f i g u r e s  3 and 4 show i n  a d d i t i o n  t o  the  poss ib le  a i r  streams 
the  corresponding humid i t y  streams. As l ong  as cross v e n t i l a t i o n  
reached t h e  l e v e l  o f  t he  a i r  change r a t e  1.0 - 2.0 per  hour, hu- 
m i d i t y  was j u s t  regarded secondar i ly .  With a i r  change r a t e s  now 
being 0.3 - 0.5 per  hour only,  we have t o  concentrate our  spe- 
c i a l  regard on humid i ty  streams, though, s ince  t h e r e  load has i n -  
creased through new windows. Wrong behaviour o f  t h e  users may i n -  
f luence a poss ib le  damage t o  t h e  b u i l d i n g  by condensation o f  hu- 
m i d i t y  w i t h  a f i n a l  development o f  mould growth. 

So fa r ,  i n  f i g u r e s  1 - 4, we saw today's t echn ica l  p o s s i b i l i t i e s  
concerning exhaust v e n t i l a t i o n  f o r  those cases i n  which one 
wants t o  f u l f i l l  j u s t  t h e  minimum demand o f  our  b u i l d i n g  code. 

The exhaust v e n t i l a t i o n  guarantees a constant  standard o f  hygien- 
i c s  i n  t he  rooms w i thou t  i n f l uence  on o r  cons idera t ion  o f  t h e  
bu i l d ing ' s  heat ing. Exhaust a i r  w i l l  be drawn o f f  w i t h  i t s  com- 
p l e t e  heat capac i t y  depending on t h e  room temperature respect ive-  
l y .  This means t h a t  a l l  t he  t ime a c e r t a i n  amount o f  heat  w i l l  
ge t  l o s t  t o  t h e  atmosphere. Consequently we always have t o  sub- 
s t i t u t e  t h e  i n f i l t r a t i o n  heat l oss  arousing from t h i s  type of 
v e n t i l a t i o n  system. 



2.1 Order of n a t u r a l  exhaust shaf t  v e n t i l a t i o n  

The f i g u r e  5 presents i n  a c u t  through a b u i l d i n g  the  f u n c t i o n  
of a n a t u r a l  exhaust s h a f t  v e n t i l a t i o n .  The sha f t s  having t h e  
he igh ts  hl = 5.00 m and h2 = 8.00 m. 

The t a b l e s  o f  f i g u r e  6 present  values o f  t h e  supply a i r  stream 
by window rabbets as a f u n c t i o n  o f  several  a-values. 

I n  f i g u r e  7 values o f  a i r  volume t r a n s p o r t  through shaf ts  a r e  
p l o t t e d  as a f u n c t i o n  o f  outdoor temperature range from - 10 "C 
up t o  + 20 "C and o f  wind v e l o c i t y  a t  4 m/s i n  t h e  diagram and 
are g iven i n  t he  tab le .  

The values o f  t he  t a b l e s  i n  f i g u r e  6 and 7 show tha t ,  f o r  ins tan-  
ce, t h e  stream o f  supply a i r  i n  t h e  l i n e  w i t h  wind v e l o c i t y  o f  4 
m/s w i  11 be w i t h  an a-value o f  1,O = 1,24 m3/h,m. Presuming a to -  
t a l  l e n g t h  o f  15 m f o r  t h e  window rabbets o f  t he  apartment, con- 
s idered i n  t h e  ground p lan  o f  f i g u r e  1, and fur thermore presum- 
i n g  t h e  ou ts ide  a i r  stream coming from one s ide  w i t h  p o s i t i v e  
pressure only ,  an amount o f  19 m3/h o f  ou ts ide  a i r  as supply a i r  
f o r  t he  d w e l l i n g  w i l l  r e s u l t .  

The ground p l a n  i n  f i g u r e  1 comprehends f o r  k i t chen  and f o r  bath- 
room and t o i l e t  one s h a f t  each. For a s u f f i c i e n t  exhaust v e n t i l a -  
t i o n  o f  t h e  dwe l l i ng  an a i r  change o f  2 x 60 m3/h = 120 m3/h i s  
necessary. 

2.2 Summary 

The outdoor  temperature ranging a t  + 5 "C and below and the  wind 
v e l o c i t y  reaching 4 m/s those two sha f t s  described i n  f i g u r e  5 
cannot guarantee the  necessary a i r  change. 

Our experience proved t h a t  i n  such a c o n s t e l l a t i o n  e i t h e r  a d d i t i -  
onal window opening o r  support by a v e n t i l a t o r ,  which has t o  be 
operated a t  l e a s t  temporar i ly .  a re  necessary t o  keep up the  m in i -  
mum cond i t ions .  



2.3 Streams o f  a i r  and humid i ty  i n  a  d w e l l i n g  w i t h  k i t chen  and bath- 

room on t h e  ou ts ide  

I n  f i g u r e  1  k i tchen,  bathroom and t o i l e t  were arranged as i n t e r i -  
o r  rooms. The ki tchen, however, designed as k i tchen-d in ing  room 
can rece ive  window a i r  and l i g h t  from the  d i n i n g  p lace  w i t h  the  
need o f  a  s h a f t  v e n t i l a t i o n  system. 

Now i n  f i g u r e  8 we see a  ground p lan  i n  which bo th  k i t chen  and 
bathroom a re  l y i n g  on the  outs ide,  so they have windows. There- 
f o r e  the  necessary a i r  change can be prov ided by opening t h e  
window only. 

Values concerning t h e  ground p lan  i n  f i g u r e  8 o f  supply a i r  
stream, which depends on the  wind cond i t ions ,  and values o f  humi- 
d i t y  streams a re  g iven i n  f i g u r e  9. 

Supply a i r  f i n d s  i t s  way i n t o  k i tchen,  bathroom, parents '  bed- 
room and then loaded w i t h  humid i ty  and wasted a i r  i t  streams as 
exhaust a i r  through l i v i n g  room and ch i ld ren 's  room t o  the  enve- 
lope o f  t h e  b u i l d i n g  w i t h  t h e  negat ive  pressure. 

F igure  10 shows the  change i n  wind d i r e c t i o n  and f o l l o w i n g l y  i n  
pressure a  s i t u a t i o n  r e s u l t s ,  i n  which exhaust a i r  stream and 
humid i ty  stream as w e l l  have changed, too, according t o  the  new 
d i r e c t i o n .  

Both f i g u r e s  9 and 10 prove t h a t  i n  t h i s  dwe l l i ng  t h e r e  w i l l  a l -  
ways be a  c e r t a i n  d i s t u r b i n g  load o f  humid i ty  and several  o- 
dours. F igu re  9 revea ls  the  somewhat inconvenient  s i t u a t i o n ,  es- 
p e c i a l l y  f o r  t he  users o f  l i v i n g -  and ch i ld ren 's  room as f a r  as 
the  a i r  cond i t i ons  a re  concerned. 

2.4 Streams o f  a i r  and humid i ty  i n  a  dwe l l i ng  w i t h  mechanical v e n t i -  

l a t i o n  

Considering t h e  h a f t  v e n t i l a t i o n  above, i t  was mentioned t h a t  
i n  case o f  an i n s u f f i c i e n t  f u n c t i o n  o f  na tu ra l  draught an a d d i t i -  
onal v e n t i l a t o r  becomes necessary. 

The sha f t s  i n  t he  ground p lan  o f  f i g u r e  1 being equipped w i t h  ex- 
haust v e n t i l a t o r s  one can reach, presuming a  s u f f i c i e n t  arouse1 
o f  negat ive pressure, a  supply a i r  stream through the  window rab- 
bets on a l l  s ides and no t  o n l y  on the  s ide  o f  t he  b u i l d i n g  w i t h  
the  p o s i t i v e  pressure. 



Looking back to the f~gures 3 and 4, 9 and 10, we realize that 
there we had an effective stream of supply air on the side with 
positive pressure, only. 

Completing the ground plan of figure 1 by installation of venti- 
lators we find the air and humidity streams presented in figure 
11. 

The supply air streaming into the apartment takes the exhaust 
and humidity load out of the living-, parents'- and children's 
room over to the ventilation points in the kitchen and in the 
bathroom and toilet, where it is drawn off. 

There is no possibility that - as with the natural shaft ventila- 
tion system - exhaust air may stream from the sanitary rooms 
back over to the living area. However, we cannot exclude the e- 
ventual necessarity of an additional window ventilation in terms 
of sporadic ventilation in those cases of an overflow of exhaust 
air, for instance many visitors or smokers being in the rooms. 
If it is made use of this sporadic ventilation, there again we 
have to cope with the disadvantage of exhaust air being exchang- 
ed between the rooms. 

So far we have proved that the mechanical exhaust ventilation 
compared to just natural air draught leads to a considerable im- 
provement of air and humidity values in a dwelling. 

That situation of a mechanical exhaust ventilation can be improv- 
ed even more by installation of a balanced ventilation. 

The figure 12 presents, refering to the ground plan of figure 1, 
the arrangement of a balanced ventilation system, comprehending 
a mechanical exhaust and a mechanical supply ventilation as 
well. Air and humidity streams shown in figure 12. 

The whole volume of air stream is 180 m3/h for supply and ex- 
haust air respectively. This means an air change rate of 0.8 per 
hour for the dwelling. 

supply air exhaust air 
norma 1 1 y switch over 

rooms day night 
m3 /h m y h  m3 /h rn3/h 

living room 6 0 80 40 -- 
dining room 4 0 6 0 2 0 -- 
kitchen -- -- -- 100 
children 's room 40 2 0 6 0 -- 
parent's room 40 2 0 6 0 -- 
bathroom -- -- -- 50 
toilet -- -- -- 3 0 

amount 180 180 180 180 



The table shows the volumes of the streams related to the sever- 
al rooms. 

A reduction of the volumes of air stream during the night period 
may be performed by appropriate mechanical or electrical connec- 
tions. 

In the summer month the mechanical supply ventilation can be 
switched off also during day time while it is then substituted 
by window ventilation. 

Besides the fact that balanced ventilation will guarantee a con- 
tinuous drawing off of humidity and exhaust load, there is the 
possibility to combine it with a heat recovery. 

2.5 Values of humidity measured in dwellings with different venti- 

lation systems 

The diagrams of figure 13 present values of absolute humidity in 
the course of four consecutive days in January. The values were 
measured in two dwellings with the type of ground plan shown in 
figure 1, both having shaft ventilation in bathroom and toilet, 
however, no one in the kitchen. 

One can well perceive the different behaviours of the users con- 
cerning the window opening. The apartment 3. floor left has the 
highest values of absolute humidity, so one may conclude that 
there had been little window ventilation by the users. 

The living room has relatively low values of humidity. Users af- 
firmed our presumption that the room most likely had been used 
rather seldom. 

The curves of figure 14 show values of absolute humidity measur- 
ed in two dwellings, one of which was equipped with mechanical 
exhaust ventilation - 1. floor left - the other one with balanc- 
ed ventilation - 2. floor right. 

Since these measurements have been taken at the same time as 
those shown in the diagram before we can compare them under the 
aspect of absolute humidity values. 

All rooms being provided with balanced ventilation obviously 
showed the lowest values of absolute humidity. 

The dwelling with mechanical exhaust ventilation only has higher 
values than the one mentioned before with the balanced ventila- 
tion; however, its values in the bedrooms are still found to be 
lower than those given in diagram of figure 13, where we had 



na tu ra l  s h a f t  v e n t i l a t i o n  only. 

3. CONCLUSION 

The previous p i c t u r e s  and diagrams proved t h a t  values o f  a i r  and 
humidi ty  streams can obv ious ly  be looked upon as a f u n c t i o n  o f  
t he  d i f f e r e n t  v e n t i l a t i o n  systems t h e  dwel l ings are  equipped 
with. 

Furthermore user's behaviour has a c e r t a i n  i n f l uence  on t h e  
curves o f  absolute humid i ty  i n  t h e  d i f f e r e n t  rooms w i t h i n  t h e  
same apartment as w e l l  t o  be perceived from t h e  example shown i n  
f i g u r e  13. 

We should emphasize t h a t  e s p e c i a l l y  i n  those bedrooms which were 
v e n t i l a t e d  r a t h e r  and the re fo re  showing h igh  values o f  absolute 
humidi ty  i n  consequence, the re  was i n  s p i t e  o f  double glassed 
windows a condensation and mould growth t o  be seen. 

The balanced v e n t i l a t i o n  as described i n  f i g u r e  12 should be in -  
s t a l l e d  i n  b u i l d i n g s  because o f  hyg ien ic  and energet ic  reasons 
as we l l  as t o  avoid humid i ty  problems. 
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SYNOPSIS 

Rising moisture from the ground has caused quite a lot of damage on foundations 
of Swedish buildings, in particular for the type concrete slab on the ground. Some 
of these constructions may be repaired by mechanical ventilation, for example be- 
low the floor or below the concrete slab , if there is an air-permeable layer below 
the slab. 

Summarized results from a few field studies and tests, which have been going 
on for a period of 2-3 years, are reported. Different methods with mechanical 
ventilation systems have been found to  work quite well so far, i.e. under two and 
a half years of experience, provided that the air flow is well distributed over the 
whole area exposed to the ground. 

The temperatures immediatly below the slab is an important factor for the con- 
densation. The time-dependent, two-dimensional thermal process in the ground, 
coupled t o  the convective heat transfer in the air-permeable layer, is simulated by 
a computer model. Preliminary results from the field measurements showed that 
it was necessary to  take into account the heat of evaporation in order to get better 
agreement between calculations and field measurements. 

A few results from parameter studies are reported. The influence of air flow inten- 
sity, inlet air temperature, climate, thermal insulation thickness, thermal proper- 
ties of the ground and moisture supply to the inside air and from the ground is 
discussed. 

LIST OF SYMBOLS 

L= length of the house, m 
B= width of the house, m 
A= thermal conductivity of the soil, W/m°C 
pc= volumetric heat capacity of the soil, J/rn3"c 
T r a n =  annual outdoor mean temperature, OC 
T,arnp= amplitude of outdoor temperature, OC 
A,,= thermal conductivity of the insulation, W/m°C 
dec= thickness of thermal insulation, m 
Qa= air flow intensity from mechanical ventilation, m3/h 
Ti= indoor temperature, "C 
Ta= air flow temperature, "C 
v y =  maximum outdoor vapour concentration, kg/ms 
v F =  minimum outdoor vapour concentration, kg/m3 
A v y z =  maximum moisture supply to the inside air, kg/m3 
Av?= minumum moisture supply to the inside air, kg/m3 
Z= resistance to water vapour migration, s/m 



EXPERIENCE FROM FIELD MEASUREMENTS 

A lot of relatively new Swedish buildings, founded with concrete slab on the 
ground, suffer from moisture damages. Therefore, a lot of different repairing meth- 
ods have been developed in recent years. In many of these methods, mechanical 
ventilation in some form is an important factor. 

3.1 Mechanical ventilation below the concrete slab 

In order to  ventilate an air-permeable layer below a concrete slab, different kinds 
of system have been developed. In many of these, holes are drilled through the 
concrete slab at the central part of the building. Fans are installed in connection to 
the holes. They force air through the air-permeable layer below the concrete slab. 
This air flow will prevent rising moisture from the ground to  enter the concrete 
slab. In some of these systems, the fans are installed to give a positive pressure 
in the layer. As the fans are installed a t  the central parts of the building, the 
air is forced to move to the foundation walls, where i t  leakes out through drilled 
holes to the outdoor air. Other mechanical systems of this type creates a negative 
pressure in the permeable layer below the concrete slab. Indoor air is sucted into 
the air-permeable layer through holes which have been drilled through the concrete 
slab near the outer walls of the building. In a one-family residential house, it is 
usually sufficient to install a single fan a t  the center of the house. See Figure 1. 
The Swedish National Testing Institute has performed some field measurements 
on this type of system. 

Figure 1: Ventilation under the slab with air flowing from the center to the sides. 

Another system, with holes along two opposing sides is shown in Figure 2. The 
air flow in the air-permeable layer below the concrete slab is one-dimensional. We 
have followed such a system since its installation in June,1986. Indoor air from 
different parts of the building is pumped into the layer of lightweight expanded 
clay aggregate below the concrete slab at one gable end of the building and sucked 
out from the other gable end. In order to obtain a reasonably even distribution 
of the air stream below the concrete slab, evenly spred holes have been drilled 
through the foundation walls at the gable ends. Outside these holes there is a 
thermally insulated air channel which is connected to a fan at each gable end. 
Temperature measuring points have been installed in the upper- and lower parts 



of the ventilated layer below the spine wall. These temperature measurements, 
combinded with other measurements, are used in order to test the numerical model 
described below. 

Figure 2: Ventilation under the slab with one-dimensional air flow from side to 
side 

The measurements have just been finished, and no final conclusion regarding the 
installation has been reached. At this time, the experiences can be summarized in 
the following way: 

e The relative humidity has decreased considerably in the lightweight expanded 
clay aggregate layer below the whole building. The concrete slab has also 
dried out, both near the gable ends and in the central part of the house. 

e An advantage of this system compared to many other similar systemes, is 
that it should give an even distribution of the air flow below the whole 
concrete slab, provided that the foundation walls are fairly airtight. 

Mechanical ventilation above the concrete slab 

Methods of ventilating the space between a concrete slab and a joist floor con- 
struction in order t o  dry out wooden parts of the floor have been used in many 
Swedish houses during the last years. It is a comparably cheap method that has 
shown more positive effects than were expected only a few years ago. 

We have made measurements for two one-family residential houses with joist floor 
on concrete slab in the south of Sweden. A centrally placed exhaust air fan has 
been installed in the houses combined with air supply devices at the outer corners. 
See Figure 3. The inlet to the exhaust air fan tube is placed immediatly above the 
concrete slab in the joist floor and the outlet is placed in the roof of the building. 

In both of the houses, the mechanical ventilation system has caused a drying 
of the wooden parts of the floor. The effect has varied somewhat due to  the fact 
that different parts of the floor are ventilated to lesser or greater degree. The 
surface of the concrete slab has also dried out. 



Figure 3: Ventilation above the concrete slab with air flowing from the sides to 
the center. 

Mathematically this system can be described in exactly the same way as the sys- 
tems with a centrally placed fan for ventilation of an air-permeable layer below 
the concrete slab. 

Conclusions 

The experiences this far indicate that, in many situations, mechanical ventilation is 
a succesful way to repair concrete slab foundations with moisture problem caused 
by rising moisture from the ground. 

A disadvantage is that it is impossible to get full control of the air flow pat- 
tern. 

It is a relatively cheap method. It can be installed in a short time and with 
small disturbance to the inhabitants. 

Ventilation of the layer below the concrete slab is practically impossible, if the 
layer is to  air tight. 

Sewer pipes and other installations that have been placed in the ventilated layer 
will disturb the air flow pattern in a negative way. 

The mechanical ventilation of the foundation must always be in use. 

The mechanical ventilation should improve the quality of the indoor climate for a 
house with natural ventilation only. 

There remains risks for condensation in the ventilated layer, if the indoor air 
has a high relative humidity, if there is a considerable temperature fall near the 
foundation walls, or if the moisture supply from the underlying ground is very big 



combined with low ventilation intensity. 

4. NUMERICAL MODEL 

The heat flow in the ground, below and around a building is three-dimensional and 
time-varying. The model described here concerns the two-dimensional case for a 
vertical cross-section. The heat flow in the ground is simulated using conventional 
explicit forward differences. The mesh size increases outwards and downwards to 
adiabatic boundaries far away. The outdoor temperature a t  the ground surface, 
the outdoor vapour concentration and the moisture supply to  the indoor air varies 
during the year. 

The vertical space below the house becomes, in the two-dimensional case, a chan- 
nel along the x-axis. Let Ta(x,t) be the air temperature along the channel. The 
convective-diffusive heat balance for the air is: 

a Ta 
K+ (T+ - Ta) + K- (T- - Ta) - p,caqa- a x  = 0 (1) 

Here K+ (W/m°C) is the conductance between the indoor temperature T+ and 
the air, and K- the conductance to  the centre of the first cell in the ground with 
the temperature T-(x,t). The air flow rate is qa(t) (mi/ms). We neglect horizontal 
heat conduction in the air and the capacity term ( p a c a F ) .  There is evaporation 
or condensation of moisture, which is determined by the difference between the 
moisture content in the air and at the ground surface. In the model we assume 
that the ground is saturated and that the resistance to water vapour migration Z 
(s/m) between the ground surface and the air in the ventilated layer is constant. A 
mass balance along the channel between evaporation/condensation and convective 
moisture flow gives the evaporation rate g(x, t) (mi/rns). The corresponding latent 
heat of evaporation must be accounted for in the heat balances. In the model, this 
heat enters in the balance of the first cell layer, which is exposed to the air channel. 

The temperature field in the ground is calculated for time-step after time-step. 
At each step, equation 1 is solved analytically in the following way. We introduce 
the average temperatures T, and the length I :  

Equation 1 becomes: 
aTa 1 -- 
ax -- (Ta - Tm) - 1 

The quantities I and T, are piece-wise constant for each cell, xi _< x < xi+l. The 
temperature along the cell becomes: 

The inlet temperature to the air channel is given. The outlet temperature becomes 
the inlet temperature to the next cell, and so on. 



5. PARAMETER STUDIES 

The model is currently used to investigate how different parameters influence the 
temperature- and moisture distribution in the air-permable layer above or below a 
concrete slab. The model with its one-dimensional, or linear air flow, is applicable 
to the field measurement for the case shown in Figure 2. 

The other types with a central hole give a more complicated two-dimensional air- 
flow pattern. We are currently working with this case. The two-dimensional air 
flow in the ventilated space must first be calculated. Then, there is a convective- 
diffusive heat balance with a more complicated convective term in equation 1. 

Before the results from the parameter study are presented, it should be mentioned 
that the model that describes the moisture flow and the moisture distribution in 
the air-permeable layer is rather simple. We assume that the air flow is confined 
to one distinct level in the air-permeable layer. In most of the calculated cases 
we assume that this level is situated in the middle of the expanded clay aggregate 
layer below the concrete slab. 

A basic case used in the discussions below, has the following data: 

Basic case: 

All cases below are compared at the end of January when the differences between 
the cases are largest. The differencies can generally be seen during the whole year, 
but they are not so pronounced in other seasons when the outdoor air temperature 
is higher. 

Figure 4 shows the computed temperature along the air channel in three cases: 1. 
without ventilation, 2. with ventilation and without evaporation/condensation , 
3. with ventilation and evaporation/condensation. 

Temperatures without taking into account evaporation/condensation 

Firstly, we will in this section study the thermal behaviour, and, in particular, the 
air temperature of the ventilated layer, without evaporation/condensation. The 
parameter studies presented in this section concern variations from the basic case 
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Figure 4: Temperature along the air channel. 

without evaporation/condensation. 

Basic case compared t o  natural temperature distribution without air flow 
The temperature increase with more than 1 OC in the first 1.5 meter from both 
gable ends. The largest temperature increase occurs below the foundation walls. 

Increased air flow rate (Q,= I 0 0  m3/h) 
A considerable increase in temperature is obtained near the inlet gable end. A 
very low air flow rate of 5 m3/h results in approximately undisturbed conditions. 

Increased inlet air temperature (Ta= 32 OC) 
This gives a considerable temperature increase from the inlet gable to the middle 
of the house. 

Colder outdoor climate (north of Sweden) 
This gives a decrease of 0.5-1.5 OC. 

Thicker thermal insulation (d,, = 0.4 m) 
The effect is small near the foundation walls. Below the central part of the con- 
crete slab, the temperature decreases by at most 1.3 '6. 

Thermal insulation outside the gable ends (width=0.8 m, R=1.0 m2"c / tV )  
This gives a rather small increase of the temperature. The maximum increase is 
of 0.5 OC near the inlet gable end. 

Increased thermal conductivity i n  the ground ( A =  9.5 W / m  OC) 



This gives a considerable temperature decrease, with a maximum of 2.5 "C. This 
can be noticed except near the inlet gable end. 

Thermal insulation of the foundation walls at the gable ends (R= 0.5 m2"c /W)  
The effect on the temperature in the layer, is negligible. 

Air flow along the bottom of the air-permeable layer 
This means that the air is in direct contact with the ground below, while,in the 
basic case, the flow is positioned to the middle of the layer. This results in a 
temperature decrease of several degrees centigrade, about 4 "C near the gable 
ends. 

Temperatures when evaporation/condensation is taken into account 

Basic case including evaporation/condensation 
Water from the ground will evaporate near the inlet gable end. This results in a 
temperature decrease. The temperature gradually approaches the temperatures 
of the basic case without evaporation/condensation, as the flowing air becomes 
saturated. Near the outlet gable end, the temperature becomes somewhat higher, 
compared with the basic case, which means that condensation is taking place. The 
parameter studies presented in this section concerns variations from this basic case 
with evaporation/condensation. 

Increased air flow rate (Q,= 100 m3/h) 
If the air flow rate is doubled the temperature decreases near the inlet gable end. 
The increase in temperature when the saturated air moves towards the outlet gable 
end is also reduced. 

Colder outdoor climate (north of Sweden) 
A colder climate results in lower vapour concentration of the outdoor air. In this 
case we get the same behaviour as in the basic case, but the effect of the latent 
heat release is larger. 

Thicker thermal insulation (a,,= 0.4 m) 
The local maximum in temperature near the outlet gable end is decreased with 
approximately 1 "C. 

Higher resistance to water vapour migration from the ground (Z= I6500 s /m)  
This will result in lower moisture supply from the underlying soil, and an ensuing 
smaller influence from the latent heat. 

5.3 Vapour concentration in the air-permeable layer 

Basic case 
The vapour concentration increases continiously until about 2 m from the outlet 
gable end where it decreases somewhat due to condensation. 



Higher heat conductivity of the natural soil ( X=2.0 W/mO C ) 
Approximately the same form of the vapour concentration curve is obtained but 
on a lower level due to the lower temperature level. 

Increased air flow rate (Q, = 100 m3/h) 
The vapour concentration increases of a lower rate along the layer, and the de- 
crease near the outlet is reduced. 

Colder outdoor climate (north of Sweden) 
The only difference from the basic case is that the level of the vapour concentration 
curve lies about 1.0 g/m3 lower. 

Thicker thermal insulation (&,= 0.4 m) 
The shape of the curve does not change, but the level is 1-2 g/m3 lower. 

5.4 Comparison between field measurements and calculations 

The measured temperatures in the air-permeable layer differ somewhat from the 
calculated ones. The gradients along the flow direction near inlet and outlet be- 
come larger in the calculations, and the level is about 1-2°C too high. Part of the 
differences can probably be explained by uncertainties in the parameter values, in 
particular for thermal conductivity of the soil, thermal conductivity of the venti- 
lated layer, air flow, outdoor climate and measuring errors. Another uncertainty 
is the distribution of the air flow in the air-permeable layer. The model assumes a 
perfectly linear flow, which is evenly distributed over the inlet/outlet gable ends. 
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Thank you for asking me to sum up. The opinions I am about to 
present are personal, and from the point of view of a consulting 
engineer, but not one directly involved in day-to-day design 
work. I may upset some of you, and apologise beforehand, but I 
must reflect what I believe to be the implications of the papers 
presented. 

It would seem that the papers can be grouped under four 
headings: 

Measurement 
Prediction 
Design 
The positive aspects of ventilation - passive heat recovery. 

Taking each of these in order: 

Measurement Techniques 

After 15 years or so it would seem that we are still in the 
development stage; certainly there is still no compact 
instrument available to the consulting engineer for the accurate 
measurement of infiltration rates, The impression I get is that 
there is, as yet, no general agreement on the best way to 
measure air change. One reason for this may be a lack of rigour 
during the development phase of the methods - especially in the 
attention paid to error analysis. I do recognise that the 
purpose of the measurements has also changed from the 
determination fairly high air change rates related to energy, to 
detecting low figures that might give rise to air quality 
problems, and of course, from empty to occupied buildings. In 
some cases I get the impression that if using the equipment 
results in what appears to be a reasonable figure for air change 
(anywhere between 1 and 5) then this proves that the technique 
and apparatus are sound. 

The development of simple methods, PFT's and bag sampling is 
important so that the practicing engineer can give his client a 
good idea of the performance of an existing building. In this 
case the objective will often be to confirm that the building is 
not too leaky - precise values will not be very important, 
possibly + 0.25, or even 0.5 air changes may be good enough. 

I anticipate that many of these problems will be solved with the 
publication of the AIVC Measurement Techniques Guide next year. 

Calculation Techniques 

Whilst there was not too much emphasis on this aspect this time 
it is obviously still a topic of great interest - as was shown 
by the interest in the demonstrations during the Poster session. 
The main talking points appear to be: 

Val idation 
Simple vs Complex Models 



It i s  c l e a r  t h a t  unless methods f o r  v a l i d a t i o n  are ava i lab le ,  
arguments over  techniques a re  n o t  very re levant .  As I see i t  
o n l y  two forms o f  v a l i d a t i o n  need t o  be considered. 

1) W i l l  t h e  method reproduce a  standard (probably manual) design 
c a l c u l a t i o n ?  

2) Reproduction o f  measured data. 

The f i r s t ,  w h i l s t  app l i cab le  t o  many computerised design methods 
i s  probably n o t  v a l i d  ( ye t? )  w i t h  respect  t o  v e n t i l a t i o n  and 
i n f i l t r a t i o n  ca lcu la t ions .  To reproduce experimental r e s u l t s  
imp l ies  t h a t  s u i t a b l e  data  ( together  w i t h  e r r o r  assessments) a re  
ava i lab le .  The task  o f  p rov id ing  such data se ts  should n o t  be 
underestimated as they  must con ta in  a l l  r e l e v a n t  parameters and 
be demonstrated as s u i t a b l e  f o r  v a l i d a t i o n  checks. I would 
suggest t h a t  a  c e n t r a l  record o f  va l i da ted  data  sets be created; 
t h i s  i s  obv ious ly  a  task  f o r  t h e  AIVC. 

The simple vs complex argument can o n l y  be re levan t  i f  t h e  data  
i npu t  t o  simple methods i s  a l so  simple, t h e  a v a i l a b i l i t y  and 
a p p l i c a t i o n  o f  s u i t a b l e  hardware f o r  t h e  more complex technique 
are c e r t a i n l y  no longer a  d iscuss ion po in t .  I n  general i t  can be 
sa id  t h a t  even w i t h  t h e  most soph is t i ca ted  computer programs t h e  
data prepara t ion  and checking t ime  exceeds t h e  run time. Th is  i s  
t r u e  f o r  what may be t h e  u l t i m a t e  i n f i l t r a t i o n  model - 
computational f l u i d  dynamic codes. 

I t h i n k  one encouraging t rend  i n  t h e  development o f  p r e d i c t i o n  
techniques i s  t h e  i n t r o d u c t i o n  o f  s t a t i s t i c a l  methods i n  an 
attempt t o  reproduce v a r i a t i o n s  found i n  p rac t i ce .  I am sure 
t h a t  t he re  w i l l  be more papers on t h i s  approach a t  f u tu re  AIVC 
conferences. Again v a l i d a t i o n  i s  important  and i t  w i l l  be 
i n t e r e s t i n g  t o  see how t h e  p r e d i c t i o n s  check against  some o f  t h e  
l a rge  sample surveys now being c a r r i e d  out. 

Design (Contro l  o f  t h e  i n t e r n a l  environment) 

The best  way t o  get  acceptable a i r  q u a l i t y  throughout a  b u i l d i n g  
i s  t o  ensure appropr iate q u a n t i t i e s  o f  f r e s h  a i r  are de l i ve red  
t o  each occupied space and n o t  t o  r e l y  on random f a c t o r s  such as 
weather and windows (cracks).  The design o f  s u i t a b l e  systems i s  
t r i v i a l  f o r  engineers f a m i l a r  w i t h  design o f  commercial 
bui ld ings,  however, it appears t h a t  those who on ly  have 
experience o f  dwel l ings  have some d i f f i c u l t y  i n  accepting such 
concepts. There i s  there fore ,  a  need t o  educate t h e  i n d u s t r y  and 
t o  demonstrate the  need f o r  and advantages o f  good v e n t i l a t i o n  
design. The general p u b l i c  should be made aware o f  t h i s  need. To 
do t h i s  i t  w i l l  be necessary f o r  t h e  A I V C  t o  prepare i n fo rmat ion  
s u i t a b l e  f o r  p u b l i c a t i o n  i n  na t iona l  newspapers. Research i s  o f  
l i t t l e  value unless t h e  r e s u l t s  f i n d  t h e i r  way i n t o  everyday 
1  i f e .  



The P o s i t i v e  Aspects o f  V e n t i l a t i o n  and I n f i l t r a t i o n  - 
It i s  very  i n t e r e s t i n g  t o  l e a r n  t h a t  t h e  b u i l d i n g  can be used as 
a  passive heat  recovery device so t h a t  n o t  a11 t h e  energy used 
t o  heat i n f i l t r a t i n g  a i r  i s  l o s t  t o  t h e  surroundings. The 
measurements requ i red  t o  v a l i d a t e  t h e  theory  are  q u i t e  d i f f i c u l t  
and consequently g rea t  care i s  requ i red  i f  meaningful r e s u l t s  
are t o  be obtained. Again a  case f o r  a  r i go rous  examination o f  
errors,  as emphasised i n  t h e  d iscuss ion  o f  dynamic i n s u l a t i o n  
which appears t o  be a  very  i n t e r e s t i n g  development. 

F i n a l l y  we need t o  be aware o f  d i f f e rences  between countr ies.  
These can be obvious such as weather - which may make a  
technique t h a t  i s  c o s t  e f f e c t i v e  i n  one count ry  n o t  worthwhi le  
i n  another - o r  more subt le ,  such as a t t i t u d e .  The Uni ted 
Kingdom cont ingent  w i l l  understand t h e  d i f f i c u l t y  t h a t  would be 
encountered when request ing  a  r e l a x a t i o n  o f  b u i l d i n g  regu la t i ons  
because t h e  e f f e c t i v e  'U '  value i s  10% (say) lower than t h e  
standard va lue  because o f  t h e  p o s i t i v e  e f f e c t  o f  i n f i l t r a t i o n .  
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SYNOPSIS 

The constant concentration tracer gas (CCTG) technique is 
typically used to measure air infiltration rates in mulitzone 
buildings. The measurements are performed by injecting metered 
amounts of a tracer gas into each zone so as to keep all the zones 
at a target concentration. One drawback to this method is that no 
information is gained about the level of interzone flow rates in 
the building. 

Modified constant concentration techiques are described which 
allow selected infiltration and interzone air flow rates to be 
estimated. These techniques differ from the typical operation in 
that there are certain zones where no tracer gas is injected. One 
approach, described as discontinued injection, is useful for 
measuring interzone flow rates between two sections of a building 
when the air flow rates are relatively constant. The tracer gas 
injection in one of the sections is stopped at a certain point in 
time, but the concentration measurements are continued. The 
increase of tracer gas injection in the other section and the drop 
in concentration in the "starved' section are used to estimate the 
air flow rates between the sections. 

Field measurements using the modified CCTG methods are presented 
for experiments in single family and multifamily buildings. The 
results are compared to those obtained by passive, multiple tracer 
gas tests. 

INTRODUCTION 

The constant concentration tracer gas (CCTG) technique has proven 
to be useful for real time measurements of infiltration rates in 
multizone buildings. One of the advantages of the ,method is that 
it requires only a single tracer gas (TG) to measure infiltration 
in a large number of zones of a building. It accomplishes this by 
injecting the amount of tracer gas into each zone that is required 
to keep the concentration of the tracer gas constant and at the 
same level in all of the zones. This allows the infiltration 
flows into each zone to be measured reguardless of the flows 
between the zones. Unfortunately, with the typical operation of 
the CCTG system no information is obtained of the interzone air 
flow rates. 

In many cases the infiltration rates are the only, or most 
important, flow rate of interest and the CCTG method provides the 
necessary measurements. There are cases when interzone 
measurements are also necessary. This is true for studies of 
nonuniform pollution sources such as the entry of radon into the 
lower level of buildings and measurement of adequate ventilation 
rates. For example, a companion paper in this conference1 
presents CCTG measurements in a single family house where 
infiltration levels in upstair bedrooms are well below present 
ASHRAE standards2. It is hypothesized that the abundance of 
infiltration air in the downstairs could often provide the 
necessary "fresh air" if the interaction between the zones is 
adequate. This paper presents a modified form of the constant 
concentration technique, called discontinued iniection, that 



measures not only infiltration rates but also air flow rates 
between the zone where injection is discontinued and the rest of 
the building. 

Our CCTG systems and those developed by other research groups have 
the ability to operate in ten separate zones. While this is 
sufficient for most single family houses, it is often inadequate 
for large, complex structures such as office buildings and 
multifamily buildings. Two other modifications of the CCTG method 
have been developed in order to measure air flow rates in these 
types of buildings. The first, called guarded-zone, "isolates" a 
zone or set of zones from the rest of the building so that 
infiltration measurements can be made in these zones. The second, 
called surrounded sam~line;, keeps a constant concentration in a 
zone or set of zones in order to measure infiltration and other 
incoming air flows into those zones. In addition, the relative 
amount of air moving from those zones to the surronding zones is 
also measured. 

This paper presents the type of system operation, equations, and 
analysis needed to perform the three modified CCTG measurements. 
A set of results are presented from field tests of the guarded- 
zone and surrounded sampling methods applied to a six-story 
multifamily building. The results from tests using discontinued 
injection in an unoccupied single family house during summer - f all 
and winter conditions are also presented. The uncertainties are 
discussed and these short term (two hour) results are compared to 
those from simultaneous long term average measurements using a 
passive multiple tracer gas system (PFT). 

2.0 GUARDED-ZONE 

The guarded-zone method is used to measure infiltration flows in a 
selected area of a building where it is not possible to implement 
the system in all sections of the building. In this method, all 
zones adjacent to the test zone (or set of zones) are kept at the 
same constant concentration as the test zone. Measuring the rate 
of tracer addition to the "guardedw test zone (g) then yields the 
rate of the outside air infiltration into the zone. The coupled 
set of first order differential equations that govern the level of 
tracer gas in a multizone building is3: 

where Vj = volume of zone j 

Fj -- airflow from zone j to i 

cj = tracer gas concentration in zone j 

Sj = rate of tracer gas injection into zone j 

n -. number of zones in building + 1 
the n$h zone is the outdoors (c, -. 0) 



If the concentration in a zone is kept constant at a level ct then 
equation 1 reduces to: 

where F = total flow out of zone j 
j T 

For the guarded zone ck - c, and equation 2 reduces to: 

Where Fn, is the flow of outside air (zone "nu) into the guarded 
zone. 

Thus, the infiltration flow into each guarded zone is 
approximately the rate of TG injection into the zone divided by 
the target constant concentration. In practice, the concentration 
deviates from the target level. An analytical procedure adapted 
from equation 1 includes the effect of these deviations in the 
computation of F,, . 
For the surrounding "unguarded" zones (s), the tracer injection 
rate can be used to estimate the sum of the infiltration airflow 
rate plus the rate of air flowing in from zones where there is no 
injection (assuming that the concentration in those zones, cp , is 
negligible) : 

where the p zones are those in which there is no injection. 

Our measurements were conducted using the constant concentration 
tracer gas (CCTG) system5. The system uses sulphur hexafloride 
(SF6)  as a tracer gas with a detectable range of 10 to 300 parts 
per billion (ppb) and can inject and sample in 10 zones. Recent 
modifications provide hourly adjustment for detector drift, remote 
access via telecommunications, and monitoring of an on-site 
weather station. At present, we record the wind speed, direction, 
outdoor and indoor temperature each minute, and their average 
values each hour. 

The site for these measurements is a 60-unit, six-story apartment 
building for senior citizens located in Asbury Park, New Jersey. 
The floor plan and one elevation of the building are shown in 
figure 1. The ground floor has offices in one wing and common 
areas in the other. The apartments are located, six per floor per 
wing, on the next five floors. The windows are casement type with 



interior storms, except in the bathrooms where there are no 
storms. Every apartment has windows on at least two different 
faces of the building. The apartments on each floor share a 
hallway, which is connected to a pair of stairwells and an 
elevator shaft. Both stairwells (for each wing) have outside 
doors on the ground floor, and one of them also has a door at the 
top for roof access. In most cases, each apartment can be 
considered to be a single well-mixed zone. Even with this 
simplification, the building consists of many interconncected 
zones where any zone may communicate with as many as six 
neighbors. In the case studied, there are more than 30 separate 
zones in each wing with most zones having five adjoining zones. 

F i g u r e  1. Floor plan and elevation of m l  tifamily test building. 

The test apartment for the guarded zone studies was an E unit on 
the third floor of building A (designated A3E - see figure 1). It 
is a one-bedroom apartment with a volume of 120 m3 and was 
unoccupied during the tests. All of the surrounding apartments, 
except the adjoining efficiency unit (A3D), were occupied. The 



test apartment was considered as two separate zones - one 
consisting of the kitchen and living room (71 m3) and the other of 
the bedroom and bathroom (49 m3). A single TG injection line was 
placed in each zone with its output placed in the airstream of a 
fan to help mix the injected gas with room air. An additional 
mixing fan was placed in each zone and the sample was taken from a 
blend of two locations in the zone, A single sample line and an 
injection line were placed in each of the surrounding apartments. 
In general, the input of the sample line was placed near the 
center of the zone, and the output of the injection line was 
placed on a uninsulated steam riser to in the aid dispersement of 
the gas. A single mixing fan was used in the unoccupied 
efficiency unit, but none in the occupied zones. 

The tracer gas measurements were conducted for about 25 days, 
using the guarded zone method about half that time. The purpose 
of the experiment was to estimate infiltration flows in winter 
with various window openings and to study the ability of the CCTG 
system to keep the concentration at a target level. The brief 
duration of the experiment did not allow detailed examination of 
the dependence of air infiltration on weather conditions or window 
openings in the rest of the building. 

Figure 2 displays the measured airflow of A3D and the two zones of 
the test apartment and the environmental conditions over a two-day 
period when the windows of the two apartments were closed. The 
CCTG method measures airflow rates directly. However, for easier 
interpretation, the flow rates are divided by the volume of the 
zones and expressed as air change per hour (ACH). The measured 
flow for the test apartment is the infiltration flow, while for 
apartment A3D the measurement includes airflows from its other 
neighbors as well. Over the two days of tests, the airflows in 
these zones varied between 0 ACH and 0.35 ACH. These results seem 
reasonable given the tightness of the apartments indicated by the 
blower door tests (2.5 to 6.0 air changes per hour at 50 Pa). 

The CCTG system records the measured airflow, average 
concentration, and rms deviation in the concentration from the 
target for all of the zones on an hourly basis. The average 
concentration and rms deviation give an indication of how well the 
concentration was kept near the target. Table 1 displays the 
average and standard deviation of these three values over one day 
of data for each of the seven zones. The three unoccupied zones, 
with mixing fans and closed windows, had average concentrations 
within 0.1 ppb of the target and rms deviations of about 0.5 ppb 
or 1.25% of the target. These results are as good or better than 
those obtained in single-family houses and indicate proper 
operation of the CCTG system4. An error analysis of the CCTG 
sys tem operating in single - family houses indicates that this 
level of concentration fluctuation corresponds to an uncertainty 
of approximately 5% in the estimated airflow rates4'=. The 
concentration deviation for the other apartments is much greater - 
varying between 6.3 to 18.8 ppb from the target of 40 ppb. The 
increase in the deviation is most likely due to the absence of 
mixing fans and the high airflows (i. e. open windows) . The high 
degree of window opening in the occupied apartments of this 
building is discussed in reference 6. 



The guarded zone experiments were also conducted when a l l  the 
windows i n  t h e  t e s t  and A3D apartments were opened a l i nea r  
distance of 50mm and then opened wide. Table 2 shows the average 
flow ra t e s  over one day f o r  these window openings. Although the 
weather conditions fo r  these three s e t s  of data do not allow 
d i rec t  comparisons, the r e su l t s  do indicate the expected order of 
magnitude of the flow ra t e s  for  diferent  window openings. The 
data show t h a t  opening the casement windows 50mm increases the 
flow r a t e  by more than an order of magnitude (0 .1  ACH t o  3 ACH) 
and opening the windows f u l l y  further increases the flow r a t e  by 
another order of magnitude (39 ACH). 

.4 - I I 
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108.5 110 110.5 11 1 111.5 112 

Julian Date 

Environmental Conditions 

E I 

Figure 2 .  Airflow into an unoccupied efficiency apartment and 
infiltration into the two zones of the test apartment 
when windows are closed. Below: environmental 
conditions . 



TABLE 1 

Guarded-Zone Constant Concentration Tracer Gas Data: 
Average of Hourly Values for One Day 
(Standard Deviation in Parenthesis) 

Unoccupied Occupied 
A3E K&L A3E Bed A3D A3F A2E A4E Hall 

Air - 
flow 0.09 0.13 0.16 1.6 4.2 2.3 17.2 
[ACH] (0.06) (0.03) (0.07) (1.0) (2.8) (1.7) (7.2) 

Avg . 
Conc . 40.1 40.0 40.1 38.8 38.0 40.2 38.8 
P P ~  (0.3) (0.1) (0.5) (3.4) (9.9) (7.4) (6.8) 

RMS 
Dev 0.5 0.3 0.6 6.3 18.8 11.1 12.0 
Conc (0.2) (0.1) (0.3) (5.0) (7.8) (14.0) (6.7) 
P P ~  

Day : 110 A3E and A3D windows closed 
Tin : 28.0 f0.7 [OC] Tout : 11.4 $3.0 [OC] 
Wind Speed : 5.0 f1.7 [m/s] Direction : 5 +2 [degrees 
ct : 40 ppb clockwise from noon] 

TABLE 2 

Apartment Airflow Rates under Various Window-Opening 
Conditions: One Day Averages 

(Standard Deviation in Parenthesis) 

Window Airflow [ACH] Wind Spd Dir Tin 
Position A3E K&L A3E Bed A3D [m/s 1 [degl LOCI 

Closed 0.09 0.13 0.16 5 .O 5 28 .O 
(0.06) (0.03) (0.07) (1.7) (2) (0.7) 

All Open 3.8 3.2 2.5 2.1 338 24.7 
5 omm (2.0) (1.6) (0.4) (1.1) (83) (0.8) 

All Wide 32 6 6 14 4.7 165 19.7 
Open (26 (47) (2) (2.3) (69) (0.6) 

Tout 
[OCI 



3.0 SURROUNDED SAMPLING 

This method is used to 'measure incoming air flow rates in a 
selected set of zones and the relative magnitude of the flow from 
these zones to the surrounding zones. In this method the tracer 
concentration is kept constant at c, in a single zone (x) and is 
sampled in the surrounding zones (s). By keeping the 
concentration at c,, the equation for the TG concentration in zone 
x is: 

By applying the continuity equation (i . e . FxT - Fnx + CF,, ) , this 
equation is further simplified to: s 

If the concentration in the surrounding zones is small relative to 
c,, then Sx/ct is approximately equal to the total airflow 
entering that zone (FTx). Combined with infiltration airflow 
rates measured by the guarded CCTG technique under similar weather 
conditions, we can estimate the magnitude of flow coming from 
neighboring zones. 

In addition, this method gives information about the airflows into 
the surrounding zones. Assuming that the concentration is steady 
in an adj acent zone (s ) , c, /ct --- Fx , /FT , . Although this does not 
specify an absolute airflow rate, it does indicate where incoming 
flows are originating and their relative magnitudes. 

The experimental setup was similar to that used for the guarded 
zone method. The TG concentration was kept constant in the two 
zones of the test apartment (A3E) and its level sampled in the 
surrounding zones. The concentration was held at a higher level 
(250 ppb) than for the earlier tests so that lower airflows from 
the test apartment could be measured. For a ct of 250 ppb and a 
lower detection limit of 10 ppb, flows from A3E to an adjacent 
space that were greater than 4% of the total incoming flow could 
be measured. 

Figure 3 displays the airflow data for the test apartment and the 
environmental conditions over an 18-hour period. This brief 
period of data does not allow an in-depth comparison with earlier 
infiltration data. However, a comparison of these data with that 
displayed in figure 2 indicates that the infiltration flow is of 
the same order of magnitude as the total incoming flow. We can 
conclude that the infiltration flow in the test apartment is a 
significant portion of the total incoming flow when the windows 
are closed. 



.O 
Environmental Gondltlona 

*a- 
\ - 

Figure 3 .  Airflow into the t es t  apartment and environmental 
conditions during "surrounded sampling". 

The average tracer gas concentrations over the test period are 
(note that for this averaging process the concentration of a 
sample is considered to be 0 if it is below the detection limit of 
about 10 ppb) : 

A3F : 1 . 2  ppb 

A2E : 0.0 ppb 

A4E : 0.0 ppb 

A3D (eff) : 9.7 ppb 

Hall : 22.5 ppb 



The results indicate that very little of the flow into apartments 
A3F, A2E, and A4E came from the test apartment. This could have 
been a result of either high total incoming flows in those 
apartments or that only a small amount of the air leaving the test 
apartment traveled to those apartments. However, if it is assumed 
that the total air flow rate into these apartments is 3.0 ACH (or 
36 m3/h) the most the flow from the test apartment to these 
apartment could be is 1.4 m3/h. This indicates that apartment A3E 
interacts little with its neighbors. 

4.0 DISCONTINUED INJECTION 

The discontinued injection technique is used to measure the 
absolute magnitude of the flows between a single zone and the rest 
of the zones in the building. The following analysis is performed 
for a building with the CCTG system operating in all the zones. 
An analysis of the method applied to a multifamily building is 
presented in reference 7. A experiment starts with all the zones 
being kept at a constant concentration - i.e. the typical 
operation of the constant concentration system. At some point in 
time, the tracer injection into one of the zones is discontinued. 
During the following transient period the equation governing the 
TG concentration in the zone where injection was discontinued 
(zone d) is given by: 

Where the zones in which injection is being performed are 
signified by i. This solution to equation 7 is: 

where Fld -- ;Fi , which represents the air flow from the other 
zones in the building to zone d. 

Using equation 8 as a model, a regression technique can be used to 
solve for Fid and the total flow leaving zone d (FdT). By 
applying the continuity equation to zone d, the infiltration in 
zone d is found to be the difference of FdT and Fid. 

With the concentration constant at the target level in the 
injection zones, the equation for the TG concentration in each i 
zone is given by: 

where zone j is one of the injection zones 
Fij is the flow from the other i zones 



By applying the continuity equation (i.e., 
Fj T 

- F  + F d j +  
F:~), this equation is further simplified: 

n 3 

If it is possible to estimate the infiltration flow in the i zones 
then equation 10 can be used with the injection and concentration 
data to estimate the flows from zone d to the i zones: 

The sum of these flows can be used in the continuity equation of 
zone d to estimate the exfiltration rate of zone d: 

By summing together the continuity equations for all the i zones 
the following equation is obtained: 

Given estimates of the infiltration rates in the i zones, equation 
13 can be used to compute the total ex£ iltration rate (CF~,) from 
the i zones. Thus, the discontinued injection method provides 
estimates of the infiltration, exfiltration, and total incoming 
flows of the discontinued injection zone, the flow to and from 
that zone to the other zones of the building, and the total 
exfiltration flow of the other zones. 

The test building for this portion of the study is an unoccupied, 
bi-level, single family house located northwest of Washington 
D.C.. The house is heated with a heat pump warm air system. 
There are supply vents in each upstair zone and in the downstair 
zone. The two return vents are located in the upstairs. 
Infiltration measurements in this structure have been described in 
previous AIVC publications, including a companion paper in this 
conference1' '. Figure 4 displays the floor plan of the house and 
includes the location of the mixing fans and the sample and 
injection lines. The CCTG system was installed to provide 
measurements in the downstairs and five separate upstairs zones. 
The system operated with a sample time of 60 seconds. This 
resulted in a six minute interval between concentration 
measurements in a single zone. 

The tests were conducted over two separate time periods. The 
first period began August 21St , 1986 and ended September gth . The 
second period began January 14th, 1987 and ended January 22nd. 
For both periods the system was programmed to stop injection in 
the downstairs zone every second day starting at 12 midnight and 



continuing for five hours. At the end of each test the system 
resumed its normal operation. During a five hour test the system 
kept the concentration constant in the five upstairs zones and the 
concentration was measured in the downstairs zone. In addition, a 
separate data acquisition system recorded the indoor and outdoor 
temperatures and the wind velocity and direction at each half 
hour. The results from four different discontinued injection 
tests from the first period (julian dates 239, 241, 247, and 251) 
and three from the second period (julian dates 16, 18, and 22) are 
presented in this section. 

U uoota~n 

LEGEND: HOUSE VOLmIE I 

\ I ZONES: (1)- 28.3n3,(2)- 21.4, I 
(3)- 38.7,(4)- 19.9,(5)- 83.0 

(6)- 121.2.- AREA - 145m 

Stove 

Figure 4 .  Floor plans of unoccupied test house. The zone 
volumes and the location of the injection and sampling 
points, as well as mixing fans are included. 



Figures 5 and 6 display the measured concentration in the 
downstairs and the total normalized injection rate (the SF6 
injection rate divided by the zone volume) in the upstairs for the 
tests on julian days 18 and 241. For the initial part of the 
analysis the five upstair zones are grouped together and 
considered as a single zone. The downstairs concentration and 
upstairs injection rate respond as expected to the injection being 
discontinued. The concentration curves from both days show an 
exponential decrease and the injection rate simultaneously 
increases. During the test of day 18 the average upstairs 
concentration was only 3.0% below' the target and had a rms 
deviation about the target of 3.8%. This low deviation from c, 
indicates that, even with the downstairs concentration dropping 
rapidly, the system responds quickly enough to keep the upstairs 
concentration sufficiently near c,. When the downstairs injection 
was started at the end of the test the system typically took one 
hour to return to stable operation. Thus, the complete test 
interrupted the normal operation of the CCTG system for six hours. 
However, as will be shown later, the test period could be reduced 
to two hours which will reduce the interruption time to three 
hours . 

Discontinued InJaction in Oownstairw 

S y s t e m  Rewponea. Day 1 9  

Figure 5 .  Response of dawnstairs concentration and upstairs 
injection rate to discontinued injection dawnstairs: 
Day 18. 

A rough estimate of some of the flows can be obtained by a quick 
scan of the data. For example, from equation 8 it is evident that 
the time constant of the decrease in the downstairs concentration 
is equal to the total flow entering the downstairs divided by the 



downstairs volume and the steady-state concentration (c,,) divided 
by c, is equal to Fid/FdT. Figure 5 shows that during the cold 
winter weather (indoor-outdoor AT of 17.6 OC) of day 18 the 
downstairs reached a c,, of about 95 ppb in approximately one 
'hour. Since c,, is reached in about 3 time constants, the total 
incoming flow is about three ACH or 360 m3/h. Also, the ratio of 
c,, to the target (0.6) indicates that about 60% of the air 
entering the downstairs came from the upstairs. Finally, the 
roughly three- fold increase in the upstairs ,injection rate after 
injection is discontinued suggests that the air flow from the 
downstairs to the upstairs is much greater than the upstairs 
infiltration. In contrast to the winter period, the mild weather 
data displayed in figure 6 shows a longer decay time and lower 
c , . This indicates a lower incoming flow in the downstairs and 
that less of the incoming flow came from the upstairs. Also, the 
relatively smaller increase in the upstairs injection rate 
suggests a smaller flow from the downstairs to the upstairs. 

Discontinuad InJaction in Downstairs 
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Figure 6. Response of dawnstairs concentration and upstairs 
injection rate to discontinued injection downstairs: 
Day 241. 

A rigorous, quantitative analysis of the data can be performed in 
a number of different ways. The first step of the analysis is to 
estimate the airflows in equation 8. For this process a choice 
must be made of which parameter identification method will be used 
and the length of time over which the analysis is performed. Two 
different least square regression techniques were studied. The 
first is a nonlinear method developed by ~arquardt~ that is 
available in a commercial statistics program. For this method the 
form of the equation is identified as: 



where PI = F;,/F,, 
Pi = F ~ T / V ~  
to = the start time of the test 

The columns of cd and t are input to the program to yield the 
estimates and standard errors of P1 and P2. Figures 7 and 8 
display the first two hours of concentration data and fitted curve 
from the regresssion for days 18 and 241. The results show good 
agreement between the fitted model and the measured concentration 
with low standard errors for the estimate. As expected from the 
qualitative analysis performed earlier, the decay is more rapid 
for day 18 than for day 241 (a time constant of 2.76 compared to 
0.58) and the relative value of c,, is higher. 

Ocacay o f  Downstairs Concentration A f t e r  

InJaction Discontinuedr Day 1 8  

Figure 7. Results of nonlinear regression analysis of the 
dawnstairs concentration: Day 18 - two hours. 

A second type of regression technique was applied to the 
concentration data. For this method, c,, is estimated to be the 
average of the measurements after the concentration appears to be 
steady. With this value, a log-linear regression of the 
downstairs concentration minus c,, versus time is performed to 
yield the time constant of the decay. For the winter data the 
results from this technique were similar to those from the 
nonlinear method. However, since the concentration for the 
summer/fall tests did not reach a steady value by the end of the 
five hour test, the technique could not be applied to those data 
sets. This points out one of the drawbacks of this method: a 



Dacoy of Oownetairs Concentrotion After 
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Figure 8 .  Results of nonlinear regression analysis of the 
dawnstairs concentration: Day 241 - two hours. 

prohibitively long test period may be required to achieve a steady 
concentration in the discontinued injection zone. Futhermore, it 
is not possible to include concentrations in the regression 
analysis which are lower than c,,. When the steady-state value is 
approached quickly and there is a moderate amount of scatter, such 
as occurs on day 18, measurements below c,, are encountered early 
in the test. If the analysis period is halted when a measurement 
below c,, is encountered, the analysis period may be too brief. 
Including only the values above the steady level would result in 
biased estimates. Because of these drawbacks and the easy 
implementation of the nonlinear method, the nonlinear method was 
chosen as the preferred technique. 

Another variable in the analysis process is the length of time 
over which the analysis is performed. In general, there must be 
enough concentration data for the regression technique to properly 
determine FdT and Fnd. The degree of scatter in the data due to 
measurement error, nonuniform mixing, and short term fluctuations 
in the flow rates determines how much data are required to achieve 
the desired accuracy of the estimates. However, the time period 
must not be chosen to be so long that some of the assumptions of 
the model are invalidated. For example, the solution of equation 
7 assumes that the flow rates FdT and F ; ~  are constant. If there 
is a random fluctuation of these flows then the regression 
technique will properly estimate their average value but a steady 
shift in either flow during the analysis period could bias the 
results. A third consideration is the desired time resolution of 
the measurements. 



The nonlinear regression technique was performed on the data from 
the seven test days using the first two hours and the entire five 
hours of data. The estimates and standard errors of the 
downstairs infiltration and upstairs to downstairs air flows from 
the two hour analyses are displayed in table 3. The relatively 
low standard errors (11 to 18% - except for one high percent error 
that occurred for a low interzone flow) indicate that the 20 
values from a two hour period are sufficient to provide good 
accuracy while maintaining a short enough period to insure 
approximately stable flows and good resolution. The assumption of 
steady flows does not always hold for longer periods. Figure 9 
displays nearly four hours of the measured concentration and 
fitted regression curve for day 241 (the measurements went off 
scale after four hours). Although the fit is good, the regular 
deviations of the measured values away from the curve indicate 
that the flows were not constant. As a result, the relative 
errors of the two parameters are larger than for the two hour 
analysis and the estimated value of parameter one is physically 
impossible. In addition, a five hour period was not necessary for 
the winter periods since the steady concentration was reached 
during the second hour. Thus, it appears that a two hour analysis 
period provides good accuracy and adequate time resolution. 

TABLE 3 

Estimated Air Flow Rates From Discontinued Injection Method 
(Uncertainties in parenthesis) 

Weather Air Flow Rate [m3/h] 
Day dT[OC] V[m/s] Fo1 FO 2 Fl2 F2 1 Flo F2 o 
239 4.2 2.4 6 9 14 5 2 8 9 2 - 9 

(9) (4) (14) (4) (18) (15) 

Note: Fij  is the flow from zone i to j . 
zone 0 is outdoors, 1 is downstairs, 2 is upstairs 
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Figure 9 .  Results o f  nonlinear regression analysis of  the 
downstairs concentration: Day 241 - four hours. 

The solution of the remaining flows begins with using equation 11 
to solve for the flows between the discontinued injection zone and 
the other zones. As stated earlier, the solution of this equation 
requires an estimate of the infiltration in the other zones. This 
could be obtained from either the value measured immediately 
before injection was discontinued, from a separate, simultaneous 
tracer gas measurement, or from a model of the air flows. A 
separate measurement would be the most accurate approach but it 
eliminates the advantages of the single tracer system. An 
estimate from the previous measurement is the simplest approach 
but it could be in error if there are significant changes in the 
weather during the test (the tests are conducted in the early 
morning to reduce weather variations and occupant effects). The 
third approach is to use an empirical model relating infiltration 
to weather variables (and possibly heating system use) that is 
generated from CCTG measurements in the same building. This 
method does account for variations in the infiltration due to 
weather changes, but the amount of data needed for an accurate 
model is often prohibitive. In most cases, the previous 
measurement will be preferred since it is readily available and 
provides reasonable accuracy. 

Empirical models of the infiltration rates for the two separate 
test periods (days 16 to 22 and 235 to 251) were available from a 
companion study of CCTG measurements in the test house1. This 
model was used for the winter period since the regression fit was 
relatively good (r2 - 0.79). However, the fit to the summer-fall 
data was unsatisfactory (r2 0.36). For the tests during this 



period the infiltration measurement immediately before the 
injection was discontinued is used to estimate the upstairs 
infiltration. 

The estimated infiltration rate and average injection rate (Sj) in 
an injection zone and average concentration in the discontinued 
injection zone (cd) are inserted into equation 11 to solve for the 
average flow from the discontinued injection zone to the injection 
zones. This relationship is accurate if the flows are relatively 
constant. The sum of these flows and the total flow leaving the 
discontinued injection zone are used in equation 12 to compute the 
zone d exfiltration rate. Equation 13 is then used to compute the 
total exfiltration flow from the injection zones. 

The computational procedure described above was applied to the 
seven test periods to achieve the air flow rates reported in table 
3. The results from days 18 and 241 verify the qualitative 
analysis discussed earlier. In general, the air flows from the 
winter tests are much higher than those from the summer-fall (s/f) 
tests. This is expected since the weather is more severe and the 
operation of the heating system should increase the mixing between 
the two zones. For the winter tests the ratios of the average 
interzone flows divided by the downstairs infiltration were 1.3 to 
1.9 while they were much less for the s/f tests: 0.2 to 0.6. This 
indicates that there will be a greater degree of vertical 
stratification of indoor pollutants in milder weather. During the 
winter tests the downstairs to upstairs flows were 1.1 to 1.3 
times higher than the upstairs to downstairs flows. This result 
suggests that the mixing between zones due to the heating system 
operation overwhelms the expected stack flow from the downstairs 
to the upstairs. The results also show that, because of the stack 
effect and the large leakage areas in the downstairs8, there is 
consistantly greater infiltration in the downstairs than the 
upstairs. It is interesting to note that the exfiltration is also 
greater in the downstairs than the upstairs. This is most likely 
due to the large downstairs leaks. 

A pertubation type error analysis was applied to the air flow 
equations. Given the uncertainties of the variables in the flow 
equations, the uncertainty of each air flow rate can be 
approximated by the Euclidean summation of the uncertainty due to 
each variable in the flow rate equation1'. For this error 
analysis the standard errors from the regression analysis were 
used to compute the uncertainties of FdT and F:~. The uncertainty 
of the downstairs volume measurement was assumed to be 10%. For 
the winter measurements the uncertainty of the upstairs 
infiltration was chosen to be the standard error of the estimate 
for the model - 0.03 ACH. For the summer-fall period it was set 
equal to 25% of the estimated value. The uncertainty of the 
concentration measurements and tracer gas injection rate were 
assumed to be 5 and 10%. These uncertainties were used with the 
pertubation method to compute the air flow uncertainties shown in 
parentheses in table 3. 

The results of the error analysis show that the flows determined 
from the regression analysis (FO1 and Fz1 - where zone 0 is the 
outdoors, 1 is the downstairs, and 2 is the upstairs) have 



uncertainties less than 20% of the estimated values. For the 
winter tests the uncertainties of the flow from the downstairs to 
the upstairs were also about 20%. However, the relative 
uncertainties for the small flows of the s/f tests were much 
higher - 40 to 100%. In general, the exfiltration flows have the 
greatest relative uncertainty. This occurs because these flows 
are computed from the difference of other flows. This results in 
uncertainties for the downstairs exfiltration which vary from 20 
to 90%. The uncertainties for the upstairs exfiltration flows are 
even higher: 60 to 300%. Thus, the discontinued injection method 
gives an uncertainty of about 20% for the downstairs infiltration, 
upstairs to downstairs flow, and large downstairs to upstairs 
flows. However, the uncertainties of the exfiltration flows can 
be as large as the estimated values. 

In addition to the uncertainty analysis, the accuracy of the 
discontinued approach can be examined by comparing the 
measurements with those from other techniques. One possiblity is 
to compare the downstairs infiltration measurement from that 
obtained by the empirical models. Since the models for both the 
winter and s/f periods had high correlation coefficients (r2 = 

0.90 and 0.83) and the uncertainty of the measurements are about 
20%, it is expected that the difference between the two values 
should be less than 40%. For the winter and s/f tests the 
downstairs infiltration measurements differed by 13% and 49% from 
those predicted from the empirical model. Thus, there is good 
agreement for the winter conditions but poor agreement for the 
mild weather conditions. The results from mild weather could be 
due to an inherent difficulty with measurements under those 
conditions or simply that there was not enough measurements to 
make a fair comparison. Further studies are needed to properly 
explain this result. 

The CCTG discontinued injection tests in this house were 
supplemented with simultaneous passive, multi-tracer measurements. 
These tests were conducted using the PFT method developed by 
Brookhaven National ~aboratoryl l . The analysis of the capillary 
adsorption tube samplers and computation of the air flow rates was 
conducted at Princeton. These measurements, described in more 
detail in a companion paper in this conference12, provide average 
infiltration, exf iltration, and interzone flow rates for the 
downstairs and upstairs zones. A comparison of the PFT 
measurements and the average of the discontinued injection tests 
for the two measurement periods is presented in table 4. This 
comparison provides some indication of the agreement of the two 
methods. However, it is important to note that the PFT 
measurements are average values over the entire operation of the 
CCTG system. In contrast, the average of the discontinued 
injection measurements includes only a few flows from two hour 
periods. The results show good agreement between the two methods 
for all the infiltration measurements. In addition, there is good 
agreement between the winter period downstairs to upstairs and s/f 
period upstairs to downstairs measurements. There are large 
differences in the other measurements. Further tests are required 
to determine whether the differences are due to the limited number 
of measurements using the discontinued method or if there is a 
consistant difference between the two methods. 



TABLE 4 

Comparison of Discontinued Injection (DI) and PFT Methods 
(Uncertainties in parenthesis) 

Test Air Flow Rate [m3/h] 
Period Fo 1 Fo z Fl z F2 1 Flo F2 o 
winter DI - 143 (26) 39 (6) 245 (48) 208 (37) 105 (72) 77 (61) 

PFT - 109 (23) 39 (41) 273 (88) 72 (23) -92 (50) 240 (48) 

Summer DI - 71 (10) 11 (3) 21 (12) 21 (4) 71 (16) 3 (13) 
/Fall PFT - 65 (12) 17 (13) 85 (27) 29 (10) 9 (22) 74 (16) 

Thus far the analysis has considered the upstairs to be a single 
zone. However, the tracer gas measurements were conducted in five 
separate zones of the upstairs. This data can be used in equation 
11 to compute the flows from the downstairs into each of these 
zones. The results of the computations for the seven test periods 
are reported in table 5. The discrepancy between the total flow 
and that in table 3 occurs because the infiltration in each 
upstairs zone is obtained from the previous measurement and not 
that predicted from the model. The results show that during the 
s/f tests little, if any, air flows from the downstairs directly 
to the bedrooms. Instead, it appears that the flow between the 
downstair and upstairs moves up the large, open staircase and into 
the kitchen, livingroom, and diningroom area (K, L&D) . In 
contrast, during the winter period the air moves fairly uniformly 
from the downstairs to the upstairs zones. In fact, if the volwne 
of each zone is considered, the relative amount of flow to each 
upstairs zone is nearly equal. This indicates that the heating 
system does an adequate job of mixing the air in the house. 
Further tests could be performed to evaluate the flows between the 
upstair zones by discontinuing injection in individual upstair 
zones. 

TABLE 5 

Estimated Air Flow Rates From Downstairs 
to Individual Upstair Zones 

Air Flow Rate [m3/h] 

Day Bed 1 Bed 2 M Bed Hall K,L&D Total 
239 - 2 - 2 - 3 1 12 5 
241 1 0 4 4 2 2 31 
247 - 4 - 1 - 2 4 19 16 
251 2 0 2 4 2 5 33 



The discontinued injection method is extremely useful in indoor 
air quality studies. As shown in another study of this house, the 
infiltration flow rate in the bedrooms is much less than that 
recommended by ASHRAE s tandardsl . However, the air entering the 
downstairs could often provide adequate ventilation of the 
upstairs if there is good communication between the two areas. 
These studies indicate that during the winter months when the 
heating system is operating there is good communication between 
the downstairs and the bedrooms. In mild weather conditions the 
communication is poor and the downstairs infiltration can not be 
counted on to provide ventilation in the bedrooms. With night 
setback one would also anticipate poor communication just when 
sleeping occupants would most desire bedroom ventilation. 

5.0 CONCLUSIONS 

The results show that the modified CCTG techniques are useful 
extensions to the typical multi-zone infiltration measurements. A 
series of guarded zone and surrounded sampling tests were 
conducted to measure infiltration and interzone flows in a 60-unit 
multifamily building. During the guarded zone tests the system 
was able to keep the concentration near the target level. The 
results showed that the infiltration to an apartment with closed 
windows was typically below 0.35 ACH. Opening the windows a 
linear distance of 50mm increased the infiltration rates by about 
a factor of 10 and wide open windows gave another factor of ten 
increase. The interzone measurements indicated that there is 
little direct communication between the apartments and that the 
total incoming flow is of the same order of magnitude as the 
infiltration flow. 

A series of seven discontinued injection tests were successfully 
performed in a unoccupied single family house. The tests provided 
measurements of the average downstairs and upstairs infiltration, 
exfiltration, and interzone flow rates for two hour periods. As 
expected, the winter flows were much greater than those during 
mild weather. The operation of the heating system during the 
winter conditions appeared to provide adequate mixing in the 
house. In contrast, the upstairs bedrooms had little, if any, 
communication with the downstairs in mild weather. The results 
suggest that there may be indoor air quality problems in the 
upstairs bedrooms during mild weather. The error analysis 
indicates that the discontinued injection method gives an 
uncertainty of about 20% for the downstairs infiltration, upstairs 
to downstairs flow and large downstairs to upstairs flows. 
However, the uncertainties of the exfiltration flows can be as 
large as the estimated value. Comparisons of the results with 
those from empirical models and PFT tests show agreement for some 
of the flows and poor agreement for others. Further tests are 
required to properly compare the methods. 
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The concern t h a t  a la rge  number of housing u n i t s  across 
Canada, and i n  par t icu la r ,  through Atlant ic  Canada are 
exposed t o  po ten t ia l  damage from wood r o t  due to moisture 
trapped within ex te r ior  walls caused a jo in t  task force of 
Canada Mortgage and Housing Corporation and Canadian Home 
Builders Association representatives t o  address t he  "drying 
of walls" issue.  Included i n  t h e i r  mandate was a f i e l d  
research project  i n  Atlant ic  Canada. The project ,  undertaken 
by Oboe Engineering L td .  and AD1 Limited. f o r  the  Project  
Implementation Division of CMHC, involved the  e rec t ion  of 
test hu t s  i n  Halifax, Nova Scotia;  Fredericton, New 
Brunswick; and St .  John's, Newfoundland and the  monitoring 
of the performance of e igh t  d i f f e r en t  types of w a l l  
construction f o r  a one year period. 

To assess the drying r a t e s ,  the  w a l l  panels used i n  t h i s  
experiment were intent ional ly  designed with saturated lumber. 
A s  such, high values of equilibriunmisture content 
recorded and presented in this report, rmst be amsidered in 
relation to the design of the experiment, and mt a function 
of the products or materials incorporated in any particular 
wall assembly. 

The experimental procedure involved mni to r ing  temperature., 
r e l a t i v e  humidity, pressure, s t ruc tu ra l  moisture content, 
wind speed and direct ion,  and presence of condensation i n  
each w a l l  panel, i n  each c i t y ,  each hour, f o r  one year. 
This repor t  presents an overview of the  r e su l t s ,  global 
trends i n  the drying of walls,  and the s ens i t i v i t y  of wall  
permeance, geographic location,  compass heading and presence 
o r  absence of furr ing s t r i p s  t o  w a l l  drying. 

OBJECTIVES OF THE FIELD STUDY 

The object ives  of the  study were: 
2. 

* To invest igate  the e f f e c t  of cl imatic differences on the 
drying r a t e  of construction lumber 

* To invest igate  the driving forces t h a t  e f f e c t  wall drying 
rate 

* To assess the differences i n  drying r a t e s  of furred and 
non-furred wal ls  



3. TEST HUTS AND CJALL PANELS 

The test h u t s  were one s t o r y  bui ld ings  approximately 11 
meters by 6 meters of f l o o r  area .  The long dimension housed 
t h e  test wall panels ,  and were or ien ted  as nor th  and sou th  
walls. A l l  test hu t s  wcrc sided with s l a t c  b lue  v inyl  
s id ing .  'l'he m a t e r i a l s  used i n  the  const ruct ion of each huL 
were i d e n t i c a l  from c i t y  to c i t y .  

The h u t s  were e l e c t r i c a l l y  heated wi th  baseboard h e a t e r s ,  and 
were humidified. The f l o o r  p lan  of  a test hut  is included a s  
Figure 1. 

Figure 1: Floor Plan of Test ]But 



3.1 Test  Eiut Construct ion 

The hu t s  were constructed with the cooperation of the  
University of New Brunswick, the  Technical University of Nova 
Scot ia ,  and the Newfoundland College of Trades and 
Technology, each of whom supplied on-campus land f o r  the  
e rec t ion  of the  huts. 

3.2 Test Wall Panels 

The test wall  panels were 2400 mm high by 1200 mm wide, and 
framed on 400 mm centres. The e igh t  test wall  panel set, 
included as Figures 2 and 3, consisted of a furred and 
non-furred waferboard sheathed pa i r ,  a furred and non-furred 
r i g i d  f iberg lass  sheathed pa i r ,  a furred and non-furred 
extruded polystyrene sheathed pa i r ,  a cel lulose insulated 
panel, and an expanded polystyrene insulated panel. 
Throughout t h i s  report ,  the  wall panels w i l l  be referred t o  
by t h e i r  respective panel numbers, f o r  simplicity.  Note t h a t  
panel 2 is a furred version of panel 1, t h a t  panel 4 is 
furred version of panel 3, and t h a t  panel 6 is a furred 
version of panel 5. Each panel was instrumented as depicted 
i n  Panel 6, Figure 3. Each of the  e igh t  panels were 
ins t a l l ed  i n  the  south w a l l  of each test hut, and repeated on 
the north w a l l .  

The panels were t o  be constructed using lumber with a 
moisture content of 26-30%, i n  comparison t o  Canadian 
Building Code requirements of less than 19%. It is of 
i n t e r e s t  t o  note t h a t  the  lumber supplied f o r  the  
construction of the wall  panels was f r m  loca l  building 
supply dealers,  from the stockyard. N o  conditioning was 
required. A l l  of the lumber was above 26% equilibrium 
moisture content. These high values are consistent with the 
r e s u l t s  of a framing moisture survey undertaken by the 
Project  Implementation Division of (IMHC fo r  the  Task Force. 
In  addit ion,  the  cel lulose panel (Panel 7 )  was ins ta l led  a s  a 
w e t  spray, and consequently an addit ional amount of water was 
added in to  t h a t  wall cavity. 

To minimize the e f f e c t s  of drying towards the edges of each 
wall ,  the  vapour bar r ie r  was wrapped around the edges of each 
test panel, and sealed against  the  studs.  
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Figure 3: Test Panels 5 to 8 



3 .3  T e s t  Panel Moisture Transfer and Thermal Properties 

The thermal and moisture t ransfer  proper t ies  through the  
insulat ion of the  wall  panels a r e  summarized i n  Figure 4. 
The thermal res is tance is tabulated f o r  the t o t a l  wall  
assembly, however, the  moisture t ransfer  values include only 
the sheathing and sheathing paper combinations. It is 
considered t h a t  i n  the  case of t h i s  experiment, t h e  moisture 
flaw from the  wall cavity w i l l  be towards the ex t e r io r  of the 
wall and not the  in te r ior .  This is due i n  pa r t  to the  l o w  
permeance of the  polyethelene vapour barr ier ,  4 &pa-sm2, 
and its re l a t i ve ly  t i g h t  ins ta l la t ion .  As such, each wall's 
drying capabi l i ty  through the  sheathing system is of 
i n t e r e s t .  

1. b - f u r r e d ,  38x140 s tuds ,  b a t t  
insula t ion ,  wafer board 
sheathing, 15  lb .  building 
paper, s id ing .  

2. Same a s  Panel 1, with fur r ing .  

3. Non-furred, 38x89 s tuds ,  b a t t  
insula t ion ,  r i g i d  f ibe rg la s s  
sheathing w/Tyvek , s id ing . 

4. Same a s  Panel 3, with fur r ing .  

5. Non-furred, 38x89 studs,  b a t t  
insula t ion ,  extruded polystyrene 
sheathing, Tyvek paper, s iding.  

6. Same as 5, with furring.  

7. Non-furred, 38x140 s tud ,  
ce l lu l e so  insula t ion ,  wafer board 
sheathing, 15 lb.  building 
paper, siding.  

Figure 4: Test Wdll Ihenmdl and Mr>isture Transfer Properties 



OVERVIBJ OF THE MONITORING METHODOLDGY 

Each panel was instrumented both 150 mm from the top, 150 mm 
from the  bottom of a centre  s tud of each panel, and a t  m i d  
height,  with the following sensors: 

a. Thermocouple 
b. Pressure tap  
c. Condensation gauge 
d. Wood moisture pins  

CJood moisture p ins  were ins t a l l ed  i n  the  mid-height posit ion,  
only i n  the panels that had wood based sheathings, 1, 2, 7. 
The instrumentation w a s  placed i n  the centre  400 rmn wide 
cav i ty  of each wal l  panel, to minimize any edge e f f e c t s  where 
the  test panels m e t  the  building s t ruc ture .  

In  addi t ion,  the  strapped cav i t i e s  were instrumented f o r  
r e l a t i v e  humidity (RH) and t e q e r a t u r e .  A t  one locat ion on 
each the  north and south walls,  t he  inside surface 
temperature of the  s iding w a s  monitored. Exteriot  r e l a t i v e  
humidity, temperature, w i n d  speed and d i rec t ion  were measured 
by sensors  located on a three  meter high mast extending above 
the roof peak. In te r ior  r e l a t i v e  humidity and temperature 
were also measured. The i n t e r i o r  r e l a t i v e  humidity was 
control led by the RH sensor connected to a humidifier. 

4.1 Data Acquisition System 

A l l  sensors were connected to  a Sciemetric Instruments Inc. 
Model 8082 Data Acquisition System which converted t h e i r  
analog s igna ls  t o  d i g i t a l  readings. An Apple IIe 
microcomputer read these d i g i t a l  values, converted them to 
the  appropriate un i t s  (vo l t s ,  "C, %RH, etc.), and saved them 
on a d a t a  desk. Each sensor was read a t  twenty minute 
in te rva ls ,  and averaged values were saved to disk each hour. 



5. RESULTS AND OBSERVATIONS 

5.1 GJeather Conditions 

The ambient temperature, r e l a t i v e  humidity, wind speed and 
d i r ec t ion  were recorded three meters above the  height of the  
roof of t he  test hut,  or approximately 7.7 meters above the 
site grade. The measured values were compared against  t he  
averages recorded i n  the  Canadian Climate N o r m a l s  
(Ref. 1 & 2) .  

On t h e  average, the  r e l a t i ve  humidity p ro f i l e  was 
approximately 4%RH higher than the  reported long term average 
values i n  Fredericton, and 8%RH higher i n  Halifax and S t .  
John's. I n  a l l  three  loca t  ions, t h e  measured temperatures 
were, on the  average, 3" Celcius above the Climatic Normals. 
The average recorded wind veloci ty  is approximately one-half 
the  values of t he  Canadian Climatic N o r m a l s .  However, the  
Canadian Normals are recorded a t  20m mast height, on open 
t e r r a i n  (at loca l  a i rpo r t s ) .  A s  such, the  Climatic Normals 
would be higher than f o r  an urban site. 

5.2 Final S t ruc tura l  Moisture Content 

Observations from Figure 5: 

* In  m o s t  instances the  upper wal l  posit ions (2255 mm above 
grade)  dr ied to a lower value than the  lower wall  
pos i t ions  (190 nnn above finished grade),  however the 
differences  are s l i g h t .  

* South facing wal ls  dr ied to lower values t h a t  the north 
facing walls. 

* The differences  i n  south/north drying is more acute f o r  
walls of lower sheathing/sheathing paper permeance (panels 
1, 2, 5, 6 ,  permeance 35 - 43) than f o r  walls with highly 
permeable sheathing combinations (panels 3, 4, permeance 
1723). 

* The presence or absence of furr ing s t r i p s  had l i t t le  
e f f e c t  on the f i n a l  s t ruc tu ra l  moisture content, 
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Figure 5: Average of Final Moisture Content Values 



* Panel 8, with no sheathing other  than f e l t  building paper 
(permeance 800) performs s imi la r  to panels 3 and 4, which 
have high permeable sheathing combinations ( permeance 
1723). 

5.3 Final S t ruc tura l  Moisture Content, Comparison to Building 
Ccde Requirement of kss than 19% MC 

Observations from Figure 6: 

* On the  average, south panels 1, 2, 3, 4 and 8 have dr ied  
to the  Building Ccde  value. 

* South panels 5 and 6 a r e  very c lose t o  the Building Ccde  
value. 

* On the  average, north panels 3, 4 and 8 have dr ied t o  the  
Building Code value. 

* Moisture conditions t h a t  promote decay are present i n  
south panel 7, and north panels 1, 2 ,S t  6, and 7. 

F r e d e r i c t o n  Halifax St. John's 
bider Upper Iower Ilplper Iawer Qx?r 

Figure 6 Table of F i n a l  Structural Mois  



Observations from Figure 7: 

* The south walls lost more water than the  north walls. The 
ac tua l  t o t a l  north wall  moisture l o s s  was 90% of the  south 
w a l l  moisture loss .  

* I n  both the north and south walls, non-furred panel 1 
d r i ed  f a s t e r  than its furred counterpart, panel 2. 

* The presence or absence of furr ing made very l i t t l e  
d i f fe rence  to the drying rate of the  high permeance 
panels,  3 a d  4. 

* I n  both the north and south walls,  the  furred panel 6 
dried s l i g h t l y  f a s t e r  t h a t  its non-furred counterpart, 
panel 5. 

* The r a t e  of drying increases as the permeance of the  
sheathing system increases. 

Visual Inspect ion 

5.5 
The drywall, vapour bar r ie r ,  and insulat ion was removed from 
the test wall panels i n  Fredericton on April  14, 1987 and the 
condition of the  s t ruc tu ra l  members noted. 

In  general ,  the  south facing wall panels were found to be 
f r e e  of mold growth, with the  exception of very s l i g h t  black 
patches on panel 6. Minor swelling of the  waferboard i n  
panel 7 was noted. On the north face,  a l l  the waferboard 
sheathing, panels 1, 2, and 7 experienced swelling, and were 
v i s ib ly  w e t .  I n  both panels 5 and 6, mold growth (black 
blotches) were evident on the  studs.  

The top row of s iding was removed, t o  access the r e l a t i v e  
humidity sensors, and noted on the  south s ide  was t o t a l  
condensation coverage of the  inside surface of the siding.  
The s iding was removed a t  approximately 10:OO AM. 



Figure 7: Average Rates of .hbisture loss is Test Studs, 
All Sites 



6. DISCUSSION AND SUMMARY 

6.1 Condensation 

Conditions t h a t  allow condensation to form on the inside 
surface of the sheathings ex is ted  during December to March i n  
a l l  th ree  locations. Conditions t h a t  allow condensation t o  
form behind the siding were experienced during winter months, 
f o r  a shor t  period of time during the  very ear ly  morning 
hours. These trends a r e  not l imited t o  the  case of saturated 
walls,  but to a l l  wall assemblies, t o  varying amounts. 
Condensation can occur i n  l imited instances on the  cold s ide  
of s t ruc tu ra l  members i n  a wall  assembly i n  which the 
s t ruc tu ra l  moisture content is below 19%. In dry assemblies, 
t he  low occurence of condensation would not usually present 
any problems. Indeed, i n  most of the  wall  assemblies i n  t h i s  
p ro jec t ,  the ac tua l  calculated occurences of condensation i n  
w a l l  panels of s t ruc tu ra l  moisture content up to 26% was not 
great .  

However, a trend t h a t  re-appeared with overwhelming 
consistancy was ear ly  morning condensation behind the  siding. 
These conditions exis ted i n  Fredericton from October through 
April ,  i n  Halifax during February, and i n  St.  John's i n  
December and January. This f r e e  water was vapourized in to  
the air i n  the  strapped cavi ty  during the  daytime, as 
evidenced by comparing the rise i n  vapour pressure i n  the  
furred cavity,  compared t o  the  ambient, during the  day. 
Although sensors were not present behind the s iding of the  
non-furred panels, it is probable t h a t  the  vapourization of 
f r e e  water was a l so  taking place. Elowever, i n  the  absence of 
an a i r  gap, the  amount of f r e e  water vapourized could be less 
than the  amount present, and thus w e t  conditions would 
remain. 

6.2 Drying Mechanisms 

The observations from t h i s  experiment suggest cor re la t ions  of 
both air leakage and sheathing system permeance to the  
a b i l i t y  of a wall assembly to dry t o  the outside. 



The north walls were not a s  consis tent  as the south wal ls  i n  
e i t h e r  drying r a t e  or f i n a l  moisture value. The south wal ls  
generally dr ied to acceptable values, while only the high 
permeance sheathing system panels d id  so on the  north. The 
canbination of low s o l a r  gain,  and air leakage may reverse 
the drying tren=ls to form wetting forces.  The da t a  from t h i s  
study suggests t h i s  mechanism, but cannot & conclusive. 

6.3 Furring S t r i p s  

The presence of furr ing s t r i p s  had l i t t le  e f f e c t  on the 
s t ruc tu ra l  drying of the  test wal l  panels. However, t he  
presence of the  a i r  gap behind the s iding may have 
subs tan t ia l  benef i ts  to the longevity of wood based s idings,  
and sheathings by providing a receiver f o r  vapourizing water 
from t h e  siding cavity. Further investigations i n  t h i s  
regard a r e  recommended, t o  va l ida te  or disprove t h i s  theory. 
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I n t r o d u c t i o n  

I n  the  past  years t h e  need has grown f o r  a  s e n s i t i v e  f l o w r a t e  
meter w i t h  a  very low pressure drop. Such a  device can be used 
t o  measure f lowra tes  o f  a i r f l ows  through t h e  g r i l l e s  o f  
mechanical v e n t i l a t i o n  systems w i t h  low duct  pressures. Another 
a p p l i c a t i o n  would be t h e  measurement of f l owra tes  through t h e  
d i f f e r e n t  rooms o f  a  dwe l l i ng  du r ing  a  blower door t e s t .  

A p ro to type was developed based on t h e  very  simple p r i n c i p l e  o f  
a  t h r o t t l e d  fan. The pro to type proved t o  be accurate and 
capable o f  measuring f lows on ducts w i t h  n a t u r a l  v e n t i l a t i o n .  
Now the  dev ice  has been redesigned and i s  produced by an 
instrument manufacturer. 

Some o f  t h e  s p e c i f i c a t i o n s  

Flowrate 0  t o  0.063 m3/s (230 m3 per  hour o r  130 ft3 per minute) 
Flow e r r o r  < 5% o f  t h e  reading o r  +/- 0.0005 m3/s (2  m3 per hour 
o r  1 ft3 per  minute) 
Supply and Exhaust 
Manual pressure compensation r e s o l u t i o n  < 1 Pa 
Fast response << 1 s  
Ba t te ry  operated 

Appl i c a t i  ons 

*Duct i n -  and o u t l e t s  
Commissioning, balancing, l i n e  d i f f u s o r s  

*Excel lent  use a t  low duct  pressures 
Passive shaf ts ,  na tu ra l  v e n t i l a t i o n  

*D i rec t  c r a c k f  low measurements 
" D i s t r i b u t i o n  o f  f lowra tes  over i n t e r n a l  doors 
*Fast determinat ion o f  t h e  d i s t r i b u t i o n  o f  f lowra tes  dur ing  

blower door o r  p ressu r i sa t i on  t e s t s  

Crackflow measurements (F igure 1  ) 

A  box i s  p laced over t h e  area i n  which t h e  cracks are s i tua ted.  
The flowmeter i s  placed on t h e  opening i n  t h e  box and w i l l  
i n d i c a t e  t h e  crackf low. Th is  box does no t  have t o  be a i r t i g h t .  
Near pressure compensation t h e  unwanted leak f lows w i l l  be 
m i  nimal . 
Flowrate d i s t r i b u t i o n  du r ing  p ressu r i sa t i on  t e s t s  (F igure  2) 

Rooms w i t h  a  low leak f low through t h e  facade can e a s i l y  be 
measured by p lac ing  a  s h i e l d  o f  cardboard i n  t h e  opening o f  t h e  
i n t e r n a l  door. The flowmeter i s  pressed on t h e  opening i n  t h e  
board and w i l l  i n d i c a t e  t h e  f low through t h e  facade. Bypass 
f lows through adjacent i n t e r n a l  w a l l s  w i l l  be minimal near 
pressure compensation. However l a r g e  i n t e r n a l  leak paths w i l l  
make i t  impossib le t o  see when compensation i s  reached. 



The f lowmeter has a l i m i t e d  range. Large leaks i n  t h e  facades 
cannot be measured. I n  such s i t u a t i o n s  t h e  method o f  c l o s i n g  
t h e  i n t e r n a l  door can be used. Th is  method has been developed 
by P Wouters from Belgium. The pressure w i l l  drop i n  t h e  room 
w i t h  t h e  c losed i n t e r n a l  door and thus  t h e  f l o w  through t h e  
facade o f  t h a t  room w i l l  decrease. To keep t h e  pressure i n  
t h e  r e s t  o f  t h e  house constant, one has t o  reduce t h e  blower 
door f lowra te .  This reduc t ion  i s  equal t o  t h e  reduc t ion  o f  
t h e  f l o w r a t e  through t h e  facade i n  t h e  room concerned. With 
t h e  pressure drop i n  t h a t  room t h e  leakage can be calculated.  
For f u l l  determinat ion t h i s  has t o  be done on d i f f e r e n t  
pressure l e v e l s  i n  t h e  house. Extensions on t h i s  procedure 
can y i e l d  r e s u l t s  f o r  leakage o f  i n t e r n a l  w a l l s  by opening a 
window d u r i n g  t h e  p ressu r i sa t i on  and c l o s i n g  t h e  i n t e r n a l  
door. 

Both methods - t h e  flowmeter and t h e  i n t e r n a l  door - are 
supplementary. I f  t h e  range o f  t h e  flowmeter i s  i n s u f f i c i e n t  
t h e  method o f  t h e  i n t e r n a l  door w i l l  g i v e  a reasonable 
pressure drop. And i f  t h e  method o f  t h e  i n t e r n a l  door creates 
no pressure drop i n  t h e  room t h e  f l o w  w i l l  be small  enough f o r  
t he  f lowmeter t o  measure it. However, l a rge  bypass leakage 
paths i n  t h e  adjacent i n t e r n a l  w a l l s  can s p o i l  both methods. 

Concluding remarks 

The Flowmeters have a l a r g e  a p p l i c a b i l i t y  i n  the  research 
f i e l d  b u t  a l s o  i n  t h e  f i e l d  o f  commissioning. 
The zero pressure i n d i c a t o r  could be somewhat more s e n s i t i v e  
i n  t h e  research f i e l d .  A t  h igh  magnetic f i e l d s  t h i s  zero 
pressure meter w i l l  n o t  work as i t  uses magnets t o  be fo rced 
back i n  t h e  zero pos i t i on .  
A f l e x i b l e  hood can enlarge t h e  number o f  g r i l l e s  t h e  meter 
w i l l  f i t  on. 
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ABSTRACT 

The National Bureau of Standards has undertaken a research effort to develop a general indoor air 
quality simulation program for buildings. At present there exists three computer programs which 
can be used to analyze interzonal air movements in multizoned buildings and predict the level of 
contaminants due to a wide variety of contaminants. This paper will introduce the reader to the 
scientific and mathematical basis of the models, the preparation of building input data for these 
programs, and the use of the models for both residential and commercial buildings. Greater detail 
may be found in reference [I]. 

Airborne contaminants introduced into a building disperse throughout the building in a complex 
manner that depends on the nature of air movement in-to (infiltration), out-of (exfiltration), and 
within the building system, the influence of the heating, ventilating, and air conditioning (HVAC) 
systems on air movementthe posibility of removal, by filtration, or contribution, by generation, of 
contaminants, and the possibility of chemical reaction or physical-chemical reaction (e.g., 
adsorption or absorption) of contaminants with each other or the materials of the buildings 
construction and furnishings. 

ria. 1.1 Contaminant D i ~ ~ e r ~ a l  in a Residencg 

Our immediate objective, here, is to develop a model of this dispersal process for building systems 
that comprehensively accounts for all phenomena that affect the actual contaminant dispersal 
process. We shall, however, attempt, to develop this modeling capability within a more general 
context so that techniques developed here may be extended to more complex problems of indoor 
air quality analysis. To this end, in this section, the problem is given a general definition and the 
basic modeling strategy used to address this problem is outlined. 

1.1 Definition of Problem 

The building air flow system may be considered to be a three dimensional field within which we 
seek to completely describe the state of infinitesimal air parcels. The state of an air parcel will be 



defined by its temperature, pressure, velocity, and contaminant concentration (for each species of 
interest) - the state variables of the indoor air quality modeling problem. 

Our Immediate task is, then, to determine the spacial and temporal variation of the species 
concentrations within a building due to thermal, flow, and contaminant excitation driven by 
environmental conditions and the HVAC system and its control, given building characteristics and 
their control. 

Temperature: T(x,y,z,t) 

Pressure: P(x,y,z,t) 

 low Velocity: v(x,y,z,t) 

~oncentrat ion:~~(~,y .z . t ) .  '~(x,~.z.t) .  .. 
f o r  species CX, 9,  ... 

1.2 Air Parcel State Variables 

That is to say, we seek to determine; 

CX 
C (X ,y ,z, t ) ; Contaminant " CX" Concentration 

where; 
C = species mass concentration or mass fraction 

[=] mass of species/mass of air 
a,$ = species type indices 
X, Y, Z = spacial coordinates 
t =time 

and shall refer to the process of determining the spacial and temporal variation of these species 
concentrations as contaminant dispersal analysis . 

Contaminant dispersal analysis, for a single nonreactive species "a", depends on the air velocity 
field and its variation with the; 

0( CX 
C(X,Y,Z,~) = C( v(x,~,z,~) ) & B.C. : Contam. Dispersal Anal. (1.1) 

But, the air velocity field depends on the pressure field which is affected by the temperature field 
thru bouyancy and, completing the circle, the temperature field is dependent on the velocity field; 



& 
v(x,Y,z,~) = V( P(x,Y,z,~) ) & B.C. : Flow Analysis 

T(X,y,z.t) = T( v(x,y,Z,t) ) & B.C. I : Thermal Analy~k 

where; 
B.C. = boundary conditions 
v = air flow velocity 
P = air pressure 
T = air temperature 

Thus, in general, contaminant dispersal analysis, for a single nonreactive species, is complicated by 
a coupled nonlinear flow-thermal analysis problem. Therefore, a comprehensive indoor air quality 
model will eventually have to address the related flow and thermal problems. 

For cases of reactive contaminants, contaminant dispersal analysis, itself, will become a coupled 
(and, generally, nonlinear) analysis problem as individual species' concentratlons will depend on 
other species' concentrations in addition to the air velocity field; 

0( 

C(x,y,z,t) = ( "~ (v ,  O(c, 'c, ...) : Species a Dispersal Analysis (1.5a) 

8 8 8 
C(X,y,z,t) = C(V, 0 ( ~ ,  , . : Species /3 Dispersal Analysis 

In this paper we shall focus on single, nonreactive species dispersal analysis and the associated 
problem of flow analysis, for a completely defined thermal field and its variation. The approach 
taken, however, has been formulated to be compatible with thermal analysis modeling techniques 
developed earlier [2]. Presently, we are addressing the reactive, multiple species dispersahalysls 
problem and see no difficulting with extending the approach to this more complex situation. 

1.2 Modeling Approaches 

We shall attempt to solve the general field problems posed above by attempting to determine the 
state of air at discrete points in the building air flow system. It will be shown that this spacial 
discretization allows the formulation of systems of ordinary differential equations that describe the 
temporal variation of the state fields. Two basic approaches may be considered, one based upon 
the microscopic equations of motion (i.e., continuity, motion, and energy equations for fluids) and 
the other based upon a "well-mixed" zone simplification of macroscopic mass, momentum, and 
energy balances for flow systems. 

In the microscopic modeling approach one of several techniques of the generalized finite element 
method, which includes the finite difference method, could be used to transform the systems of 
governing partial differential equations into systems of ordinary differential equations that then can 
be solved using a variety of numerical methods. The macroscopic modeling approach leads 
directly to similar systems of ordinary differential equations. 



In both approaches the building air flow system is modeled as an assemblage of discrete flow 
elements connected at discrete system nodes . Systems of ordinary differential equations 
governing the behavior of elements are then formed and assembled to generate systems of 
ordinary differential equations that describe the behavior of the system as a whole. These systems 
of equations may then be solved, given system excitation and boundary conditions, to complete 
the analysis. 

Macroscopic Model 

Virtually all computational procedures, except those used to form the element equations, would be 
practically identical for both approaches. From a practical point of view, however, microscopic 
modeling will involve on the order of 1000 nodes per room while the macroscopic model will involve 
on the order of only 10 nodeslroom to realize acceptably accurate results. Consequently, the 
microscopic modeling approach can lead to extremely large systems of equations that therefore 
limit its use, at this time, to research inquiry. The macroscopic approach, resulting in systems of 
equations that are on the order of two magnitudes smaller than the microscopic approach, is a 
reasonable candidate for practical analysis, although it can not provide the detail of the microscopic 
approach. 

Within this report we shall limit consideration to the macroscopic approach, although the specific 
techniques employed to implement this approach have been formulated to be compatible with the 
microscopic approach and it is expected that one may, in the future, be able to use both 
approaches in analysis to gain the benefits of detail in specific areas of the building system and yet 
account for full-system interaction. 

1.3 The Well-Mixed Macroscopic Model 

Here, the building air flow system shall be modeled as an assemblage of flow elements 
connected to discrete system nodes corresponding to well-mixed air zones. 



. 
e - Zone Node Flow Element - 
2 - Node Number Element Flow - 

Actual Bulldlng 
. . Air-Flow Svstem Ideali7atim 

. . 

Limiting our attention to the contaminant dispersal and flow analysis problems we associate with 
each system node the discrete variables or degrees of freedom (DOFs) of pressure, air mass 
generation (typically zero), species concentration, species mass generation, and temperature; 

{PI  = {PI, p2, p3, ... 1 : Pressure DOFs (1.6) 

{w )  = {WI, W2, W3, ... 1 : Air Mass Generation DOFs (1.7) 
0( 

{ " < ~ } = { D C ~ l , M ~ 2 ,  C3, . . . I  :Specie~o~Conc.DOFs (1.8) 
0( 

I"<~) = { m ~ l , o < ~ 2 ,  G3, ...I :Species~Gen.DOFs (1.9) 

{ T I  = (TI, T2, T3, ... 1 : Temp. DOFs (1.10) 

as well as the key system characteristic of nodal volumetric mass, V1. V2, V3, ... . The pressure, 
concentration, and temperature DOFs will approximate the corresponding values of the state field 
variables at the spacial locations of the system nodes. 

With each element "en in the system assemblage we note the element connectivity - the system 
nodes that the element connects - and identify an element air mass flow rate, we. The element 
mass flow rates will be related to the nodal state variables through specific properties associated 
with each particular element to form element equations. 

In the formulation of both the contaminant dispersal model, presented in Section 2, and the flow 
model, presented in Section 3, we will assemble the governing element equations to form 
equations governing the behavior of the building system as a whole - the system equations - by 
demanding conservation of mass flow at each system node. 

2. Contaminant Dispersal Analysis 

In this section contaminant dispersal element equations are formulated. Demanding continuity of 
mass flow at each system node these element equations are then assembled to form contaminant 



dispersal equations governing the behavior of the full building system. Finally, methods for 
solution of the system equations are outlined. 

2.1 Element Equations 

Two nodes and a total mass flow rate, we , will be associated with each flow element, where flow 

from node i to j is defined to be positive. An element species concentration, aCE , and an element 

species mass flow rate, aWf: , will be associated with each element node, k=i, j . The element 

species mass flow rate is defined so that flow from each node into the element is positive. 

node 

w 
Fia. 2 .I Contaminant Disoersal Flement DOFs 

It follows from fundamental considerations that these element variables are related directly to the 
element total mass flow rate as; 

where; 

{"we} = iaw7 , %;lT ; element species mass flow rate vector 
a e a e T  

iaCe} = { Ci , Cj } ; element species concentration vector 

[f '1 = element total mass flow rate matrix 



If the element acts as a filter and removes a fraction, q , of the contaminant passing thru the filter 
then the element flow rate matrix becomes; 

[f el = element total mass flow rate matrix 

The fraction, q , is commonly known as the "filter efficiency" and may have values in the range of 
0.0 to 1 .O. 

2.2 System Equations 

System equations that relate the system concentration DOFs, {"c), to the system generation 

DOFs,iaG), may be assembled from the element equations by first transforming the element 
equations to the system DOFs and then demanding conservation of species mass flow at each 
system node. 

There exists a one-to-one correspondance between each element's concentration DOFs, pee}, 

and the system concentration DOFs, {"c}, that may be defined by a simple Boolean 
transformation; 

a e a  
= 1 B I{ Cl 

where; 

PBe] is an m x n Boolean transformation matrix consisting of zeros and ones; m =the 
number of element nodes (here, m=2); n = the number of system nodes 

For example, an element with nodes i & j (or 1 & 2 ) connected to system nodes 5 & 9, respectively, 
of a 12-node system would have ones in the 1st row, 5th column and the 2nd row. 9th column and 
all other elements of the 2 x 12 Boolean transformation matrix would be set equal to zero. 

In a similar manner, we may define a "system-sized vector" to represent the net species mass flow 

rate from the system node into an element "e", {"we} , and relate it to the corresponding element 
species mass flow rate using the same transformation matrix, as; 

For an arbitrary system node n, with connected elements "a", "b", ... as indicated below in Fig. 2.2, 
we then demand conservation of species mass as; 

[rate 0 angel = [ gen;;tio"} 
(elem. species mass flow) + (2.4) 

connected species mass species mass system node ,, 
elements 



or, for the system as a whole; 

where; 
[V] = diag(Vl , V2, ...) ; the system volumetric mass matrix 

V i = the volumetric mass of node i 

Substituting relations (2.2) and (2.3) we obtain the final result; 

where; 

[F] = ['BelT[f 
e = a,b, ... 

flow 

= the system mass flow matrix 

E A[f '1 ; the direct assembly sum of element flow matrices 

Equation (2.7a) defines the contaminant dispersal behavior of the system as a whole and is said to 



be assembled from the element equations through the relation given by equation (2.7b). The 
assembly process, as formally represented in equation (2.7b). has found widespread application in 
the simulation of systems governed by conservation principles and is, therefore, often 
represented by the so-called assembly operator A as indicated above. It should be noted that 
while the formal representation of the assembly process is important from a theoretical point of view 
it is generally far more efficient, computationally, to assemble the element equations directly, 
without explicitly transforming them ( see, for example, the "LM Algorithm" in [3] ). 

Boundary Conditions and Solution of System Equations 

Concentration or generation rate, but not both, may be specified at system nodes. Concentration 
or generation conditions in the discrete model are equivalent to boundary conditions in the 
corresponding continuum model and will, therefore, be refered to as such. Formally then, we may 

distinguish between those DOFs for which concentration will be specified, pee), and those for 

which generation rate will be specified, {"c~}, and partition the system of equations accordingly; 

Using the second equation and simplifying we obtain; 

where; 

[PI = [Fgg] ; the generation driven mass flow matrix 

lae} = {OICg} ; the generation driven nodal concentration vector 

E = iaGg} - [Fgc~{aCc} ; the system excitation (2.9~) 

It should be noted that the response of the system is driven by the system excitation involving 
both specified contaminant mass generation rates and contaminant concentrations which may, in 
general, vary with time. 

Equation (2.9b) most directly defines the contaminant dispersal behavior of the system, 
lution of eq ' format~on and so u-b) will be cons~dered the central task of c o n t a m  

dispersal analvsis, Three classes of solution are important; 

a) steady state solution for conditions of steady flow and excitation, 
b) dynamic solution for arbitrary system excitation and flow variation, and 



c) the associated eigen solution, defined only for conditions of steady flow, that provides the 
steady-flow system time constants. 

A may be shown that the generation driven mass flow matrix is a nonsingular matrix of a special form, 
a nonsingular "M-matrix" [I], and as a result computationally efficient numerical methods based on 
LU decomposition of the generation driven mass flow matrix may be used to solve both the steady 
state and dynamic problems. The eigen solution is computationally more difficult. 

3. Air Flow Analysis 

In this section air flow element equations are formulated that relate mass flow rate through flow 
elements to pressure differences across the elements, the assembly of these element equations 
to form equations governing the flow behavior of the building air flow system is discussed, and 
methods of solving these equations are outlined. The formulation of the air flow equations 
presented herein is based, in large part, on the work of Walton [4], an example presented by 
Camahan et. al. [5], and Chapter 33 of the PSHRAF Handbook 1985 Fundamentals 161. 

3.1 Pressure Variation within Zones 

For the well-mixed macroscopic model, fluid density within any zone i, pi, will be assumed constant 

and thus the variation of static pressure within a zone. pi(Z), will be given by; 

where; 

Zi 
= the elevation of node i relative t o  an arbitrary datum 

Z = elevation relative t o  an arbitrary datum 

g = the acceleration due t o  gravity 

c 
= dimensional constant (1.0 (kg m)/(N s2) ) 

Static pressures (is., under still conditions) acting on exterior surfaces may be approximated as; 

; on exterior surfaces, calm conditions 

where Pa and pa are the atmospheric pressure and air density at the level of the outdoor datum. 

To account for pressures due to wind effects the pressure on any exterior surface may be 
approximated using published wind pressure coefficients [6] as; - 

p(Z) = Pa + C - ; on exterior surf aces, windy conditions 
P 2 



where Cp is a dimensionless pressure coefficient associated with the position on the exterior 
surface and the characteristics of the wind and UH is the wind speed at the roof level of the 
building. 

e - Zone Node Flow Element - 3 lm 
2 - Node Number Element Flow - 

Fia. 3.1 FIev&ms Defined Relative to a Datum 

3.2 Element Equations 

Two classes of flow elements have been developed; flow resistance elements and fan/pump 
elements. The theoretical basis of the flow resistance element will be outlined here; the reader is 
referred to [I] for the development of the fanlpump element. 

The flow resistance element is a very general element that may be used to model a large variety of 
flow paths that provide passive resistance to flow (e.g., conduits, ducts, ductwork assemblies, small 
orifices such as cracks, etc.); the fanlpump element may be used to model HVAC fans given the 
performance characteristics of a specific fan. These two classes of elements should allow modeling 
of a large variety of complex and complete building airflow systems. 

Resistance to flow will be modeled by flow elements having a single entry and exit (e.g., simple 
ducts, openings between zones, orifices, etc.). Flow components with multiple entries, exits, or 
both may be modeled by assemblages of these simpler elements. 

Flow resistance elements shall be two-node elements. With each node we associate element 
pressure, P: , temperature, Tf), and flow rate, w:, DOFs (i.e., for flow from the node into the 
element). 

Fluid flow within each flow resistance element is assumed to be incompressible, isothermal, and 
governed by the Bernoulli equation as applied to duct deslgn [6]; 



Fia. 3.2 Flow Resistance Element DOFS 

Where, for the purposes of developing the general element equations, the more conventional flow 
variables, indicated below, have been used; 

= entry and exit pressures, respectively 
= entry and exit mean velocities, respectively 

= dimensional constant, 1.0 (kg-m)l(~-sec2) 

= the acceleration of gravity (e.g., 0.980665 rnlsec2) 
= density of fluid flowing through the element 
= elevations of entry and exits, respectively 

= mass flow rate through the element 
=the sum of all frictional and dynamic losses in the elements 

reference 
cross section o .. 

Fia. 3.3 Conventional Flow Variables 

2 
The losses, Apo, are commonly related to the velocity pressure, PVO f 2 g ~  , of the fluid flow at 
reference crossections "on, for conduits, fittings, or orfices, as; 

.-8 

where; Co = loss coefficient 

Thus the loss sum takes the form; 



Recognizing the mass flow rate, we, at each of these sections must be equal; 

equation (3.6) may be rewritten in terms of mass flow rate as; 

and equation (3.4) then simplifies to; 

where; 

Equation (3.9) may now be rewritten in terms of the element pressure DOFs, using equation (3.1) 
as; 

(Po (2 (3.11) m n 
c 

m m 

It may be seen from equation (3.1 1) that mass flow through element e is driven by the absolute 

pressure differences between zones ( p i  - P:) modified by bouyancy effects created by 

density differences that are, in turn, due to zone temperature differences. 

Introducing a new variable, Be, for the bouyancy induced pressure component; 

equation (3.1 1) may be rewritten as; 



where; a 
m n 

where the second form, equations (3.13b) and (3.13~). will provide the correct sign for we. 

Variation of Flow With Zone P r e s s u  

It is useful, at this point, to develop analytical expressions for the variation of mass flow with zone 
pressure. This expressions will be seen to be useful for solving the nonlinear flow system 
equations using schemes based upon the classical Newton-Raphson iteration method. Therefore, 
from equations (3.13b) and (3.13~) we obtain; 

and from equation (3.10) we obtain; 

that is, the variation of Ce with pressure is simply a weighted sum of the variation of individual 
pressure loss coefficients contributing to the total pressure loss along the element. Analytical 
expressions for these partial derivatives of the pressure loss coeficients are not easily formulated, 
but by considering limiting cases of flow we can gain some insight. 

In general, the loss coefficients depend, in a rather complex and poorly understood way, upon the 
nature of flow, as indicated by the Reynolds number, Re, and detailed characteristics of the flow 
geometry (e.g., roughness, constrictions, etc.). For many situations, however, the loss 
coefficients are practically constant for the limiting case of fully turbulent flow (i.e., Re > lo6), at one 
extreme, and proportional to 11Re for laminar flow (i.e., Re c 2 x 1 03) at the other; 

Co u constant for fully developed turbulent flow (3.1 6) 

Co SJ ~ * d R e  = c * ~  plpDOVO for fully developed laminar flow (3.17) 



where; Ceo = constant 

In fully developed turbulent flow, with each of the pressure loss coefficients constant, the partial 
derivatives of equations (3.15) become zero and consequently the first term of equations (3.14) 
becomes zero and, using equations (3.13), may be simplified to; 

; fo r  fully turbulent f low 

J imitina consideration to flow resistance elements of constant cross-section, we may formulate a 
modified expression for laminar flow in an element, in a manner similar to that used to formulate 
equations (3.1 3). We obtain; 

* * * 
8 

c C C 
where; a = (2gcp/p)( 2 + + + ... ) 

L D A  D A  
0 0 P P 

D A  
4 4 

for which the evaluation of the variation of flow with pressure is straightforward; 

e aw - e -- - a, ; laminar flow, constant cross section 

It is instructive to compare the fully turbulent flow equation, equation (3.13) with Ce constant, with 
this particular case (i.e., constant cross section) fully laminar flow equation as shown in figure 3.4 
below. 

It is seen that ae, the tangent slope of the fully turbulent curve, becomes unbounded as flow 

approaches zero-flow conditions while a! does not. 

If the variations of the pressure loss coefficients, Co , Cp , Cq , ... , with flow are well defined (i.e., for 
conduits: if the friction factor relations are reliable) then the flow defined by equations (3.13) should 
asymtoptically approach these two curves at the upper and lower limits of flow. (Note: this is not to 
say that these two curves provide an upper or lower bound to flow magnitude, in fact, they do not. 

Our purpose, here, is not to use these limiting-case flow relations in place of the more general 
relation of equations (3.13), but rather to use these limiting cases to provide an estimate of the 
variation of element flow with zone pressure to be used in nonlinear solution algorithms. 



Specifically, we shall only employ equations (3.19) and (3.20) for very low flow conditions, when 
the more general expression for flow, equation (3.13b), and the approximation for the variation of 
flow with pressure, equations (3.1 8), will tend to become unbounded. 

Fia. 3.4 1 imitina Case Flow Relations- Flements of Constant Cross-Section 

The element equations may be recast into matrix form, using the element DOFs defined above, by 
first noting; 

thus; 

where; 

= the element net mass f low rate vector 

= the element pressure vector 



l ae l  = [ - 1  - 1 1  1  ;for all but very low f low conditions (3.2243 

- e [ 1  -11 
- 1  1  ; for very low f low conditions (3.22e) 

= matrix o f  pressure-flow coefficients 

e e = a B { I  -llT ;for  all but very low f low conditions (3.22f) 

e e T 
= a, B ( 1  - 1 1  ; f o r  very low f low conditions (3.2291 

= bouyancy-induced mass f low rate vector 

and; 

- - aLe [ -,' -11 ; for very low f low conditions (3.23b) 

The element pressure-flow coefficients ae and a; are defined in such a way that they are always 
positive, therefore, the matrix of pressure-flow coefficients will be positive semi-definite. 

Some complicating details deserve special note; 

e e e  
a) the direction of flow will be determined by the sign of (Prn - Pn + B 1; if positive, the flow will be 
from m to n, 

b) the density p, of the fluid flowing through the element, will depend on the direction of flow; 

P = P m  ; fo r  f low from m to  n 

P = P n  ;for f low from n t o  m 

c) the flow coefficient, Ce, will also depend on the direction of flow due to the dependency of p on 
direction and the dependency of the pressure loss coefficients Co that also, in general, depend on 
the direction of flow, 

d) the pressure-flow coefficient matrix [ae] will also be flow-direction dependent due to the flow- 
direction dependency of Ce and Be, 

e) equation (3.22a) is highly nonlinear due to the flow-direction dependencies, noted above, the 
dependency of the pressure-flow coefficient matrix [ae] and the bouyancy-induced mass flow 



rate vector {w;} on the pressure, and the dependency of density on fluid temperatures which 
are, in turn, dependent on the rate of flow. 

3.3 System Equations and Their Solution 

Element equations similar to those presented above may be developed for a fanlpump element 
[I]. Flow resistance and fantpump element equations, for a given flow system idealization, may 
then be assembled by demanding the conservation of mass at each system node to form system 
flow equations; 

where; 

[A] = A[ael ; the assembly of element matrices (3.24b) 

{Ws} = A{w:} ; the assembly of element bouyancy vectors (3.24~) 

{Wo} = /!{we,} ; the assembly of fan free-delivery flow vectors (3.24d) 

The derivation of equation (3.24a) is similar to that used in the derivation of the contaminant 
dispersal equations (2.7a) and, again, solution will require the specification of at least one pressure 
boundary condition - a single zone's pressure will suffice. 

Equation (3.24a) defines the flow analysis problem. It is assembled from nonlinear element 
equations and, therefore, is nonlinear. Two classic nonlinear solution strategies and their 
variations; 

a) Method of Successive Substitutions or Fixed-Point lteration 

Direct 

Jacobi lteration 

Zeid's Modified Jacobi lteration 
Gauss-Seidel lteration 

Successive Overrelaxation Method 

b) Newton-Raphson Method 

Classic Newton-Raphson Method 

Modified Newton-Raphson Method 

as well as incremental formulations of these methods, provide reasonable candidates for solving this 

system of nonlinear flow equations. 

CONTAM86 is the first program in a series of programs being developed to implement the NBS 
indoor air quality model; it is an implementation of the nonreactive contaminant dispersal theory 
presented above and is written in ANSI Standard FORTRAN77 with IBM PCm and Apple 
Macintoshm version available. Other programs currently under development include AIRMOV, a 



partial implementation of the flow analysis theory presented above, CONTAM87 a FORTRAN 77 
extension of CONTAM86 that allows consideration of reactive contaminant dispersal, and 
CONTAMEZ a C language adaptation of the CONTAM family designed to be particularly user friendly. 

With CONTAM86 the analyst may consider steady state analysis, system time constant analysis for 
conditions of steady flow, and dynamic analyses for arbitrary conditions of unsteady flow and 
unsteady system excitation. Nonreactive contaminant dispersal systems of arbitrary complexity may 
be modeled with system size limited only by available memory. 

CONTAM86 is a command processor; it responds to commands in the order that they are presented 
and processes data associated with each command. Commands may be presented to the program 
interactively, using keyboard and monitor, olhrough the use of commandldata input files; that is to 
say, it offers two modes of operation - interactive and batch modes. 

For most practical problems of contaminant dispersal analysis the batch mode of operation will be 
preferred. For these problems, analysis involves three basic steps; 

Step 1: Idealization of the Building System and Excitation 

- Z o n e  Node Flow Element- 
2- Node Number Element Flow- 8 

Idealization of the building flow system involves; 

a) discretization of the system as an assemblage of appropriate flow elements connected at system 
nodes, 

b) identification of boundary conditions, and 
c) numbering of system nodes optimally (I.%., to minimize the bandwidth - node number difference - 

of system equations). 

The excitation (i.e., specified contaminant concentrations and generation rates) may be modeled to 
be steady or defined in terms of arbitrary time histories. For the latter case initial conditions of nodal 
contaminant concentration will have to also be specified. 



Step 2: Preparation of CommandIData lnput File 

U 

4 7 Preparation of Input CommandlData File 

In the batch mode, the program reads ASCll text files of commands and associated data, collected 
together in distinct data groups, that define the building flow idealization and excitation. The 
commandldata input file may be prepared with any available ASCll text editing program and given a 
file name, <filename>, specified by the user. The <filename> must, however, consist of 8 or less 
alphanumeric characters and can not include an extension (i.e., characters separated from the 
filename by a period, "." ). 

Step 3: Execution of CONTAM86 

Plot Output File 
- - - - - Out-of-core Data Files 

<filename>. PLT 

1' Commandidata 00011 

Input File -- <filename>. WDT 
00011 

<filename> CONTAM <filename>. FEL 

\L 
00011 

cfilenamex EDT 
Results Output File 

<filename >.OUT 

CONTAM86 is then executed. Initially CONTAM86 will be in the interactive mode. To enter the batch 
mode the command "SUBMIT F=<filename>" may be used to "submit" the commandldata input file to 
the program. The program will then proceed to form element and system arrays and compute the 
solution to the posed problem. CONTAM86 reads the ASCII commandldata input file and creates an 
ASCII (i.e., printable) output file <filename>.OUT. The results of an analysis, <filename>.OUT, may 
be conveniently reviewed using an ASCll editor and, from the editor, portions or all of the results may 
be printed out. Key response results are also written to the ASCll file <filename>.PLT in a format that 
may easily be transferred to some spreadsheet and plotting programs (i.e., data values within each 
line are separated by the tab character) for plotting or subsequent processing. 

Introductory Exam& 

Consider the two-story residence with basement shown, in section, below. In this residence interior 
air is circulated by a forced-air furnace and exterior air infiltrates the house through leaks around the 
two first floor windows. The flow system may be idealized using flow elements to model the 



ductwork, room-to-room, and infiltration flow paths as shown below. 

2 - Node Number Element Flow, 6 
Air-Flow System Ideall7dm 

. . 

Fia 4.4 Hv~othetical Residential Exam~le 

For this example, CO2 generated in one room of a two story four room residence is dispersed 
throughout the building by the hot-air system and dilluted by outside air infiltration at the rate of 0.5 
ACH in the two lower rooms. The C02 is generated by a portable kerosene heater operated for 133 
minutes and then turned off. The results of the analysis are plotted below illustrating the detailed 
dynamic variation of pollutant concentration in the building air flow system. 
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The CONTAM commandldata input file used for this study is listed below. 



FLOWSYS N=7 
7 BC=C 
END 
FLOWELEM 
1 I=1,2 
2 I=1,3 
3 I=7,2 
4 I=2,7 
5 I=7,3 
6 I=3,7 
7 I=2,4 
8 I=3,5 
9 I=4,6 
10 I=5,6 
11 I=6,1 
END 
FLOWDAT 
TIE=O 
1,2 W=70*1.2 
3,6 W=20*1.2 
7,lO W=70*1.2 
11 W=140*1.2 

TIE=5 
1,2 F1=70*1.2 
3,6 W=20*1.2 
7,lO W=70*1.2 
11 W=140*1.2 
END 
EXCITDAT 
TIME=O 
2 Ce0.549 
7 CG=0.000760 

TIME=133/60 
2 CG=O .O 
7 CG=0.000760 

TIME=5 
2 ceo.0 
3 CG==O.000760 

END 
DYNAMIC 
T=0,4,0.5 
1 v=1.2*1.0 
2,3 V=1.2*40.0 
4,5 V=1.2*30.0 
6 V=1.2*0.1 
7 V=1.2*1.OE+09 

1,7 IC=0.000760 
END 
RETURN 

: Six-Zone (7-node) Example 
: Exterior "Zone" (Node 7) Will Have Conc. Specified 

: Flow Element 1 
: Flow Element 2 
: Flow Element 3 
: Flow Element 4 
: Flow Element 5 
: Flow Element 6 
: Flow Element 7 
: Flow Element 8 
: Flow Element 9 
: Flow Element 10 
: Flow Element 11 

: Element Mass Flow Rates [=] kgm/hr 

: 0.50 Building ACH each 
: 0.25 Room ACH each 
: 0.50 Building ACH each 
: 1.00 Building ACH 

: 0.50 Building ACH each 
: 0.25 Room ACH each 
: 0.50 Building ACH each 
: 1.00 Building ACH 

: Excitation 

: Node 2: Generation Rate [=] kg/hr 
: Node 7: Exterior C02 Concentration [=] kg C02/kg 

: Kerosene Heater Turned Off at 133 minutes 
: Node 2: Generation Rate I=] kg/hr 
: Node 7: Exterior C02 Concentration [=] kg C02/kg 

: Node 2: Generation Rate [=] kg/hr 
: Node 3: Exterior C02 Concentration [=] kg C02/kg 

: Initial Time, Final Time, Time Increment 
: Node 1: Volumetric Mass [=] kg 
: Nodes 2 & 3: Volumetric Mass [=] kg 
: Nodes 4 & 5: Volumetric Mass [=] kg 
: Node 6: Volumetric Mass [=] kg 
: Node 7: Exterior Volumetric Mass [=] kg 

: Initial Concentration [=] kg CO2/kg 

5. AIRMOV 

The solution of the simultaneous mass balance equations is presently accomplished by the 
computer program AIRMOV. This program was originally a series of subroutines in the Thermal 
Analysis Research Program (TARP) developed by George Walton of the National Bureau of 
Standards [4]. There are two versions of the program which are presently distributed: AlRMOV4 and 
AIRMOV10. AlRMOV4 is a Fortran-77 version which can be complied and run on an IBM-PCW 
compatible computer using the IBM Professional Fortran compiler. AlRMOVlO is a Pascal version 
which has been compiled using TURBO-Pascal on the IBM-PC. AIRMOV4 can handle up to 1000 
openings and up to 50 zones. AIRMOV10 uses the dynamic memory allocation procedures available 
in Pascal and has no practical limitation as to the number of zones or openings. AIRMOVIO has also 



taken advantage of the more sophisticated data structure possible in a structured language such as 
Pascal to implement a series of linked lists for storing the zone and opening data. A laminar flow 
model is also used for pressure differences across an opening of less than 0.1 Pa. This not only 
more closely approximates the physical flow through an opening, but also greatly improves the 
convergence of the numerical solution of the nonlinear equations for the conditions of small induced 
pressures (low wind or small temperature differences) or large openings (such as open doorways or 
open windows). 

The input file for AIRMOV must be called AIRMOV.DTA. A sample for a model of a two story office 
building is included. This office building is modeled as 6 zones. Each floor has two zones: an 
occupied zone and the ceiling plenum. The other two zones are the two stairwells which are treated 
as one zone and the elevator shaft. 

OVERHEAD VIEW OF TYPICAL FLOOR SIDE VIEW OF TVPlCAL FLOOR 

The first line of the input file contains the building title. The second line contains program control 
parameters ( the maximum number of iterations, a list parameter which controls output (usually set to 
1) and the number of contaminants). 

The next group of lines provide information on each zone. Each line corresponds to a zone and 
includes the following; 

Zone reference height in meters 
Zone temperature in Celsius 
Zone volume in m 
Initial concentrations of the contaminants in kgikg of air 

When you are finished describing all zone data, include a terminator line with a negative value for 
the reference height. 

The next group of lines provide information on each flow opening. These make use of a zone 
numbering scheme based on the order of the zone data lines, i.e. zone 1 is the first zone listed and 
so on. Zone 0 corresponds to the outside. Each line in this group corresponds to an opening and 
contains the following; 

Near side zone number 
Far side zone number (may be 0 for outside) 
Opening Area in m * 



Flow exponent n 
Flow coefficient C 
Opening orientation in degrees from north* 
Opening middle height (where stack pressure is felt) 
Top Height of wall containing opening (where wind pressure is calculated) " 

" used only for exterior openings 

This group of input is terminated by a line with a near side zone number of zero or less. 

The next group of lines proved zone information for the run. There must be one line for each zone. 
Each line contains the zone temperature in Celsius, a forced airflow rate in the zone in kgls ( negative 
flow rates indicate an exhaust) and contaminant generation and absorption rates in kgls for each 
contaminant. 

The last group of lines are the ambient conditions and there can be as many as desired. Each line 
contains a time in seconds for which the conditions are valid, the ambient temperature in Celsius, the 
barometric pressure in Pa, the wind speed in rnls, the wind direction and the ambient contaminant 
concentrations1. If one is not calculating contaminant concentrations, the time step value may be 
set to 1. This will give only the air flows for each weather condition. The last line of the input file 
should have a time step of zero or less. 

Included is a sample output for the first weather conditions for this description of the office building. 

a m p l e  Input File fAIRMOV.DTA) 

PITTSFIELD: 2 ISOLATED ZONES, 3 EQUAL OPENINGS PER FACE 
20 1 0 
7.9 22. 2923. 0. 0. 0. 0. 
7.922. 2894. 0. 0. 0. 0. 
7.922. 335. 0. 0. 0. 0. 
7.922. 30. 0. 0. 0. 0. 
7.922. 974. 0. 0. 0. 0. 
7.922. 965. 0. 0. 0. 0. 
-1.0 20. 60. 0. 0. 0. 0. 
1 0 0.0167 -65 1.0 0. 0.0 7.9 
1 0 0.0167 -65 1.0 0. 1.95 7.9 
5 0 0.0100 .65 1.0 0. 3.5 7.9 
1 0 0.0167 .65 1.0 90. 0.0 7.9 
1 0 0.0167 .65 1.0 90. 1.95 7.9 
5 0 0.0100 -65 1.0 90. 3.5 7.9 
1 0 0.0167 .65 1.0 180. 0.0 7.9 
1 0 0.0167 .65 1.0 180. 1.95 7.9 
5 0 0.0100 -65 1.0 180. 3.5 7.9 
1 0 0.0167 .65 1.0 270. 0.0 7.9 
1 0 0.0167 .65 1.0 270. 1.95 7.9 
5 0 0.0100 .65 1.0 270. 3.5 7.9 
2 0 0.0167 .65 1.0 0. 4.0 7.9 
2 0 0.0167 .65 1.0 0. 5.95 7.9 
6 0 0.0100 .65 1.0 0. 7.5 7.9 
2 0 0.0167 .65 1.0 90. 4.0 7.9 
2 0 0.0167 .65 1.0 90. 5.95 7.9 
6 0 0.0100 .65 1.0 90. 7.5 7.9 

1 AlRMOV contaminant dispersal analysis is an early implementation; the CONTAM series of programs 

offer more advanced modeling capabilities 



Sample Output for AIRMOV (first weather conditions) 

NBS INTERZONAL AIR MOVEMENT & CONTAMINANT DISPERSAL PROGRAM 
Project Title: PITTSFIELD: 2 ISOLATED ZONES, 3 EQUAL OPENINGS PER FACE 

Maximum Number of Iterations: 2 0 
Print Output Control : 1 

Number of Contaminants : 0 

N Z Z TZ VOL 
NZON: 1 7.90 22.00 2923.00 
NZON: 2 7.90 22.002894.00 
NZON: 3 7.90 22.00 335.00 
NZON: 4 7.90 22.00 30.00 
NZON: 5 7.90 22.00 974.00 
NZON: 6 7.90 22.00 965.00 

Number of Zones = 6 

Building Volume = 8121 MA3 



Begin next time step 
HBTSTP T A PB WS WD 

3600 17.00 101325 0.00 0 

Opening Flows & Pressure Differences 
Opening N M Flow 
Flow: 1 1 0 0.0171 kg/sec ' 

Flow: 2 1 0 0.0068 kg/sec 
Flow: 3 5 0 -0.0050 kg/sec 
Flow: 4 1 0 0.0171 kg/sec 
Flow: 5 1 0 0.0068 kg/sec 
Flow: 6 5 0 -0.0050 kg/sec 
Flow: 7 1 0 0.0171 kg/sec 
Flow: 8 1 0 0.0068 kg/sec 
Flow: 9 5 0 -0.0050 kg/sec 
Flow: 10 1 0 0.0171 kg/sec 
Flow: 11 1 0 0.0068 kg/sec 
Flow: 12 5 0 -0.0050 kg/sec 
Flow: 13 2 0 0.0048 kg/sec 
Flow: 14 2 0 -0.0123 kg/sec 
Flow: 15 6 0 -0.0114 kg/sec 
Flow: 16 2 0 0.0048 kg/sec 
Flow: 17 2 0 -0.0123 kg/sec 
Flow: 18 6 0 -0.0114 kg/sec 
Flow: 19 2 0 0.0048 kg/sec 
Flow: 20 2 0 -0.0123 kg/sec 
Flow: 21 6 0 -0.0114 kg/sec 
Flow: 22 2 0 0.0048 kg/sec 
Flow: 23 2 0 -0.0123 kg/sec 
Flow: 24 6 0 -0.0114 kg/sec 
Flow: 25 3 1 0.0214 kg/sec 
Flow: 26 3 1 0.0024 kg/sec 
Flow: 27 3 2 -0.0192 kg/sec 
Flow: 28 3 2 -0.0041 kg/sec 
Flow: 29 4 1 0.01 66 kg/sec 
Flow: 30 4 1 0.0066 kg/sec 
Flow: 31 4 2 -0.0170 kg/sec 
Flow: 32 4 2 -0.0062 kg/sec 
Flow: 33 3 5 0.0007 kg/sec 
Flow: 34 3 6 -0.0012 kg/sec 
Flow: 35 4 5 0.0019 kg/sec 
Flow: 36 4 6 -0.0020 kg/sec 
Flow: 37 5 1 0.0485 kg/sec 
Flow: 38 6 2 0.0423 kg/sec 
Flow: 39 5 2 -0.0258 kg/sec 

DP 
0.52 Pascals 
0.13 Pascals 
-0.18 Pascals 
0.52 Pascals 
0.13 Pascals 

-0.18 Pascals 
0.52 Pascals 
0.13 Pascals 

-0.18 Pascals 
0.52 Pascals 
0.13 Pascals 
-0.18 Pascals 
0.08 Pascals 
-0.32 Pascals 
-0.62 Pascals 
0.08 Pascals 

-0.32 Pascals 
-0.62 Pascals 
0.08 Pascals 
-0.32 Pascals 
-0.62 Pascals 
0.08 Pascals 

-0.32 Pascals 
-0.62 Pascals 
0.10 Pascals 
0.10 Pascals 
-0.26 Pascals 
-0.26 Pascals 
0.18 Pascals 
0.18 Pascals 
-0.18 Pascals 
-0.18 Pascals 
0.10 Pascals 
-0.26 Pascals 
0.17 Pascals 
-0.19 Pascals 
0.01 Pascals 
0.01 Pascals 

-0.35 Pascals 

Infiltration Rate: 0.04 /hr Exfiltration Rate: 0.04 /hr 
No more time step data 
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A PROTOTYPE EXPERT SYSTEM FOR DIAGNOSING 
MOISTURE PROBLEMS I N  HOUSES 

A knowledge based exper t  system i s  under development t o  a s s i s t  
i n  the i d e n t i f i c a t i o n  and d iagnosis  of  a i r  leakage problems i n  
r e s i d e n t i a l  bui ld ings .  The exper t  system is  intended f o r  use by 
home energy aud i to r s  who a r e  f a m i l i a r  wi th  house cons t ruct ion  
and bui ld ing performance i s sues ,  but  do no t  have the  e x p e r t i s e  
n e c e s s a r y  t o  d e a l  e f f e c t i v e l y  w i t h  t h e  w i d e  v a r i e t y  o f  
circumstances encountered i n  houses. The system development is  
beg inn ing  w i t h  a  p r o t o t y p e  t o  d i a g n o s e  m o i s t u r e - r e l a t e d  
problems. This prototype i s  the  f i r s t  s t e p  i n  the  development 
of the  more comprehensive exper t  system t h a t  w i l l  d e a l  wi th  a i r  
leakage problems associa ted  with indoor a i r  q u a l i t y ,  thermal 
comfort, and heat  loss  and gain.  

I n  t h i s  paper the  moisture-diagnosis prototype is described and 
discussed.  This prototype system requires  the  use r  t o  desc r ibe  
t h e  symptoms o f  t h e  e x i s t i n g  m o i s t u r e  problems and p r o v i d e  
i n £  ormat i o n  on house  c h a r a c t e r i s t i c s .  Based on a d d i t i o n a l  
i n f o r m a t i o n  on t h e  symptoms and t h e  house ,  t h i s  i n t e r a c t i v e  
program produces a  l ist  of probable causes and recommendat ions 
f o r  remedial ac t ion .  I n  addi t ion  t o  descr ib ing the  c u r r e n t  
prototype system, t h i s  paper a l s o  d iscusses  the  r e s u l t s  of an 
evaluat ion  of the  system based on i t s  use by human exper ts  i n  
the  f i e l d  of  r e s i d e n t i a l  bui ld ing moisture. This evaluat ion ,  
along with i n s i g h t s  obtained through the  e f f o r t s  of the  system's 
d e v e l o p e r s ,  h a s  l e d  t o  s e v e r a l  proposed improvements o f  t h e  
prototype. 

INTRODUCTION 

Over recent  years  numerous houses have been audited t o  determine 
appropr ia te  energy conserving r e t r o f i t s  and t o  i d e n t i f y  t h e  
causes of problems re la t ed  t o  thermal comfort, excessive energy 
use,  moisture,  and a i r  qua l i ty .  These aud i t s  have ranged from 
uninstrumented v i s u a l  inspections l a s t i n g  about one hour t o  more 
extensive procedures t h a t  employ instrumentat ion t o  examine t h e  
building envelope and equipment i n  d e t a i l .  The simpler  type of 
aud i t  necessa r i ly  considers  only genera l  a t t r i b u t e s  of the  house 
w i t h o u t  r e c o g n i z i n g  t h e  c o m p l e x i t y  o f  b u i l d i n g  t h e r m a l  
c h a r a c t e r i s t i c s ,  including the  importance of unexpected a i r  
l eakage  s i t e s  and o t h e r  the rmal  anamol ies .  Such a u d i t s  
genera l ly  involve surveys of insu la t ion  l e v e l s ,  condi t ion  of  
windows and doors, mechanical equipment type and o the r  bui ld ing 
fea tu res ,  b u t  neglec t  many other  important f ac to r s  such a s  leaks  
i n  a t t i c  f l o o r s ,  convective loops wi th in  the  insu la t ion  system, 
basement a i r  leakage and o the r  obscure a i r  leakage s i t e s .  Based 
on  v a r i o u s  s i m p l i f i e d  g u i d e l i n e s  t h e s e  a u d i t s  p r o d u c e  
s u g g e s t i o n s  r e g a r d i n g  r e t r o f i t  a c t i o n s ,  b u t  t h e  a u d i t s  a r e  
g e n e r a l l y  n o t  des igned  t o  d i a g n o s e  t h e  c a u s e s  o f  many a i r  



l eakage  problems and t h e  s u g g e s t i o n s  d o  n o t  i n v o l v e  many 
important a i r  leaks e 

More extens ive  aud i t  procedures, sometimes refered  t o  a s  "house 
doc toringtr  (Diamond e t  a 1  1982, Energy Resources Center 1983, 
H a r r j e  e t  a 1  1979 and 1 9 8 0 ) ,  p r o v i d e  a much more d e t a i l e d  
evaluat ion of  the  house and i t s  thermal performance. House 
d o c t o r i n g  i s  n o t  a s t a n d a r d i z e d  p r o c e d u r e ,  and d i f f e r e n t  
i n d i v i d u a l s  and o r g a n i z a t i o n s  h a v e  d e v e l o p e d  t h e i r  own 
approaches. I n  order  t o  l o c a t e  hea t  l o s s  and a i r  leakage s i t e s ,  
house doc t o r s  employ fan  p ressur i za t ion ,  in f ra red  thermography 
and other  techniques (ASTM 1986, Harr je  e t  a 1  1979 and 1980, 
Socolow 1 9 7 8 ) .  The u s e  o f  t h e s e  p r o c e d u r e s  e n a b l e s  one t o  
loca te  unexpected a i r  leakage s i t e s  and o the r  thermal d e f e c t s  i n  
the  bui ld ing envelope t h a t  a r e  otherwise d i f f i c u l t  o r  impossible 
t o  de tec t .  These unanticipated d e f e c t s  o f t e n  c o n s t i t u t e  a more 
s i g n i f i c a n t  por t ion  of the  energy l o s s  of  a home than the  more 
mundane d e f e c t s  considered by "pencil-and-paper" aud i t s .  With 
rega rd  t o  a i r  l eakage  s i t e s ,  obv ious  l e a k s ,  such  a s  t h o s e  
associa ted  wi th  windows and doors,  genera l ly  account f o r  only a 
small percentage of the  t o t a l  leakage of  a house (ASHRAE 1985). 
Most of t h e  leaks a r e  due t o  a v a r i e t y  of o the r  l e s s  obvious, 
and o f t en  very  e lus ive ,  sources. 

House doc t o r s  have i n s p e c t e d  thousands  o f  houses  i n  Nor th  
America and have obtained a g r e a t  d e a l  of  experience regarding 
t h e  loca t ion  and s ign i f i cance  of a ir  leakage sites, a s  we l l  a s  
o t h e r  t h e r m a l  d e f e c t s  i n  houses .  I n  some c a s e s ,  e x t r e m e l y  
experienced house doctors  can a n t i c i p a t e  cons t ruct ion  d e f e c t s  
and o ther  leakage problems without the  use of instrumentat ion,  
from knowledge of a house's age, cons t ruct ion  s t y l e ,  geographic 
l o c a t i o n ,  and o t h e r  f e a t u r e s .  I n  a d d i t i o n  t o  i d e n t i f y i n g  
thermal d e f e c t s  i n  t h e  bui ld ing envelope, exper t  house doctors  
have experience with,  and a genera l  understanding o f ,  o the r  a i r  
leakage i s s u e s  such a s  thermal comfort,  moisture,  and indoor a i r  
qual i ty .  The experience of these exper t  house doctors  and o t h e r  
bui ld ing performance exper ts  c o n s t i t u t e s  a valuable resource f o r  
solving a i r  leakage problems i n  homes. 

I t  would b e  e x t r e m e l y  b e n e f i c i a l  i f  t h e  knowledge o f  t h e s e  
exper ts  could b e  used t o  improve the  e f fec t iveness  of energy 
a u d i t s  by n o n e x p e r t s .  Exper t  sys tems  c o n s t i t u t e  a computer  
s o f t w a r e  approach  employing t h e  t e c h n i q u e s  o f  a r t i c i f i a l  
i n t e l l i g e n c e  t o  real-world problems (Forsyth 1984, Hayes-Roth e t  
a 1  1984) t h a t  could p o t e n t i a l l y  provide t h i s  knowledge regarding 
a i r  leakage problems t o  nonexpert aud i to r s .  Expert sys t e m s  a r e  
p a r t i c u l a r l y  a p p l i c a b l e  t o  t h e  problem of  i d e n t i f y i n g  and 
diagnosing a i r  leakage problems i n  r e s i d e n t i a l  bui ld ings  because 
t h e s e  sys tems  a r e  a p p r o p r i a t e  t o  domains c h a r a c t e r i z e d  b y  
u n c e r t a i n  d a t a  and incomple te  i n f o r m a t i o n .  A t r a d i t i o n a l ,  
computational approach t o  analyzing i n f i l t r a t i o n  would c a l c u l a t e  
the  q u a n t i t i e s  of i n t e r e s t  by applying computational algori thms 
t o  a numerical model of a house. While there  is  s u f f i c i e n t  
physical  understanding t o  determine i n f i l t r a t i o n  r a t e s ,  a i r f l o w  
r a t e s  i n t o  and o u t  o f  s p e c i f i c  l o c a t i o n s ,  and i n t e r i o r  



contaminant concentrat ions,  moisture l eve l s  and temperatures i n  
t h i s  manner, the ca lcu la t ion  of these  q u a n t i t i e s  is  prevented by 
t h e  i n a b i l i t y  t o  determine a l l  of the  required inputs.  One must 
know the loca t ion  and leakage c h a r a c t e r i s t i c s  of every opening 
i n  the bui ld ing envelope and i n  the  i n t e r i o r  p a r t i t i o n s .  I n  
a d d i t i o n ,  wind p r e s s u r e  c o e f f i c i e n t s  must be  known o v e r  t h e  
b u i l d i n g  enve lope  a s  a f u n c t i o n  of  wind d i r e c t i o n .  The 
determination of indoor contaminant and moisture l e v e l s  a l s o  
r e q u i r e s  v a l u e s  o f  i n t e r i o r  s o u r c e  s t r e n g t h s  and o u t d o o r  
concentrat ions a s  a function of time. Such d e t a i l e d  knowledge 
about a s p e c i f i c  bui ld ing is  genera l ly  unobtainable without 
i n t e n s i v e  i n s t r u m e n t a t i o n  and s t u d y .  Even i f  a l l  o f  t h i s  
information were ava i l ab le ,  it is no t  c l e a r  whether a d e t a i l e d  
computational approach is appropr ia te  t o  d e a l  with the  types of  
problems t h a t  a r e  encountered i n  the  f i e l d .  Al ternat ively ,  an 
expert  system can d e a l  wi th  the  more r e a l i s t i c  s i t u a t i o n  i n  
which t h e r e  i s  incomple te  knowledge o f  a home's d e t a i l e d  
i n f i l t r a t i o n  c h a r a c t e r i s t i c s ,  b u t  v a l u a b l e  n o n q u a n t i t a t i v e  
information i s  avai lable .  The a b i l i t y  of expert  systems t o  d e a l  
w i t h  q u a l i t a t i v e  i n f o r m a t i o n  makes them a p p r o p r i a t e  t o  t h e  
problems associa ted  with a i r  leakage and t o  use the  knowledge of 
expert  house doc t o r s .  

This paper begins with a desc r ip t ion  of a proposed expert  system 
intended t o  d e a l  with a i r  leakage problems. This exper t  system 
h a s  been d e s c r i b e d  i n  g e n e r a l  terms i n  a p r e v i o u s  r e p o r t  
( P e r s i l y  1986), and i s  intended t o  i d e n t i f y  and diagnose a i r  
leakage problems re la ted  t o  hea t  l o s s  and ga in ,  thermal comfort,  
moisture, and indoor a i r  qua l i ty .  The cur ren t  e f f o r t  toward t h e  
development o f  t h i s  s y s  tem i n v o l v e s  a p r o t o t y p e  concerned 
primari ly wi th  the d iagnosis  of moisture problems i n  homes, and 
a desc r ip t ion  and discuss ion of t h i s  prototype c o n s t i t u t e s  the  
b u l k  of t h i s  paper .  The p r o t o t y p e  i s  s e r v i n g  t o  e x p l o r e  
conceptual approaches t o  the  genera l  problem of diagnosing and 
ident i fy ing a i r  leakage problems t o  a s s i s t  i n  developing t h e  
proposed system, a s  wel l  a s  t o  develop a use fu l  t o o l  f o r  the  
domain of moisture problem diagnosis .  

GLOBAL SYSTEM FRAMEWORK 

The term g loba l  expert  system r e f e r s  t o  the  proposed expert  
system intended t o  d e a l  with a i r  leakage problems re la ted  t o  
hea t  t r a n s f e r ,  a i r  q u a l i t y ,  moisture, and thermal comfort. The 
development of t h i s  g loba l  system i t s e l f  has not  ye t  begun, bu t  
a conceptual framework does e x i s t  and t h i s  sec t ion  descr ibes  the  
cur ren t  conception. 

The bas ic  goa l  of the  g lobal  system is  t o  use the knowledge of 
house doc to r s ,  and o the r  experts  i n  the a rea  of a i r  leakage 
problems, i n  order t o  improve the ef fec t iveness  of procedures 
employed b y  l e s s  exper ienced  a u d i t o r s .  The proposed e x p e r t  
sys tem i s  in tended  t o  be  used by o n - s i t e  a u d i t o r s  who a r e  
f a m i l i a r  w i t h  home c o n s t r u c t i o n  and b u i l d i n g  e n e r g y  



conservation,  bu t  a r e  not  exper ts  i n  the  f i e l d .  The expert  
sys tem w i l l  d e a l  w i t h  t h r e e  b a s i c  s i t u a t i o n s  o r  q u e s t i o n s  
regarding a i r  leakage: d iagnosis ,  i d e n t i f i c a t i o n ,  and r e t r o f i t  
p lann ing .  The d i a g n o s i s  mode i s  in tended  t o  d e t e r m i n e  t h e  
causes of  e x i s t i n g  a i r  leakage problems. I n  t h i s  s i t u a t i o n ,  the  
house h a s  a  problem such  a s  d r a f t s ,  a  c o l d  room, l i n g e r i n g  
odors, o r  moisture damage. The system w i l l  determine why these  
symptoms a r e  o c c u r r i n g  and s u g g e s t  c o r r e c t i v e  a c t  i o n .  The 
second problem type concerns the  i d e n t i f i c a t i o n  of a i r  leakage 
problems t h a t  a r e  present ly  unknown t o  the  occupant and aud i to r ,  
b u t  t h a t  may b e  p o t e n t i a l l y  s e r i o u s  i n  t h e  f u t u r e .  These 
problems might  i n v o l v e  t h e  p o t e n t i a l  f o r  m o i s t u r e  damage, 
excessive hea t  l o s s ,  o r  poor indoor a i r  qua l i ty ,  The f i n a l  
s i t u a t i o n  t h a t  t h e  e x p e r t  sys tem w i l l  a d d r e s s  i s  r e t r o f i t  
planning. Given t h a t  the  homeowner is contemplating a i r  leakage 
and/or o t h e r  r e t r o f i t s  t o  the bui ld ing,  the  system determines 
the  most appropr ia te  and e f f e c t i v e  r e t r o f i t s  and a n t i c i p a t e s  
p o t e n t i a l l y  adverse s i d e  e f f e c t s  of the  proposed r e t r o f i t s .  The 
expert  system i s  intended t o  explore these  th ree  quest ions f o r  
e x i s t i n g  homes, b u t  t h e  p o t e n t i a l  e x i s t s  f o r  expanding t h e  
system t o  include the  a n t i c i p a t i o n  of a i r  leakage problems i n  
new bui ld ings  a t  the  design stage.  

2 . 1  Content o f  the  Knowledge Base 

The types of a i r  leakage problems t h a t  the  expert  system w i l l  
d e a l  with concern heat  loss  and gain ,  thermal comfort, moisture, 
and indoor air q u a l i t y ,  and severa l  examples a r e  l i s t e d  i n  t a b l e  
1. These a r e  g e n e r a l  problem t y p e s ,  a s  opposed t o  t h e i r  
s p e c i f i c  causes and the symptoms t h a t  reveal  t h e i r  presence. 
For example, the  cause of a  cold i n t e r i o r  surface  of an outs ide  
wal l  may be  a i r  leaking i n t o  the  wal l  system a t  a  second-story 
overhang and flowing within the  wall .  The symptoms of t h i s  
p r o b l e m  may i n c l u d e  o c c u p a n t  d i s c o m f o r t ,  and p e r h a p s  
condensation o r  mildew on t h a t  wall .  To fu r the r  explain the  
content  of t h e  knowledge base, t h i s  example is  considered i n  
r e l a t i o n  t o  t h e  t h r e e  s i t u a t i o n s  d i s c u s s e d  above. I n  t h e  
diagnosis  mode, the symptoms of the cold room w i l l  be entered,  
along wi th  o the r  house information such a s  the  existence of an 
overhang, and the  expert  system w i l l  suggest a  leak i n t o  the 
wal l  a s  a  p o t e n t i a l  cause. The system may speci fy  add i t iona l  
inspections t o  the  aud i to r  i n  order t o  support the d iagnosis ,  as  
w e l l  a s  provide appropr ia te  techniques f o r  repai r ing the leak.  
I n  the i d e n t i f i c a t i o n  mode the  expert  system w i l l  consider the  
f a c t  t h a t  t h e  house has a  second f l o o r  overhang, and based on 
experience regarding t h i s  house s t y l e  and i t s  construction,  w i l l  
s u g g e s t  t h e  p o s s i b i l i t y  t h a t  such  a  l e a k  e x i s t s .  Again,  
appropr ia te  v e r i f i c a t i o n  and r e p a i r  techniques w i l l  be provided. 
F i n a l l y ,  i f  t h e  u s e r  i s  p lann ing  t o  r e t r o f i t  t h e  house ,  
including the  i n s t a l l a t i o n  of wal l  insu la t ion ,  the expert  system 
w i l l  i d e n t i f y  t h i s  l eakage  s i t e  a s  an impor tan t  enve lope  
t i g h t e n i n g  r e t r o f i t  and a s  a  means of  making t h e  proposed 
insu la t ion  more e f f e c t i v e .  



I n  addi t ion  t o  the  types of problems l i s t e d  i n  t a b l e  1, the  
k n o w l e d g e  b a s e  o f  t h e  e x p e r t  s y s t e m  w i l l  c o n t a i n  o t h e r  
information. Table 2 presents  an o u t l i n e  of the  content  of the  
knowledge base.  There a r e  two bas ic  types of information t h a t  
w i l l  be included i n  the  knowledge base,  f a c t u a l  and h e u r i s t i c .  
The f a c t u a l  information c o n s i s t s  of desc r ip t ive  information 
regarding houses, t h e i r  const ruct ion,  a i r  leakage problems , and 
symptoms associa ted  with such a i r  leakage problems. A l l  of t h i s  
f ac tua l  information serves a s  the  components f o r  developing a 
useful  charac te r i za t ion  of a house within the exper t  system. 

The second t y p e  of  e x p e r t  knowledge t o  b e  i n c l u d e d  i n  t h e  
knowledge b a s e ,  r e f e r r e d  t o  a s  h e u r i s t i c ,  i s  d i v i d e d  i n t o  
problem s p e c i f i c  and s t r a t e g i c .  H e u r i s t i c s  a r e  g e n e r a l l y  
acquired from experts  and a r e  used i n  solving t h e  problems i n  
the  expert  system's domain. The h e u r i s t i c  knowledge c o n s i s t s  of 
r e la t ionsh ips  between bui ld ing c h a r a c t e r i s t i c s  and a i r  leakage 
problems and o t h e r  b u i l d i n g  c h a r a c t e r i s t i c s ,  problems,  and 
r e t r o f i t  p r o c e d u r e s ,  a s  no ted  i n  t a b l e  2 .  The s t r a t e g i c  
h e u r i s t i c s  r e f e r  t o  more genera l  r u l e s  t h a t  embody t h e  problem 
solving approaches of the  system. 

St ructure  of  Knowled~e Base 

The global  exper t  system is  envisioned a s  an i n t e r a c t i v e  program 
i n  which information provided by the aud i to r  w i l l  be used t o  
c r e a t e  an "image" of the  house under considerat ion.  This image 
w i l l  be a combination of c h a r a c t e r i s t i c s ,  varying i n  degree of 
d e t a i l  and quan t i f i ca t ion ,  and w i l l  include information provided 
by the a u d i t o r  and d e f a u l t  values supplied by the  exper t  system. 
Based on t h e  a p p l i c a t i o n  of  t h e  r u l e s  d i s c u s s e d  above,  and 
addi t ional  information supplied by the  user ,  the  house image 
w i l l  be progressively ref ined and made more useful .  

A s e s s i o n  w i l l  b e g i n  w i t h  t h e  a u d i t o r  p r o v i d i n g  p r e l i m i n a r y  
information on the home. I n i t i a l  inputs  w i l l  include which of 
the  three  s i t u a t i o n s  discussed above, d iagnosis ,  i d e n t i f i c a t i o n  
and r e t r o f i t  planning, a r e  re levant .  I n  addi t ion ,  information 
r e g a r d i n g  t h e  home's p h y s i c a l  d e s c r i p t i o n ,  a g e ,  mechan ica l  
equipment, and other  f ea tu res  may be added a t  t h i s  s tage.  The 
system w i l l  i n t e r a c t  with the  user /audi tor  a s  t h i s  information 
i s  being inpu t ,  f o r  ins tance  requesting add i t iona l  explanation 
of the inputs.  A t  the  conclusion of t h i s  i n i t i a l  sess ion,  the  
system w i l l  produce a t e n t a t i v e  l i s t  o f  c o n c l u s i o n s  ( i . e .  
problems, causes ,  and/or r e t r o f i t s ) ,  p lus  a l ist  of requests  t o  
the  audi tor  f o r  fu r the r  information. These requests  may involve 
physical  inspect ions  ("Go t o  the k i tchen and determine whether 
t h e  e x h a u s t  f a n  a c t u a l l y  e x h a u s t s  t o  t h e  o u t s i d e  o r  s imply  
rec i rcula tesq ' )  , o r  d iscuss ion with t h e  building occupants ("Ask 
t h e  homeowner i f  t h e y  exper ienced  eye  i r r i t a t i o n  b e f o r e  
obtaining t h e  new furniture") .  The audi tor  w i l l  obta in  the  
addi t ional  information and the  in te rac t ion  with the  system w i l l  
c o n t i n u e ,  e n t e r i n g  t h e  new i n f o r m a t i o n  a s  a p p r o p r i a t e .  The 



'ystem thenproduce a  new l i s t  of conclusions t h a t  is more 
de ta i l ed  and building s p e c i f i c ,  and possibly add i t iona l  reques ts  
f o r  i n f o r m a t i o n .  The a p p r o p r i a t e  number o f  i t e r a t i o n s  and 
length of a sess ion w i l l  be explored i n  developing the  system. 
The system may a l s o  suggest more involved study of the  bu i ld ing ,  
such a s  p o l l u t a n t  c o n c e n t r a t i o n  measurements w i t h  p a s s i v e  
moni to r s  o r  p r e s s u r i z a t i o n  measurements o f  whole b u i l d i n g  
a i r t i g h t n e s s ,  followed by another sess ion with the  system a t  a  
l a t e r  da te .  

A s  mentioned above, the  information provided by the  use r  w i l l  be 
used by t h e  system t o  c r e a t e  an image of the  house. This image 
w i l l  no t  be  a  d e t a i l e d ,  physical  model of the  house f o r  use i n  a  
c a l c u l a t i o n  of i n f i l t r a t i o n  , involving exact  desc r ip t ions  of 
every leakage s i t e ,  the  building geometry, po l lu tan t  source 
s t r eng ths ,  and outdoor po l lu tan t  concentrations. Instead it  
w i l l  be a  d e s c r i p t i v e  charac te r i za t ion  of the  building including 
b o t h  q u a n t i t a t i v e  i n f o r m a t i o n  (e .g .  f l o o r  a r e a ,  number o f  
occupants, year of const ruct ion)  and q u a l i t a t i v e  information 
(e.g. exis tence  of a  basement, geographic locat ion,  const ruct ion 
s t y l e ) .  The ru les  contained i n  the  expert  system knowledge base 
w i l l  be  used t o  convert the  i n i t i a l  set of a t t r i b u t e s  of the  
home t o  a  more s p e c i f i c  and use fu l  set of a t t r i b u t e s .  A s  the  
system employs these r u l e s ,  and a s  add i t iona l  information i s  
provided by  t h e  u s e r ,  t h e  working image o f  t h e  house w i l l  
provide u s e f u l  information t o  the  user .  

A t  t h i s  p o i n t  i t  i s  n o t  c l e a r  what s o l u t i o n  s t r a t e g i e s  and 
software approaches w i l l  be most appropriate f o r  t h i s  exper t  
system. The development of the  moisture-diagnosis prototype 
w i l l  a s s i s t  i n  making these important decis ions ,  

2 . 3  Knowledge Base Resources 

S e v e r a l  d i f f e r e n t  s o u r c e s  have been i d e n t i f i e d  f o r  u s e  i n  
developing the  knowledge base f o r  the expert  system. These 
sources include both wr i t t en  documents and human exper ts ,  as  
outl ined i n  t a b l e  3. The w r i t t e n  documents include both a u d i t  
and r e t r o f i t  manuals t h a t  have been developed f o r  s p e c i f i c  
r e t r o f i t  programs o r  a s  genera l  guides f o r  r e t r o f i t  planning 
(~iamond e t  a 1  1982, Energy Resources Center 1983, Knight 1981, 
Plarbek 1984, Marshall and Argue 1981) . These documents provide 
both genera l  and s p e c i f i c  information f o r  locat ing and repai r ing 
a i r  l e a k a g e  s i t e s  i n  h o u s e s .  They w i l l  b e  u s e f u l  f o r  
ident i fy ing s p e c i f i c  a i r  leakage sites i n  ex i s t ing  bui ld ings  and 
determining appropriate r e t r o f i t  measures f o r  t h e i r  r e p a i r -  
Repor ts  on s p e c i f i c  r e t r o f i t  d e m o n s t r a t i o n  p r o j e c t s  and 
d i s c u s s i o n s  o f  spec  i f  i c  energy a u d i t i n g  t e c h n i q u e s  w i l l  b e  
u s e f u l  i n  i d e n t i f y i n g  a i r  l eakage  s i t e s  and i n  s u g g e s t i n g  
appropriate measures f o r  t h e i r  r epa i r .  There a r e  a l s o  many 
g u i d e s  t o  e n e r g y - e f f i c i e n t  house c o n s t r u c t i o n  which s u p p l y  
spec i f i c  information f o r  building houses with high l eve l s  of 
thermal i n t e g r i t y  (Elmroth and Levin 1983, Erye and Jennings 



1983, Nisson and Dutt 1985). Many desc r ip t ions  of const ruct ion 
d e t a i l s  a r e  inc luded  t o  e n a b l e  c o n s t r u c t i o n  o f  b u i l d i n g  
envelopes which a r e  extremely well-insulated and a i r t i g h t .  It 
may be assumed tha t  these  d e t a i l s  have been redesigned with s o  
much a t t e n t i o n  because they have been the  source of problems i n  
p a s t  c o n s t r u c t i o n .  T h e r e f o r e  t h e s e  e n e r g y - e f f i c i e n t  
c o n s t r u c t i o n  g u i d e s  may b e  s o u r c e s  o f  a i r  l eakage  s i t es  i n  
ex i s t ing  bui ld ings  and, i n  some cases ,  of r e t r o f i t  measures f o r  
t h e i r  r e p a i r ,  There a r e  a l s o  house const ruct ion guides t h a t  
d e s c r i b e  t h e  t e c h n i q u e s  used f o r  b u i l d i n g  more t y p i c a l  U . S .  
homes, a s  w e l l  a s  a r c h i t e c t u r a l  g u i d e s  t h a t  p r o v i d e  g e n e r a l  
c l a s s i f i c a t i o n s  of houses and use fu l  terminology f o r  the  exper t  
system. 

There a r e  a v a r i e t y  of human exper ts  ava i l ab le  f o r  developing 
the knowledge base of the  expert  system, a s  l i s t e d  i n  t a b l e  3. 
House doctors  and other  expert  aud i to r s  a r e  sources of both the  
f a c t u a l  information and h e u r i s t i c s ,  These aud i to r s  have a g r e a t  
d e a l  of experience i n  inspecting and r e t r o f i t t i n g  houses. They 
know of many a i r  leakage s i t e s ,  t h e i r  causes and e f f e c t s ,  and 
appropr ia te  r e t r o f i t  measures f o r  t h e i r  r epa i r .  They a l s o  have 
o b s e r v e d  many r e l a t i o n s h i p s  b e t w e e n  h o u s i n g  s t y l e  a n d  
const ruct ion,  and the  exis tence  of spec i f  i c  a i r  leakage sites,  
which w i l l  be  used i n  developing the  problem solving h e u r i s t i c s  
l i s t e d  i n  t a b l e  2. The approaches t h a t  they use i n  conducting 
t h e i r  a u d i t s  w i l l  b e  u s e d  i n  d e v e l o p i n g  t h e  s t r a t e g i c  
h e u r i s t i c s .  Energy-efficient housing designers and bu i lde r s  a r e  
sources of genera l  knowledge on how t o  bui ld  houses properly,  
t h e r e b y  a v o i d i n g  t h e  problems t h a t  a r e  t h e  domain of  t h i s  
system. Another source of human exper t i se  a r e  home inspectors  
t h a t  a r e  used by prospective purchasers of houses t o  determine 
the  condi t ion  of t h e  house i n  question. These inspectors  a r e  
fami l i a r  with many aspects  of const ruct ion and the  types of 
d e f e c t s  t h a t  occur  i n  houses .  T h e i r  e x p e r i e n c e ,  and t h e  
approaches they use t o  inspect  houses, may a l s o  be use fu l  i n  
developing t h e  knowledge base of the  expert  system. 

3 . 0  MOISTURE-DIAGNOSIS PROTOTYPE SYSTEM 

I n  developing an exper t  system, i t  i s  genera l ly  suggested t h a t  
one produce a prototype system t h a t  d e a l s  wi th  a l imited aspect  
of one's problem domain. This process a s s i s t s  i n  choosing an 
appropriate software approach f o r  the  problem a rea  of concern 
and i n  providing the  system developer with experience t h a t  is 
useful  i n  planning beyond the  prototype system. Based on t h i s  
recommended s t a r t i n g  p o i n t ,  a p r o t o t y p e  sys tem i s  b e i n g  
developed i n  an t i c ipa t ion  of producing the a i r  leakage exper t  
system discussed above. This prototype i s  r e s t r i c t e d  t o  the  
diagnosis  of moisture re la ted  problems i n  houses and is c a l l e d  
AIRDM. The development of AIRDEX has employed severa l  use fu l  
documents on m o i s t u r e  problems i n  b u i l d i n g s  t h a t  c o n t a i n  
d iscuss ions  of general  i ssues  as  wel l  a s  case s tud ies  (Bales and 
T r e c h s e l  1984,  Eakes 1982,  NCAT 1983,  NRCC 1984,  Woods and 



Lovatt 1986). The development of t h i s  prototype has been an 
evolutionary process with modificat ions being made continuously. 
The desc r ip t ion  of AIRDEX t h a t  follows therefore  presents  only 
i t s  b a s i c  s t r u c t u r e  w i t h  s e v e r a l  examples of  i t s  d e t a i l e d  
content.  Roughly one-half of a person-year has been expended i n  
the development of AIRDM. 

Rather than put t ing  a g r e a t  d e a l  of e f f o r t  a t  t h i s  e a r l y  s t age  
i n t o  s o f t w a r e  d e v e l o p m e n t  t h a t  m i g h t  t u r n  o u t  t o  b e  
inappropriate t o  t h i s  problem domain, AIRDEX is  being w r i t t e n  i n  
a commercially ava i l ab le ,  microcomputer-based expert  system 
s h e l l .  Such a s h e l l  allows one t o  e n t e r  the  r u l e s  c o n s t i t u t i n g  
one's knowledge base and quickly g e t  a working system on l i n e .  
The s h e l l  being employed is  a goal-driven, backward-chaining 
system i n  which the  exper t  system developer e n t e r s  a goal  o r  
goals  and a s e r i e s  of "if-then" r u l e s ,  i n  the  form of a t e x t  
f i l e .  This f i l e  i s  then "compiled" with the  s h e l l .  When t h e  
expert  system i s  run, the  s h e l l  attempts t o  prove a s  t r u e  o r  
f a l s e  those r u l e s  t h a t  con ta in  the  system goals  a s  t h e i r  "then" 
statements o r  consequents. The s h e l l  does t h i s  by examining the  
I# if 11 p o r t i o n s ,  o r  a n t e c e d e n t s ,  of  t h e s e  same r u l e s ,  and 

attempting t o  prove a s  t r u e  o r  f a l s e  the  r u l e s  t h a t  have these  
goal  antecedents a s  t h e i r  consequents. The s h e l l  backtracks i n  
t h i s  manner u n t i l  i t  requires  antecedents t h a t  a r e  not  concluded 
by any r u l e s .  The e x p e r t  sys tem u s e r  i s  t h e n  prompted t o  
p r o v i d e  i n f o r m a t i o n  r e g a r d i n g  t h e s e  a n t e c e d e n t s  i n  a n  
a p p r o p r i a t e  form such a s  numeric q u a n t i t i e s ,  t r u e  o r  f a l s e  
responses t o  a s s e r t i o n s ,  o r  se lec t ions  among l is ts  of responses. 
I n  a d d i t i o n  t o  proving o r  d i s p r o v i n g  t h e  f i n a l  g o a l ,  much 
i m p o r t a n t  i n f o r m a t i o n  i s  c o n t a i n e d  i n  t h e  i n t e r m e d i a t e  
conclusions t h a t  a r e  proven o r  disproven i n  the  attempt t o  prove 
the  f i n a l  goal .  

The expert  system s h e l l  used f o r  AIRDEX allows one t o  a s s o c i a t e  
a confidence l e v e l ,  from 0 t o  100, with user  inputs o r  with t h e  
conclusions of ru les ,  Several d i f f e r e n t  ru les  may have the  s a m e  
conclusion b u t  d i f f e r e n t  confidence l e v e l s ,  depending on the  
s t rength  of the  supporting fac t s .  The use of confidence l eve l s  
a l lows  one t o  d i s t i n g u i s h  between l i n e s  o f  r e a s o n i n g  w i t h  
d i f f e r e n t  degrees of c e r t a i n t y .  

In  AIRDEX the  f i n a l  goal  i s  t o  determine the  so-cal led "Problem" 
tha t  i s  causing the "Symptom" of the moisture problem(s) . There 
may be more than one such Problem t h a t  is proven t o  be t r u e ,  and 
a sample l i s t  of Problems includes: 

1. I n t e r i o r  r e l a t i v e  humidi ty  t o o  h i g h  from e x c e s s i v e  
moisture sources 

2 .  I n t e r i o r  r e l a t i v e  humidi ty  t o o  h i g h  from i n s u f f i c e n t  
v e n t i l a t i o n  

3. Cold e x t e r i o r  envelope surfaces  
4. Excessive a i r f low from l iv ing  space t o  a t t i c  
5. I n s u f f i c i e n t  a t t i c  v e n t i l a t i o n  
6. Wind-driven moisture penetrat ion i n t o  walls  



7.  Excessive basement moisture 
8. Plumbing o r  roof leak 

Several d i f f e r e n t  r u l e s  w i l l  conclude t h a t  the  Problem is one of 
the  above, b u t  they a r e  a l l  of  the  bas ic  form: 

IF Symptom i s  
AND The house c h a r a c t e r i s t i c s  a r e  known 
AND The Moisture Problem i s  
THEN The Problem is  

Examination of the  form of t h e  above r u l e  ind ica tes  how the  
system runs.  The goa l  of the  system is  t o  prove o r  disprove 
r u l e s  wi th  a consequent of the  form "Problem is  11 

Proving t h e  v a l i d i t y  o f  t h e s e  consequen t s  r e q u i r e s  t h r e e  
s e p a r a t e  a n t e c e d e n t s  t o  b e  t r u e .  These a n t e c e d e n t s  c o n c e r n  
"Symptoms", house c h a r a c t e r i s t i c s  and "Moisture Problems ," and 
they a r e  inves t iga ted  i n  the  order  l i s t e d .  The system f i r s t  
t r i e s  t o  p rove  a s  t r u e  t h a t  t h e  "Symptom" o f  t h e  m o i s t u r e  
r e l a t e d  p r o b l e m  i s  t h a t  o n e  g i v e n  i n  t h e  r u l e  b e i n g  
inves t iga ted .  I n  p r a c t i c e  t h i s  means the  system has the  use r  
speci fy  what the  symptom(s) i s  ( a r e ) .  There a r e  many poss ib le  
Symptoms t h a t  the  u s e r  can choose from and they include: 

1 , Window condensation 

2. Wall mold 

3 .  Basement moisture (puddles, e f f lorescence ,  . . .) 
4. A t t i c  misture (mold, i c e ,  wet insu la t ion  ,... ) 
5. Ex te r io r  s id ing damage 

6 .  W e t  sur faces  (wa l l s ,  f l o o r s  , c e i l i n g s )  

The system therefore  begins by asking the  use r  t o  choose from 
among these  genera l  symptom types,  and more than one symptom can 
be se lec ted  i f  appropriate.  

After  the  Symptoms a r e  se lec ted ,  the  next  antecendent i n  the  
r u l e  i s  "The house c h a r a c t e r i s t i c s  a r e  known." This statement 
i s  the  conclusion of a s e r i e s  of r u l e s  t h a t  has the  system 
r e q u e s t  from t h e  u s e r  some b a s i c  i n f o r m a t i o n  r e g a r d i n g  t h e  
house. This information includes the  number of  occupants,  f l o o r  
a rea ,  year  of cons t ruct ion ,  whether the  house a i r t i g h t n e s s  has 
been measured, and whether the re  i s  a basement, a t t i c  o r  crawl 
space. Once t h i s  information has been gathered ,  the  system .pa 
concludes as t rue  t h a t  "The house c h a r a c t e r i s t i c s  a r e  known," 
and the  system proceeds t o  the  next antecedent i n  the  ru le .  

F i n a l l y ,  cone l u s i o n  o f  a "Problem" be ing  t r u e  r e q u i r e s  t h e  
conclusion of a so-called "Moisture Problem." These Moisture 
Problems a r e  r e a l l y  j u s t  more s p e c i f i c  d e s c r i p t i o n s  o f  t h e  
problems causing the  house's e x i s t i n g  moisture symptoms. I n  the  



most c u r r e n t  vers ion  of the  AIRDEX prototype,  these  Moisture 
Prob lems inc  lude : 

1. Excessive moisture sources 

2. I n s u f f i c i e n t  v e n t i l a t i o n  

3. Uninsulated wal ls  

4. Poorly insula ted  wal ls  

5. Thermal br idges  

6. Cold rooms 

7 .  Basement wa l l  water leakage 

8. Exposed crawl space 

9. Poor rainwater  runoff 

10. Poor foundation drainage 

11. Bath exhaust fan exhausting i n t o  a t t i c  

12. A i r  leakage a t  a t t i c  f l o o r  

13. Undersized a t t i c  vents  

Many o f  t h e s e  Mois tu re  Problems a r e  s i m i l a r  t o  t h e  f i n a l  
Problems, and t h i s  occurs i n  order  t o  maintain a p a r a l l e l  among 
the  many paths  t o  the  f i n a l  Problems. Proving of the  Moisture 
Problems a s  t r u e  o r  f a l s e  c o n s t i t u t e s  t h e  s u b s t a n c e  o f  t h e  
AIRDEX sys tem.  The i n v e s t i g a t i o n  o f  e a c h  Mois tu re  Problem 
requires  more s p e c i f i c  information on the  p a r t i c u l a r  symptom(s) 
t h a t  i s ( a r e )  occuring and house c h a r a c t e r i s t i c s .  

I n  t h e  c u r r e n t  v e r s i o n  of  AIRDEX, t h e  Mois tu re  Problems o f  
excessive moisture sources and i n s u f f i c i e n t  v e n t i l a t i o n  a r e  
inves t iga ted  i n  the  most d e t a i l ,  while some of the  Moisture 
Problems do n o t  y e t  serve  a s  the  conclusions of  any r u l e s  wi th in  
t h e  sys tem.  The means o f  d e t e r m i n i n g  whether  " e x c e s s i v e  
moisture sourcestt  and " i n s u f f i c i e n t  ven t i l a t ion"  a r e  Moisture 
Problems is  described below. Regarding the  determination of 
whether t h e  Moisture Problem i s  excessive moisture sources a 

AIRDEX cons iders  seve ra l  sources of moisture and assoc ia tes  a 
weighting f a c t o r  with each. For example, the  weighting f a c t o r  
associated wi th  a c lo thes  dryer  venting i n t o  the  basement o r  
l iv ing  space is  equal  t o  ten  times the  number of  occupants. 
Unvented space hea te r s  a r e  weighted a t  two times the  number of 
hours operated per  week. The o the r  sources include whole house 
and loca l  humidi f iers ,  p l a n t s ,  firewood s tored  indoors,  indoor 
pools,  hot  tubs and saunas, basement water leakage, crawl space 
moisture, and the  f a c t  t h a t  the  house was recen t ly  cons t ructed .  
The user  is  asked t o  i d e n t i f y  which sources e x i s t  wi th in  the  



house and t o  p r o v i d e  any a d d i t i o n a l  i n f o r m a t i o n  r e q u i r e d  t o  
determine t h e  weighting f a c t o r  associated with each source. 
Af ter  the  weighting fac to r  of each source is  es tab l i shed ,  a l l  of 
t h e  i n d i v i d u a l  we igh t ing  f a c t o r s  are added t o g e t h e r .  An 
a r b i t r a r y  c u t o f f  between the  exis tence  of an excessive source 
problem and the  lack of such a problem is a t o t a l  weighting 
fac to r  of one hundred. A t o t a l  of g r e a t e r  than two hundred i s  
label led  a s  a ser ious  problem, and a t o t a l  between f i f t y  and one 
hundred is label led  a s  marginal. The values of these weighting 
fac to r s  and these c u t o f f s  a r e  based on the  judgement of t h e  
system's developers. These weighting f a c t o r s  a r e  used i n  order  
t o  avoid  p h y s i c a l  u n i t s  f o r  f e a r  t h a t  t h e y  may t h e n  b e  
associated wi th  a higher degree of physical  s ign i f i cance  than 
appropriate.  One problem with these  weighting f a c t o r s  is t h a t  
i f  the  background information (e.g. hours per  week of unvented 
hea te r  use) is not  ava i l ab le ,  the  corresponding weight can n o t  
be  determined. In  add i t ion ,  t h i s  scheme has the  shortcoming of 
judging t h e  sources' excessiveness without any reference  t o  
house volume o r  a i r t i g h t n e s s ,  

The e x i s t e n c e  o f  t h e  M o i s t u r e  P r o b l e m  o f  i n s u f f i c i e n t  
v e n t i l a t i o n  i s  based on a comparison of the  house's estimated 
v e n t i l a t i o n  r a t e  and t h e  d e s i r e d  v e n t i l a t i o n  r a t e  based on 
v e n t i l a t i o n  requirements. The estimated v e n t i l a t i o n  r a t e  is  
derived from the  house a i r t i g h t n e s s  a s  determined by a whole 
house p ressur iza t ion  t e s t .  The p ressur iza t ion  test r e s u l t  i n  
u n i t s  of a i r  changes pe r  hour a t  50 Pa is simply divided by 
twenty t o  ob ta in  a crude e s t i m a t e . o f  the  cur ren t  v e n t i l a t i o n  
r a t e ,  The des i red  v e n t i l a t i o n  rate is set equal t o  the  l a r g e r  
of two ca lcu la ted  v e n t i l a t i o n  r a t e s ,  one based on the number of 
rooms and t h e  o the r  based on the  number of occupants. The room- 
based v e n t i l a t i o n  r a t e  is  simply the  number of  rooms mul t ip l ied  
by 5 l /s  and divided by t h e  house volume t o  obta in  a i r  changes 
per hour. The people-based v e n t i l a t i o n  r a t e  i s  equal  t o  t h e  
number of occupants mul t ip l ied  by 2.5 l /s  and divided by the  
house volume. The cur ren t  and the  des i red  v e n t i l a t i o n  r a t e s  a r e  
t h e n  c o m p a r e d  t o  d e t e r m i n e  i f  t h e  h o u s e  h a s  s u f f i c i e n t  
v e n t i l a t i o n .  I f  t h e  cur ren t  v e n t i l a t i o n  r a t e  is l e s s  than o r  
equal t o  80% of the  des i red  r a t e ,  then i n s u f f i c i e n t  v e n t i l a t i o n  
i s  a problem. I f  the  cur ren t  r a t e  i s  between 80% and 95% of t h e  
des i red  r a t e ,  then i n s u f f i c i e n t  v e n t i l a t i o n  is only a poss ib le  
problem. I f  the  cur ren t  r a t e  is  within 5% of the des i red  r a t e ,  
t h e  h o u s e ' s  v e n t i l a t i o n  i s  p r o b a b l y  a d e q u a t e .  C u r r e n t  
v e n t i l a t i o n  r a t e s  t h a t  a r e  between 5% and 20% above t h e  des i red  
l e v e l  a r e  more l i k e l y  t o  be s u f f i c i e n t ,  and cur ren t  r a t e s  more 
than 20% above the  des i red  l e v e l  a r e  d e f i n i t e l y  adequate. This 
determination of the  suff ic iency of v e n t i l a t i o n  i s  s i m p l i s t i c  
and can no t  be  used i f  the house has not  been pressure t e s ted .  
It does n o t  consider o the r  methods of determining the  a c t u a l  
v e n t i l a t i o n  r a t e  such a s  a c t u a l  measurement o r  more physical  
p r e d i c t i o n  methods,  n o r  does  i t  employ any d e f a u l t  v a l u e s ,  
F ina l ly ,  t h e  suff ic iency of the  v e n t i l a t i o n  r a t e  i s  not  based a t  
a l l  on the  moisture generat ion r a t e  within the house. 



4.0 SYSTEM EVALUATION AND CURRENT EFFORTS 

There a r e  two important reasons f o r  beginning the  development of 
an exper t  system with a prototype such a s  AIRDEX. F i r s t ,  having 
a working sys tem e n a b l e s  e x p e r t s  i n  t h e  problem domain t o  
e v a l u a t e  t h e  sys tem by running i t  on sample problems and 
examining i t s  responses. Also, s ince  the  knowledge base is  
e x p l i c i t l y  v i s i b l e  i n  t h e  sys tem r u l e s ,  t h e s e  e x p e r t s  c a n  
examine i t s  content  and the  system's organizat ion.  The second 
b e n e f i t  of developing a prototype i s  t h a t  through the  process of 
forming t h e  knowledge base r u l e s  the  system's developers obta in  
ins igh t s  t h a t  can r e s u l t  i n  improvements t o  the  system. The 
development of AIRDEX and i t s  examination by severa l  exper ts  i n  
r e s i d e n t i a l  moisture has been a valuable process and has led t o  
severa l  proposed improvements. I n  add i t ion ,  f u r t h e r  examination 
o f  t h e  r e l e v a n t  l i t e r a t u r e  by t h e  system's d e v e l o p e r s  has  
revealed o t h e r  improvements t h a t  can be made i n  the  system. 

The evaluat ion of AIRDEX involved severa l  exper ts  i n  r e s i d e n t i a l  
m o i s t u r e  i s s u e s  who a p p l i e d  sample problems t o  t h e  sys tem,  
examined t h e  r u l e s  c o n t a i n e d  i n  t h e  sys tem l i s t i n g ,  and 
discussed moisture problem diagnosis  i ssues  with the  sys tem 
developers. The r e s u l t s  of the  moisture experts '  evaluation,  a s  
w e l l  a s  t h e  system's developers ins igh t s ,  concern three  bas ic  
areas: t h e  predominant moisture problems t h a t  occur i n  houses, 
t h e  q u a n t i f i c a t i o n  o f  m o i s t u r e  s o u r c e  s t r e n g t h s ,  and t h e  
i n f o r m a t i o n  t h a t  i s  o f t e n  c o n t a i n e d  i n  t h e  symptoms o f  t h e  
problems . 

4.1 PredominantMoistureProblems 

While t h e r e  is l e s s  hard d a t a  than anecdotal experience, the  
predominant cause of l i v i n g  space moisture problems appears t o  
be excessive sources of moisture. I f  t h i s  is  indeed t rue ,  then 
the  system should f i r s t  inves t iga te  the  existence of unusually 
strong sources,  r a t h e r  than beginning with equal expectat ions 
t h a t  t h e  problem is  due t o  e x c e s s i v e  s o u r c e s ,  i n s u f f i c i e n t  
v e n t i l a t i o n ,  o r  c o l d  s u r f a c e s .  S i m i l a r l y ,  t h e  predominant  
causes of a t t i c  moisture problems a r e  a i r f low i n t o  the  a t t i c  
from the l i v i n g  space, inadequate a t t i c  v e n t i l a t i o n ,  and reduced 
a t t i c  temperatures due t o  recent  insu la t ion  work. Thus, i n  
attempting t o  diagnose the  cause of a t t i c  moisture problems, one 
can assume t h e s e  f a c t o r s  p robab ly  e x i s t  and c o n c e n t r a t e  on 
d e t a i l s  of a i r f low paths i n  the  a t t i c  f l o o r ,  a t t i c  venting and 
recent  a t t i c  insu la t ion  work. The o the r  predominant moisture 
problems a p p e a r  t o  b e  wind-driven r a i n  p e n e t r a t i o n  o f  t h e  
building envelope, leaky pipes and roofs ,  and poor rainwater  
runoff and foundation drainage. The f a c t  t h a t  these  common 
causative f a c t o r s  e x i s t  suggests t h a t  the  system concentrate on 
these i s sues  f i r s t ,  r a t h e r  than using the open-ended approach of 
t h e  c u r r e n t  v e r s i o n ,  The approach t h a t  has  been t a k e n  i n  
developing A1RI)EX is t o  employ a thorough inves t iga t ion  of the  



c h a r a c t e r i s t i c s  of the  house, occupants and symptoms and draw 
conclusions based on t h i s  information. Continuing t o  develop 
AIRDEX i n  t h i s  manner would u l t ima te ly  r e s u l t  i n  a very l a rge  
sys tem,  and i n  a time-consuming and seemingly  u n d i r e c t e d  
i n t e r a c t i o n  with the  user .  The a b i l i t y  t o  begin with reasonable 
expectat ions of the causes of r e s i d e n t i a l  moisture problems w i l l  
be  used t o  make fu tu re  versions of AIRDEX more d i r e c t  i n  i t s  
inves t igat ions .  

4.2 Quan t i f i ca t ion  of Moisture Source Strengths 

The d i s c u s s i o n s  w i t h  r e s i d e n t i a l  m o i s t u r e  e x p e r t s  and  
examina t ions  of  t h e  l i t e r a t u r e  have a l s o  l e d  t o  q u e s t i o n s  
r e g a r d i n g  t h e  a p p r o p r i a t e  manner  o f  q u a n t i f y i n g  s o u r c e  
s t rengths .  A s  discussed above, t h e  cur ren t  version of AIRDEX 
employs a n o n p h y s i c a l  we igh t ing  scheme t o  d e t e r m i n e  i f  t h e  
various moisture sources i n  the house c o n s t i t u t e  an excessive 
m o i s t u r e  g e n e r a t i o n  r a t e .  The e x p e r t s  who e v a l u a t e d  AIRDEX 
suggested a more physical  and d e t a i l e d  approach t o  quantifying 
s o u r c e  s t r e n g t h s  and t o  d e t e r m i n i n g  t h e  e x i s t e n c e  of a n  
excessive source problem. The suggested approach includes using 
physical u n i t s  f o r  moisture source s t r eng ths ,  and considering 
the house volume and v e n t i l a t i o n  r a t e  i n  determining whether t h e  
source is  excessive . 
While the  moisture generat ion r a t e s  associated with some of the  
sources are d i f f i c u l t  t o  know, many of them can be  quant i f ied  i n  
physical terms ( l i t e r s  per  day, l i d )  and associated with f a c t o r s  
r e la ted  t o  t h e  occupants and the  s t ruc tu re .  In  add i t ion ,  some 
g e n e r a t i o n  r a t e s  c a n  b e  determined w i t h  g r e a t e r  o r  l e s s e r  
c e r t a i n t y  depending on which f a c t o r s  a r e  used t o  determine t h e i r  
v a l u e s .  The d e g r e e  of  c e r t a i n t y  i n  t h e  d e t e r m i n a t i o n  o f  a 
p a r t i c u l a r  source s t r eng th  can be r e f l e c t e d  within the  system by 
the  value of an associated confidence l eve l .  For example, the  
moisture generat ion r a t e  associated with a c lo thes  dryer  t h a t  i s  
vented indoors i s  re la ted  t o  the number of loads per week and 
can be converted t o  l /d  based on an assumption a s  t o  the  number 
o f  l i t e r s  o f  w a t e r  a s s o c i a t e d  w i t h  a l o a d  o f  l a u n d r y .  
Al ternat ively ,  one can est imate the  generat ion r a t e  associated 
with a c lo thes  dryer  with l e s s  c e r t a i n t y  by basing i t  on the  
number of occupants and assuming a value f o r  the  number of loads 
p e r  o c c u p a n t .  S i m i l a r l y ,  t h e  m o i s t u r e  g e n e r a t i o n  r a t e  
a s s o c i a t e d  w i t h  h o u s e p l a n t s  i s  most d i r e c t l y  r e l a t e d  t o  t h e  
amount of water used, followed by the  frequency of watering, and 
f i n a l l y  the  number of p lants .  The r e l a t i o n  between generat ion 
r a t e s  and t h e s e  v a r i o u s  f a c t o r s  w i l l  n o t  always b e  w e l l -  
es tabl ished,  but  a more physical  and quan t i t a t ive  approach t o  
t h e i r  d e t e r m i n a t i o n  w i l l  b e  employed i n  f u t u r e  v e r s i o n s  of  
A1 RDEX . 
The recommendation of  a more p h y s i c a l  approach t o  s o u r c e  
s t rengths  goes along with a more quan t i t a t ive  considera t ion of  
the  v e n t i l a t i o n  r a t e  i n  determining the  indoor l e v e l  of r e l a t i v e  
humidity, and the  reason the humidity may be too high. Current 



vers ions  of AIRDEX consider  the  ques t ion  of adequate v e n t i l a t i o n  
w i t h  r e f e r e n c e  t o  v e n t i l a t i o n  s t a n d a r d s  o n l y ,  and t h e n  o n l y  
assoc ia te  a v e n t i l a t i o n  r a t e  with a house i f  the  s t r u c t u r e  has 
been p r e s s u r e  t e s t e d .  F u t u r e  v e r s i o n s  w i l l  a lways u s e  a 
numerical va lue  f o r  the  v e n t i l a t i o n  r a t e  i n  combination with the  
m o i s t u r e  s o u r c e  s t r e n g t h  t o  d e t e r m i n e  an i n t e r i o r  r e l a t i v e  
humidity l eve l .  The v e n t i l a t i o n  r a t e  w i l l  be  associa ted  with 
varying degrees of c e r t a i n t y  depending on the  source of i t s  
v a l u e .  I f  t h e  v e n t i l a t i o n  r a t e  i s  based on t r a c e r  g a s  
measurements i t  w i l l  b e  a s s o c i a t e d  w i t h  a h i g h  d e g r e e  o f  
c e r t a i n t y .  Lesser degrees of c e r t a i n t y  w i l l  be associated with 
v e n t i l a t i o n  r a t e s  based on p r e s s u r i z a t i o n  t e s t  r e s u l t s  i n  
combination with models, es t imates  based on house fea tu res  such 
a s  age and c o n d i t i o n ,  and d e f a u l t  v a l u e s .  Such a p h y s i c a l  
approach t o  determining i n t e r i o r  r e l a t i v e  humidity i s  super ior  
t o  t h e  c u r r e n t  a r b i t r a r y  we igh t ing  scheme t h a t  n e g l e c t s  t h e  
v e n t i l a t i o n  r a t e  and the  house volume. 

Based on t h e  e x p e r t  e v a l u a t i o n s  and f u r t h e r  s t u d y  of  t h e  
l i t e r a t u r e ,  fu tu re  vers ions  of AIRDEX w i l l  employ an a l t e r n a t i v e  
t o  the numerical determination of the  exis tence  of excessive 
s o u r c e  s t r e n g t h s  d i s c u s s e d  above. Th i s  a l t e r n a t i v e  w i l l  
i n v e s t i g a t e  the  exis tence  of exceptional  moisture sources before  
employing t h e  above numer ica l  approach.  Some r e s i d e n t i a l  
moisture exper t s  be l i eve  t h a t  unless  the  house i s  very t i g h t ,  
t yp ica l  moisture sources w i l l  no t  lead t o  excessive i n t e r i o r  
r e l a t i v e  humidity. These typ ica l  sources include r e s p i r a t i o n ,  
bathing,  p l a n t s ,  cooking and dishwashing, c lo thes  drying (even 
i f  vented t o  the  i n t e r i o r ) ,  and indoor firewood s torage .  This 
viewpoint maintains t h a t  there  must be  unusual sources such a s  
unnecessari ly high l eve l s  of i n t e n t i o n a l  humidif icat ion,  high 
moisture con ten t  i n  bui ld ing mate r i a l s  i n  a newly constructed 
bu i ld ings ,  a new building t h a t  was closed-in during a r a iny  
period,  the  exis tence  of an indoor pool o r  at tached greenhouse, 
o r  a very l a rge  number of occupants. I f  these extreme sources 
can be determined t o  e x i s t  with a high degree of c e r t a i n t y ,  i t  
may be unnecessary t o  go through the  d e t a i l e d  evaluat ion  of l e s s  
i m p o r t a n t  s o u r c e s  and v e n t i l a t i o n  r a t e .  A l e s s  c e r t a i n  
d e t e r m i n a t i o n  of t h e  e x i s t e n c e  of such  ext reme s o u r c e s  w i l l  
increase the  need t o  employ the  d e t a i l e d  evaluat ion  discussed 
above . 

4.3 Information from Spm~toms 

The l a s t  item t h a t  was learned from the  i n t e r a c t i o n  with the  
m o i s t u r e  e x p e r t s  i s  t h e  a b i l i t y  t o  u s e  i n f o r m a t i o n  on t h e  
symptoms t o  learn  about the  cause and s e v e r i t y  of the  moisture 
problem. A good example of t h i s  use of symptoms is the  case  of 
window condensation and information on i t s  timing, extent  and 
durat ion.  I f  window condensation occurs a l l  winter long i t  is a 
s ign  of continuously excessive indoor r e l a t i v e  humidity and a 
s e v e r e  problem. On t h e  o t h e r  hand,  s p o r a d i c  occurences  o f  
window condensation may provide information on the source of the  



mois ture ,  For  example, i f  window condensat ion i s  a s soc i a t ed  
wi th  cooking,  ba th ing  o r  unvented h e a t e r  u se ,  one probably knows 
the  source  of  t he  exces s ive  mois ture  and t h e r e f o r e  has a  good 
i n d i c a t i o n  on how t o  remedy t h e  s i t u a t i o n .  The d u r a t i o n  of  
sporadic  occurences r e v e a l s  information about t he  s e v e r i t y  of 
the  problem. I f  condensat ion occurs  dur ing  showers o r  cooking 
and then  d r i e s  up qu ick ly ,  then t h e r e  probably i s  n o t  much of  a  
problem. But i f  t he  moisture remains f o r  many hours ,  then t h e  
source needs t o  be c o n t r o l l e d .  S i m i l a r l y ,  t h e  l o c a t i o n  of t h e  
c o n d e n s a t i o n  p r o v i d e s  i n f o r m a t i o n  on t h e  s e v e r i t y  o f  t h e  
problem. I f  t h e  windows i n  a l l  rooms e x h i b i t  condensat ion,  then  
the  problem is more seve re  than i f  t he  condensat ion occurs  on ly  
i n  t h e  b a t h r o o m  o r  k i t c h e n .  T h e r e  a r e  o t h e r  c a s e s  where  
information regarding t h e  symptoms provide information on t h e  
problem's cause  and s e v e r i t y ,  and these  can be  used t o  qu ick ly  
g e t  t o  t h e  important  causes  r a t h e r  than ques t ion  t h e  u s e r  about  
a  g r e a t  many house  c h a r a c t e r i s t i c s ,  many o f  which  w i l l  b e  
i r r e l e v e n t  t o  t he  s i t u a t i o n .  

Many of  t h e  above conclus ions  based on t h e  exper t s '  e v a l u a t i o n ,  
the  developer 's moisture r e sea rch ,  and e f f o r t s  i n  developing 
AIRDEX, sugges t  the  inco rpora t ion  of t hese  h e u r i s t i c s  i n t o  t h e  
sys t em.  The c u r r e n t  v e r s i o n  o f  t h i s  p r o t o t y p e  s y s t e m  was 
organized w i t h  the  approach of i n v e s t i g a t i n g  almost every th ing ,  
i . e .  l o o k i n g  i n  d e t a i l  i n t o  many c h a r a c t e r i s t i c s  o f  t h e  
symptoms, house  and o c c u p a n t s .  The c u r r e n t  a l l - i n c l u s i v e  
approach, i f  pursued, would have r e s u l t e d  i n  a  l a r g e  system t h a t  
would ask t h e  use r  f o r  a  g r e a t  d e a l  of  information.  It now 
a p p e a r s  t h a t  i t  w o u l d  b e  b e t t e r  t o  d i r e c t  t h e  s y s t e m ' s  
i n v e s t i g a t i o n  towards those s p e c i f i c ,  dominant s i t u a t i o n s  t h a t  
were d i scussed  above. These inc lude  s t a r t i n g  t h e  d i a g n o s t i c  
i n v e s t i g a t i o n  by e x p e c t i n g  t h e  common c a u s e s  o f  m o i s t u r e  
problems, and i n  t he  c a s e  of  excess ive  gene ra t ion  r a t e s  looking 
f o r  unusual  moisture sources f i r s t .  I n  a d d i t i o n ,  key ques t ions  
r e g a r d i n g  c e r t a i n  symptoms s h o u l d  b e  used  t o  g e t  i m p o r t a n t  
information quick ly .  Such s treamlined i n v e s t i g a t i v e  procedures 
a r e  e x a c t l y  t he  type of u s e f u l  i npu t  t h a t  can be  provided by 
domain e x p e r t s  t o  make expe r t  systems work more quick ly  and 
e f f e c t i v e l y .  Future ve r s ions  of AIRDEX w i l l  be  modified t o  
employ t h e s e  "shor t -cu ts  ." 

5.0 SUMMARY 

I n  t h i s  paper  we have presented a  g e n e r a l  d e s c r i p t i o n  of an 
expe r t  system proposed t o  d e a l  wi th  a i r  leakage problems i n  
houses. This  system i s  intended t o  d e a l  w i th  t h e  d i agnos i s  and 
i d e n t i f i c a t i o n  of  s u c h  p r o b l e m s ,  a s  w e l l  a s  a s s i s t  i n  t h e  
planning o f  energy conserving r e t r o f i t s  a s  they r e l a t e  t o  a i r  
l e a k a g e .  T h i s  e f f o r t  h a s  begun w i t h  t h e  deve lopmen t  of  a  
pro to type  system, r e f e r r e d  t o  a s  AIRDEX, t h a t  d e a l s  wi th  t h e  
l imited domain of the  d i agnos i s  of moisture problems i n  houses.  
Ear ly  eva lua t ions  of AIRDEX by r e s i d e n t i a l  mois ture  e x p e r t s ,  a s  
wel l  a s  observa t ions  made by the  system's deve lopers  i n  t h e  



p r o c e s s  o f  f o r m u l a t i n g  and working w i t h  t h e  sys tem,  have 
revealed the  need t o  modify AIRDEX so  t h a t  i t  employs more of 
what is  known about the  na ture  of moisture problems i n  houses. 
The bas ic  e f f e c t  of these intended changes w i l l  be t o  a l t e r  
A I R D E X ' s  c u r r e n t  d i r e c t i o n  o f  a t t e m p t i n g  t o  c o v e r  a 1 1  
p o s s i b l i t i e s  with equal emphasis and t o  ins tead  have i t  begin by 
pursuing i ts  inves t iga t ions  along the  l i n e s  suggested by common 
moisture problems and by e x i s t i n g  knowledge concerning these  
problems , 
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Table 1 A i r  Leakage Problems 

Heat Loss/Gain: 
Excessive i n f i l t r a t i o n  r a t e s  
A i r  l e a k a g e  d e c r e a s i n g  t h e  e f f e c t i v e n e s s  o f  i n s u l a t i o n  

sys  tems 

Thermal Comfort : 
A i r  leakage causing cold/wam i n t e r i o r  surfaces  
A i r  leakage causing d r a f t s  

Moisture : 
E x f i l t r a t i n g  a i r  c o n t a c t i n g  c o l d  s u r f a c e s  w i t h i n  t h e  

bui ld ing envelope o r  l iv ing  space and condensing (winter )  
I n f i l t r a t i n g  a i r  c o n t a c t i n g  c o l d  s u r f a c e s  w i t h i n  t h e  

bu i ld ing  envelope o r  l iv ing  space and condensing (summer) 
Inadequate a t t i c  v e n t i l a t i o n  
Excessive moisture t ranspor t  from the  occupied space t o  the  

a t t i c  
Excessive moisture generat ion and inadequate removal within 

the  space 

Indoor A i r  Quality: 
Excessive po l lu tan t  sources s t r eng ths  
Inadequate v e n t i l a t i o n  - whole bui ld ing and/or l o c a l ,  and 

a s  a function of time 



Table 2 Outl ine of the  Knowledge Base 

Factual  In£  ormat ion 

Generic : 
Housing s t y l e s  
F loor  plans 
Roofs and foundations 
Unheated spaces - basements, a t t i c s ,  crawlspaces 

Construction: 
Envelope sys tems - framing, foundation;, i n s u l a t i o n  
D e t a i l s  - j o i n t s ,  seams, i n t e r f a c e s  
Accessories - doors ,  windows, dormers, overhangs 
Mechanical equipment 

Problems: See Table 1 

Symptoms : 
Heat Loss/Gain - Excessive u t i l i t y  b i l l s  
Comfort - Draf t s  
Moisture - Condensation, Mildew, Damage 
A i r  Quali ty - Stuf f iness ,  Lingering Odors, Chronic 

Respiratory Complaints 

Heur is t ics  

Problem Speci f ic  : 
Associat ions between bui ld ing types and cons t ruc t ion  

d e t a i l s  
Associat ions between bui ld ing types and a i r  leakage 

problems 
A s s o c i a t i o n s  btween c o n s t r u c t i o n  d e t a i l s  and a i r  

leakage prob lems 
Associat ions between a i r  leakage problems and symptoms 
A s s o c i a t i o n s  b e t w e e n  a i r  l e a k a g e  p r o b l e m s  and  

appropr ia te  r e t r o f i t s  

S t r a t e g i c  : 
Problem solving approaches 



Table 3 Knowledge Base Resources 

D o c u m e a t s  
Auditing and Ret rof i t  Manuals 
T e c h n i c a l  R e p o r t s  on R e t r o f i t  T e c h n i q u e s  and 

Demonstration Projects  
Energy-Ef f i c  i en t  Construction Guides 
Home Construction Manuals 
Archi tectural  Guides 

Human Experts 
House Doctors and Other Expert Auditors 
Energy-Ef f i c  i en t  Hous ing Des igners 
Energy-Ef f i c  i e n t  Housing Builders 
Home Inspec t o r s  



DISCUSSION 

Paper 1: 'Measurement techniques f o r  v e n t i l a t i o n  and a i r  leakage', 
presented by P 2 Charlesworth (UK) 

R D Dawson I am sure t r a c e r  gas techniques use 'smal l  ' amounts o f  
(UK)  freon, f l u o r i n a t e d  hydrocarbons, f l u o r i n a t e d  sulphur e tc?  

Bearing i n  mind 'popular '  c r i t i c i s m  o f  these agents being 
dispensed i n  t h e  atmosphere, what gases w i l l  be proposed 
and used t o  rep lace them? We cannot have one r u l e  f o r  
env i ronmenta l is ts  and one r u l e  f o r  ourselves? 

P Charlesworth The product ion o f  f r e e  r a d i c a l s  by t h e  breakdown o f  
TUK) carbon-halogen bonds i n  some t r a c e r  gases does no doubt 

c o n t r i b u t e  t o  t h e  reduct ion  o f  t h e  ozone layer .  However, 
t h e  amount o f  t r a c e r  used i n  a i r  change experiments i s  
exceedingly small  as compared t o  t h e  amounts used i n  
meteorological  t r a c e r s  (nanograms as compared t o  
ki lograms - an order  o f  1012dif ference), t h a t  the  
problems created by a i r  change t r a c e r s  w i l l  be minimal. 
Where problems could occur i s  i n  background 
concentrat ions. I f  t h e  background concentrat ion o f  
c u r r e n t l y  used t r a c e r  gases i s  increased due t o  o the r  
product ion sources then t h e  accuracy o f  experiments may 
be af fected,  o r  i t  may be necessary t o  use an increased 
concent ra t ion  o f  t r a c e r  gas i n  t h e  b u i l d i n g  under 
examination. A r e t u r n  t o  p rev ious l y  used t r a c e r s  would 
be hazardous as many o f  these were e i t h e r  explosive, 
poisonous o r  rad ioac t ive .  Any quest i n  search o f  new 
t r a c e r s  must take these p o i n t s  i n t o  account, and t h e  
e f f e c t s  of any gas must be c a r e f u l l y  considered before  
re leas ing  i t  i n t o  the  atmosphere e i t h e r  d i r e c t l y  o r  v i a  
t h e  b u i l d i n g  envelope. 

J Axley 
(USA) 

(Comment) Regarding mul t i zone t r a c e r  methods; these 
methods are based on t h e  fo rmula t ion  and s o l u t i o n  o f  t he  
inverse contaminant d i spe rsa l  equations t h a t  are, under 
t h e  best  circumstances, i n h e r e n t l y  i l l c o n d i t i o n e d .  For 
data reported by D i e t z  e t  a l ,  t h e  inverse equations 
formed were found, by our group, t o  have cond i t i on  
numbers i n  t h e  order  o f  10-20 tha t ,  coupled w i t h  t h e  
uncer ta in ty  o f  t he  data, would i n d i c a t e  e r r o r  bounds i n  
t h e  order  o f  200%. 

D Har r j e  (Comment) More than model l ing alone, any o f  t he  
(USA) measurement systems r e q u i r e  extensive f i e l d  t e s t i n g  t o  

f u l l y  evaluate t h e i r  c a p a b i l i t i e s .  The PFT system has 
been evaluated i n  a number o f  studies, several  o f  which 
w i l l  be repor ted  a t  t h i s  meeting. These s tud ies  are  
he lp ing  t o  p lace i n  perspect ive  t h e  p re fe r red  
app l i ca t i ons  o f  t h i s  approach. 

Paper 2 : 'Measurements o f  i n f i  1 t r a t i o n  and a i r  movement i n  f i v e  
l a rge  s ing le -ce l l  bu i l d ings ' ,  presented by J R Waters 
0 



J Axley 
(USA) 

J R Waters 
-(ui?> 

J Lilly 
(UK) 

J R Waters 
TuK) 

E Perera 
(UK) 

J R Waters 
TUK) 

In the determination of multizone flows by inverse 
application of multizone contaminant dispersal equations 
one must be careful to use a tracer method that minimizes 
the ill-conditioning of the equations formed. 
Specifically one must carefully choose a system 
excitation and data measurement strategy to obtain the 
smallest condition number possible and not only compute 
the solution to the equations formed but also the 
condition number (or simi 1 ar measure) of these equations. 
Did you compute the condition number for your studies? 

No, we did not do so for the present study, choosing 
instead to solve the equations by a constrained least 
squares approach that does not yield directly the 
condition number. In earlier studies we did consider the 
conditioning of the system. 

The improving agreement between the best value of air 
change with the interzonal flow airchange coincides with 
a reduction in the S.D. of the measurements. This would 
normally occur with improved mixing in the measurement 
volumes. (This would also ensure better uniformity of 
concentration in each hypothetical zone.) Do you have any 
measurement of turbulence or level of mixing in these 
tests? 

Yes, I agree with your point. No we have not made any 
independent measurement of mixing or turbulence, though 
we ought to do so in future measurements. 

(1) During tracer injection, mixing fans are used. This 
should provide approximate uniform tracer concentration 
initially throughout the zones. Yet figure 2 does not 
show this. Can you explain? 

(2) At what time points did you measure concentration 
gradients required for solving the interzonal airflows? 

(3) How valid is the arbitrary choice of zones which has 
no physical boundaries? Tables 1 to 3 show several 
examples of two-way zero interzonal airflows. Is this 
physically realistic since there has to be some inherent 
air movement between non-physical artificial partitions? 

(4) Could you please explain what you mean by rates 
calculated using averaged concentrations (AC)? Should 
not the whole building infiltration rate be the long term 
decay rates (as indicated by BRE's Simp1 if ied Technique) 
which can be determined if Figure 2 can be plotted 
semi-logarithmically? 

(1) Our objective is to begin the decay process with 
tracer gas in one zone only. To achieve this, we inject 
SF6 into one of the zones (zone 5 in the example shown in 



Paper 3: - 

f i g u r e  2) a t  a  h igh  ra te ,  w i t h  mix ing  i n  t h a t  zone only, 
We have found t h a t  prov ided the  i n j e c t i o n  and mix ing  
process does n o t  take  more than about 3 minutes, our  
o b j e c t i v e  i s  s u b s t a n t i a l l y  achieved, as f i g u r e  2 shows. 

(2)  Concentrat ions a re  measured i n  a l l  zones a t  one 
minute i n t e r v a l s .  Concentrat ion grad ien ts  a re  obta ined 
a t  every data p o i n t  (except t h e  f i r s t  two and t h e  l a s t  
two i n  t h e  t ime se r ies )  by t a k i n g  4 t h  d i f f e r e n c e s  (see 
re ference 1 o f  t he  paper). Therefore an equat ion can be 
w r i t t e n  f o r  t h e  i n t e r z o n a l  f l ows  f o r  each zone a t  every 
da ta  point .  A l l  such equat ions are  inc luded i n  t h e  
constra ined l e a s t  squares s o l u t i o n  technique. 

(3)  The purpose o f  d i v i d i n g  the  b u i l d i n g  i n t o  
hypo the t i ca l  zones i s  t o  enable a  methodology t o  be 
developed from which an est imate o f  t he  l a r g e  sca le  
movement o f  a i r  w i t h i n  t h e  b u i l d i n g  can be derived. The 
r e s u l t s  show t h a t  t h i s  approach has been o n l y  p a r t i a l l y  
successful ,  and t h e  conclus ions t o  t h e  paper d iscuss some 
reasons f o r  t h i s .  The ex is tence o f  two-way zero 
i n t e r z o n a l  f lows does n o t  by i t s e l f  i n d i c a t e  t h a t  t h e  
choice o f  zones was i n v a l i d ,  b u t  r a t h e r  t h a t  t he  f lows 
were too  small, o r  t he  r e s u l t s  t oo  i nsens i t i ve ,  f o r  those 
f lows t o  be detected. 

(4)The method o f  t a k i n g  averaged concentrat ions i s  
expla ined i n  pages 5 and 6 o f  t h e  paper. I n  a  mul t izone 
bu i l d ing ,  o r  i n  a  p o o r l y  mixed s i n g l e  zone bu i l d ing ,  t he  
eigenvalue associated w i t h  the  long term decay r a t e  ( i e  
t h e  dominant eigenvalue) i s  - NOT equal t o  t he  whole 
b u i l d i n g  i n f i l t r a t i o n  ra te .  Th is  eigenvalue w i l l  always 
underest imate the  whole b u i l d i n g  i n f i l t r a t i o n  rate,  by an 
amount which depends on t h e  degree o f  i n t e r n a l  mixing. 
Thus, on a  semi-log p l o t  o f  t he  average t r a c e r  decay the  
long term s t r a i g h t  l i n e  p o r t i o n  o f  t he  graph has a  
g rad ien t  which equals t h e  dominant eigenvalue, b u t  i s  
l e s s  than the  whole b u i l d i n g  i n f i l t r a t i o n  ra te .  To take 
t h i s  value f o r  t h e  i n f i l t r a t i o n  ra te ,  as i n  t he  BRE 
s i m p l i f i e d  procedure, i s  i n  our view an unnecessar i ly  
poor approximation. By examining the  whole o f  t h e  decay 
curve one can ob ta in  an upper as w e l l  as a  lower bound on 
t h e  t r u e  i n f i l t r a t i o n  rate,  and i t  i s  reasonable t o  
hypothesise t h a t  t h e  average g rad ien t  o f  t h e  whole o f  t h e  
semi-log p l o t  i s  c l o s e r  t o  t h e  ac tua l  va lue than e i t h e r  
o f  the  bounds. 

'Developments i n  a  m u l t i - t r a c e r  gas system and 
measurements us ing  p o r t a b l e  SF6 equipment', presented by 
J L i t t l e r  (UIO - 

P C o l l e t  You asked f o r  comments about t he  Figures f o r  i n f i l t r a t i o n  
(Denmark) i n  two- f loor  houses. Our measurements show t h a t  i n  

normal houses the  f r e s h  a i r  in takes  are  through leaks i n  
t h e  bottom f l o o r .  



J L i t t l e r  I agree. 
OK) 
B Kvisgaard What s i z e  was your s l o t  i n  t he  two s to rey  houses? 
(Norway) I n  Scandinavia we o f t e n  use 30 cm2, and i t  i s  normal ly  

i n s u f f i c i e n t .  

J L i t t l e r  - Ground f l o o r  t o t a l  l eng th  (made up o f  f o u r  sec t ions  i n  
(UK) f o u r  windows) i s  - Im; t he  same f o r  ups ta i rs .  

S l o t  w id th  i s  about 15mm. 

J L i l l y  I n  t he  house w i t h  the  Genevex mechanical v e n t i l a t i o n  
(UK) system, on what v e n t i l a t i o n  s e t t i n g  d i d  t h e  occupants use 

t h e  system? What v e n t i l a t i o n  r a t e  d i d  t h i s  correspond 
t o ?  Have you any i n fo rma t ion  regarding window opening 
behaviour i n  t h i s  house? 

J L i t t l e r  We on ly  f i t t e d  one Genevex, t o  a  passive s o l a r  house 
(uT<TL-- occupied by our researchers. The s e t t i n g  most q t e n  used 

was 'normal '. The v e n t i l a t i o n  r a t e  was 0.5 ach . The 
windows were almost never opened. The f l o o r  p lan  i s  very 
open i n  the  l i v i n g  area. Occasional ly  t h e  bedroom 
windows were opened. 

W Raatschen Can you compare your na tu ra l  v e n t i l a t i n g  systems w i t h  the  
(FRG) mechanical ones? I n  Germany, room temperatures are  

u s u a l l y  2-6°C higher  w i t h  medi vent  systems, as 
measurements showed, because occupants complained about 
draughts. What room temperatures d i d  you have? 

J L i t t l e r  - I n  the  medi vent  houses we had 20-21 "C and low a i r  
(UK) v e l o c i t i e s .  

Paper 4: - 'Tracer gas used t o  evaluate HVAC equipment', presented 
by  - B Kvisgaard (Denmark) 

D Bohac Have you t r i e d  measuring the  concent ra t ion  i n  t he  house 
(USA) t o  look a t  t h e  d i s t r i b u t i o n  of t h e  i n f i l t r a t i o n  f l ow?  

B Kvisgaard No. We were o n l y  measuring on t h e  main a i r f l o w .  It could 
T~enmark) be poss ib le  t o  ga in  some in fo rma t ion  about t he  

d i s t r i b u t i o n  o f  t h e  a i r  i n  t h e  bu i l d ing ,  from the  shape 
o f  t he  concentrat ion/ t ime curve i n  t he  e x t r a c t  duct. 

P Charlesworth (1) What s i z e  were ducts i n  which concent ra t ion  
(UK) measurements were made? 

(2) Was i t  necessary t o  measure concent ra t ion  a t  more 
than  one p o i n t  i n  t he  duct? 

B Kvisgaard (1) I n  one house the  duc t  was about 12cm diameter, and i n  
T~enmark)  t h e  o ther  about 30cm - 50cm. 

(2 )  No. When we dosed the  t r a c e r  a t  a p o i n t  be fore  the  



f a n  and measured i t  a f t e r  t h e  fan, t he re  was no problem 
w i t h  non-uniform concentrat ion.  

D T Har r j e  
(USA) 

B Kvisgaard 
TDenmark) 

M J Holmes 
(UK) 

B Kvisgaard 
T~enmark)  

E Perera 
(UK) 

B Kvisgaard 
T~enmark)  

Paper 5: 

D Ha r r j e  
(USA) 

I n  the  example o f  t h e  s i n g l e  f a m i l y  home you presented, 
s i x  hours were necessary be fore  an e q u i l i b r i u m  c o n d i t i o n  
was approached, i s n ' t  t h i s  unacceptably l ong  f o r  an 
ana lys i s  technique? Have you i nves t i ga ted  ways t o  more 
r a p i d l y  b r i n g  about t h e  e q u i l i b r i u m  cond i t i ons?  

How r a p i d l y  you reach t h e  e q u i l i b r i u m  c o n d i t i o n  
depends on the  airchange o f  t he  bu i l d ing .  The s i n g l e  
f a m i l y  house has a smal l  airchange i n  comparison w i t h  a 
normal o f f i c e  bu i l d ing .  We assume t h e  e q u i l i b r i u m  w i l l  be 
reached i n  l e s s  than 2 hours f o r  an o f f i c e  bu i l d ing .  

Maybe i t  i s  n o t  necessary t o  measure u n t i l  e q u i l i b r i u m  i s  
reached, maybe t h e  e q u i l i b r i u m  concent ra t ion  can be 
p red i c ted  from t h e  shape o f  t he  curve. 

How p r a c t i c a l  i s  your method f o r  use i n  l a r g e  a i r  
condi t ioned b u i l d i n g s ?  I n  p a r t i c u l a r  a re  the re  any a i r  
f l o w  r a t e  l i m i t s  beyond which t h e  method should n o t  be 
used? 

There i s  no problem i n  l a r g e  b u i l d i n g  m5asurement. We 
have measured airchange up t o  200,000 m /h. The 
l i m i t a t i o n  i n  t h e  system i s  s e t  by t h e  s e n s i t i v i t y  o f  t he  
gas analyser. 

You determine t h e  a i r f l o w  i n t o  t h e  b u i l d i n g  by measuring 
the  t r a c e r  concent ra t ion  a f t e r  i t  has passed through the  
supply duct. I f  e i t h e r  t h e  duc t  l eng th  i s  t o o  s h o r t  o r  if 
t h e r e  are leaks i n  t h e  duct, then t h e  a i r f l o w  measured 
w i l l  be i n  e r ro r .  What precaut ions do you take  t o  
minimise t h i s  e r r o r ?  

We normal ly  dose t r a c e r  gas upstream t o  t h e  f low, and 
measure the  concent ra t ion  downstream t o  the  fan, t o  
ensure un i fo rm concent ra t ion  i n  t he  duct. 

'Appl iance o f  i n f r a - r e d  thermography i n  examining a i r  
leakage o f  b u i l d i n g s ' ,  presented by -- 0 Adan (Netherlands) 

(Comment) I was su rp r i sed  t o  see no re ference t o  
extensive pas t  work on t h i s  p ro jec t .  The Swedish Council 
f o r  B u i l d i n g  Research i n  1979 publ ished t h e  work of Axen 
and Pet terson i n  the  form o f  a handbook on thermography 
l ook ing  a t  a i r  leakage and conduct ive losses. Thermosense 
(Be1 lv iew, Washington) i n  North America has he ld  a y e a r l y  
conference on t h i s  subject .  Also t h e  Canadian government 
b u i l d i n g s  have been ex tens i ve l y  surveyed by i n f ra - red  
techniques l ook ing  f o r  a i r  leakage. The technique has 
even been extended t o  use h e l i c o p t e r s  t o  survey the  
b u i l d i n g  surface. O v e r f l i g h t  and i n f ra - red  "van scans" 
have been used i n  the  USA f o r  t he  same purpose. There i s  
an IS0 standard t h a t  covers t h i s  t o p i c  area. 



W Raatschen How can you d i f f e r e n t i a t e  from t h e  p i c t u r e  you g e t  from 
(FRG) thermography, whether you have a thermal b r idge o r  losses 

by a i r  ex f  i 1 t r a t i  on? 

L Hendriks - With some experience you can decide these two th ings  by 
(Netherlands) t h e  temperature gradients. 

Paper 6: 'Draught measurements i n  v e n t i l a t e d  and non-vent i la ted 
b u i l d i n g s ' ,  presented by E Mayer (FRG) 

P 0 Danielsson Can your probe be bought on t h e  market? 
(Sweden) I f  not, when w i  11 i t be ava i l ab le?  

E Mayer - As I hope, i t  w i l l  be a v a i l a b l e  towards the  end o f  t h i s  
( FRG) year by Thies ( K l  ima-,Mess-und ~ e ~ e l ~ e t i t e )  a t  D-3400 

~; t t ingen,  Postfach 3536, Federal Republic o f  Germany. 

E Perera (1) A un i -d i rec t i ona l  anemometer r e c t i f i e s  negat ive 
(UK) s igna ls  i n t o  p o s i t i v e  values so t h a t  an i n c o r r e c t  a i r  

v e l o c i t y  i s  obta ined i f  t h e  s igna l  f l u c t u a t e s  about a 
mean o f  (say) zero. How do you cope w i t h  t h i s ?  

(2) You have c o r r e c t l y  i d e n t i f i e d  two parameters, mean 
v e l o c i t y  and turbulence, which i n f l uence  t h e  heat  
t r a n s f e r  c0e f f i c i en t .a  . A t h i r d ,  t h e  l eng th  scale o f  
turbulence ( roughly t h e  s i z e  o f  t h e  energy-bearing eddy) 
i s  a l so  important.  I f  t h i s  length  scale i s  o f  t he  same 
order  o f  magnitude as the  head s i z e  o r  body size, then 
heat  t r a n s f e r  i s  increased. Have you considered 
determining t h i s  e f f e c t  and would you no t  agree t h a t  i t  
i s  important  t o  do so? 

E Mayer (1) O f  course you are  r i g h t ,  f o r  low mean a i r  v e l o c i t i e s  
~ F R G )  w i t h  h igh f l u c t u a t i o n ,  we measured the  vec tor  a i r  

v e l o c i t y  i n c o r r e c t l y .  It i s  measured c o r r e c t l y :  

a) when f l u c t u a t i o n  i s  low (e.g. i n  c lean rooms) o r  
b) when t h i s  vec tor  i s  always p o s i t i v e  (h igher  main a i r  
stream as o f t e n  i n  v e n t i l a t e d  rooms). 

But f o r  draught i n v e s t i g a t i o n s  such as we do wouldn ' t  i t  
be h e l p f u l  f o r  s i m p l i f i c a t i o n  t o  analyse t h e  amount 
( sca la r )  o f  an a i r  movement? 

(2)  This e f f e c t  co r re la tes  w i t h  t h e  frequency o f  a i r  
v e l o c i t i e s  and I agree t h a t  t h i s  has t o  be s tud ied too. 
We have j u s t  s t a r t e d  w i t h  t h i s .  

Paper 7: 'Data needs f o r  t h e  purpose o f  a i r  i n f i l t r a t i o n  computer 
code v a l i d a t i o n ' ,  presented by J C Scar tezz in i  
(Swi tzer land - & USA). 



R P Dawson (1) What f i n i s h  i s  app l ied  t o  your wind tunne l  model? 
(UK) 

(2) Do you consider t h a t  more e f f o r t  t o  more c l o s e l y  
f o l l o w  sur face f i n i s h e s  i n  scale should be taken t o  
ob ta in  a  b e t t e r  c o r r e l a t i o n  between model and 
measurement? 

(3) My experience o f  wind tunnel  t e s t i n g  would i n d i c a t e  
t h a t  t he  model presented w i l l  no t  c o r r e l a t e  we l l .  

JL Scar tezz in i  (1)  The w a l l s  and the  r o o f  o f  t he  b u i l d i n g  are made out  - 
(Swi & USA) o f  p lex ig las .  We d i d  n o t  change t h e  f i n i s h  o f  t he  

mater i  a1 . 
(2) We be l i eve  t h a t  t h e  f i n i s h  o f  t h e  surfaces could have 
an in f l uence  on t h e  value o f  t h e  pressure c o e f f i c i e n t s .  
However, as we are no t  able t o  copy t h e  sur face o f  t he  
b u i l d i n g  i n  d e t a i l ,  i t  makes no sense t o  apply a  random 
roughness t o  t h e  wal ls .  From t h e  r e s u l t s  o f  our 
measurements we learned about the  i n f l uence  o f  t h e  
bu i  l d i n g ' s  surroundings and t h e  wind d i r e c t i o n .  Th is  
complicated dependency i s  no t  going t o  change 
q u a l i t a t i v e l y ,  independently o f  t h e  roughness o f  t h e  
scale model. Furthermore, we are n o t  aware o f  a  d e t a i l e d  
study on t h e  above mentioned phenomena. Maybe you can 
he lp  us w i t h  some l i t e r a t u r e  references. 

(3) As mentioned before, -I would appreciate your he lp  i n  
f i n d i n g  the  appropr ia te  r e l a t e d  roughness f o r  our 
problem. 

E Perera (1) Any v a l i d a t i o n  requ i res  c o r r e c t  i n p u t  o f  
(UK) meteorological  data. I n  your va l i da t i on ,  w i l l  you 

consider  t h e  j o i n t  p r o b a b i l i t y  o f  wind speed ( w i t h  wind 
d i r e c t i o n )  and outs ide  a i r  temperature r a t h e r  than 
i n d i v i d u a l  p r o b a b i l t i e s ?  

(2 )  W i  11 data from t h e  LESO t e s t  f a c i l i t y  be avai lable,  
as a  matter  o f  course, f o r  researchers (ou ts ide  EPFL and 
LBL) t o  t e s t  t h e i r  own mu l t i - ce l l ed  computer programs? 
Perhaps d isseminat ion o f  t h i s  k ind  could be overseen by 
t h e  AIVC? 

JL Scar tezz in i  - 
( S w i  & USA) 

(1)  For t h e  purpose o f  b u i l d i n g  energy analysis, we are 
developing a  s tochast ic  model based on t h e  theory  o f  
Markod chain. Wi th in  t h e i r  framework, we have a l ready 
s tud ied i n t e r c o r r e l a t i o n  o f  t h e  main meteorological  
var iab les  ( s o l a r  rad ia t i on ,  outdoor a i r  temperature). 
The i r  analyser w i l l  be extended t o  the  a i r  i n f i l t r a t i o n  
mai n  variables. 

(2)  To s e t  up package data which can be used by everybody 
i s  a  huge task which has no t  been scheduled yet ,  But i n  
p r i n c i p l e  t h i s  could be done p rov id ing  t h a t  t h e  work i s  
supported by some i n s t i t u t i o n  outs ide  EPFL and LBL. 



Paper 8: - 'App l i ca t i ons  o f  a  s i m p l i f i e d  model fo r  p r e d i c t i n g  a i r  
f lows i n  mul t i zone s t ruc tu res ' ,  presented by T Haugen 
(Norway & USA) 

J Axley (Comment) I take  issue w i t h  one of t he  fundamental 
(USA) premises presented f o r  seeking a  s i m p l i f i e d  model. You 

i n d i c a t e d  t h a t  one o f  two disadvantages o f  us ing  a  
d e t a i l e d  model was t h a t  a  mainframe computer must be 
used. Th is  i s  n o t  so. For example, even a  100 zone model 
requ i res  no more than 640K bytes (i. e. 100x100 terms x  64 
bytes f o r  double p r e c i s i o n )  o f  c e n t r a l  s torage term we 
have an IBM PC/MAC program AIRMOV a t  NBS t h a t  u t i l i s e s  
dynamic a r r a y  management and compact s torage s t r a t e g i e s  
and the re fo re  can handle very  l a r g e  systems. 

Paper 9: - 'Use o f  s t a t i s t i c s  f o r  p r e d i c t i n g  d i s t r i b u t i o n  o f  a i r  
i n f  i 1 t r a t i o n ' ,  presented by Nie lsen (Norway) 

P Grabau I d i d  n o t  understand t h e  e x t r a  b u i l d i n g  height.  What i s  
(Canada) t h a t  and why i s  i t  inc luded as a  parameter? 

A F  Nie lsen 
T ~ o r w a ~ )  

I n  t h e  €LA-model we use t h e  h e i g h t  o f  t h e  s t r u c t u r e s  as 
the he igh t  o f  t h e  b u i l d i n g  ( i n  t h i s  case 2x2.5m). I f  the  
house had a  chimney t h e  he igh t  would be higher.  T h i s  i s  
taken i n t o  account as c a l l e d  e x t r a  height.  It can a l so  be 
expla ined as a  v a r i a t i o n  i n  exac t  h e i g h t  over t h e  
surrounding earth. 

D Har r j e  It i s  n i c e  t o  see t h a t  t he  p r e d i c t i o n  o f  a i r  i n f i l t r a t i o n  
(USA) i n  Norwegian houses f o l l o w s  t h e  same r e l a t i o n s h i p  found 

so usefu l  f o r  Swedish and USICanadian housing, namely 
d i v i d e  the  ACH a t  50 Pa by 20. Your f i g u r e  t o  take  i n t o  
account t he  energy r e l a t i o n s h i p  i s  very  use fu l  b u t  
requ i res  i n fo rma t ion  on house volume so t h a t  a  v a r i e t y  o f  
house s i zes  can be evaluated. What has been your house 
volume i n  t h i s  paper? What o the r  f a c t o r s  must be known t o  
make i t  app l i cab le  f o r  o ther  countr ies,  e.g, heat ing  
degree days, i n t e r i o r  temperature? 

A F Nie lsen The b u i l d i n g  i s  600m3. The indoor  temperature i s  21°C, as 
T ~ G r w a ~ )  a mean value. I d o n ' t  remember t h e  degree days b u t  t he  

mean outdoor temperature i n  Oslo i s  5.g°C. It has n o t  
been intended t o  use the  r e s u l t s  i n  o the r  c l imates,  b u t  
i t  i s  poss ib le  t o  make t rans format ions  i f  you know the  
s i t e s ,  wind speed and temperature. 

P Hartmann (1) You spoke about t he  new Norwegian energy standard 
(Swi tzer land)  which depends on c e r t a i n  ca l cu la ted  i n f i l t r a t i o n  rates.  

What i s  t he  purpose o f  t h i s  standard? 

(2)  Did you make s i m i l a r  c a l c u l a t i o n s  about t he  
v e n t i l a t i o n  losses o f  your houses, which a re  most ly  
n a t u r a l l y  v e n t i l a t e d ?  



A F  Nie lsen (1)  The standard i s  used i n  t h e  design phase when you 
T~or- ca lcu la te  the  energy consumption t a k i n g  i n t o  account 

i n f i l t r a t i o n ,  v e n t i l a t i o n  o r  transmission. 

(2) The v e n t i l a t i o n  has no t  been taken i n t o  account, as 
t h e  ELA-model does n o t  i nc lude  t h i s .  Resul ts  o f  
v a r i a t i o n s  i n  energy consumptions f o r  t y p i c a l  houses can 
be found i n  reference 1, where we inc lude  t h e  e f f e c t  o f  
inhab i tan ts .  

Paper 11 : ' V e n t i l a t i o n  r a t e s  and energy losses due t o  window 
openi ng behavi our ' , presented by - P Wouters (Be1 g i  um) 

P Charlesworth I s  there  going t o  be any feedback advice t o  occupants as 
(UK t o  how they could use t h e i r  windows i n  a more e f f i c i e n t  

manner? 

P Wouters - 
(Belgium) 

The 7 t h  chapter o f  t h e  f i n a l  r e p o r t  o f  annex V I I I  deals 
w i t h  the  problem o f  modi fy ing  i nhab i tan ts  behaviour. It 
has been d e a l t  w i t h  i n  t h e  study by DeGids and P f a f f  on 
t h e  p r o j e c t  i n  Schiedam. From the  r e s u l t s  one can see 
t h a t  modi fy ing behaviour on window use i s  very  d i f f i c u l t  
even when you con f ron t  people w i t h  t h e i r  own measured 
behaviour. Speaking t o  them o n l y  made changes i n  t h e  
behaviour o f  t h e  energy conscious group, 

P C o l l e t  (1) Do you take i n t o  account i n  your c a l c u l a t i o n  t h a t  t h e  
(Denmark) entrance door ac ts  as a  window size, which means t h a t  you 

a l s o  have around 6-10 openings a  day? 

(2)  Have you measured t h e  ac tua l  i n f l u e n c e  o f  window 
openings w i t h  t h e  constant  concent ra t ion  method? 

P Wouters (1) Several s tud ies  have shown t h a t  t h e  e f f e c t  o f  us ing 
TB- doors on t h e  t o t a l  v e n t i l a t i o n  r a t e  i s  very  low: t h e  

instantaneous a i r  f l o w  r a t e s  are  very h i g h  bu t  t h e  
du ra t i on  f o r  one opening i s  expressed i n  seconds so t h a t  
on a  d a i l y  load the  e f f e c t  i s  very  small. 

(2) It has not  been done i n  t h e  Belg ian enquiry. 

G Fracastoro When eva luat ing  the  energy losses due t o  a i r i n g  by 
( I t a l y )  occupants, d i d  you take i n t o  account t h e  decrease o f  

indoor temperature which takes p lace when you open a  
window f o r  a  wh i le?  

P Wouters - This has no t  been taken i n t o  account. There are o the r  
(Belgium) s i m i l a r  phenomena which were s imp l i f i ed ,  e.g. we assume 

t h a t  the  temperature was i d e n t i f i e d  i n  a l l  t he  rooms, It 
i s  c l e a r  t h a t  ref inements are poss ib le  when b e t t e r  
r e l i a b l e  i n p u t  data become ava i lab le .  

On what basis i s  the  data  base formed f o r  your paper - 
was i t  the  sub jec t i ve  response o f  occupants t o  

J L i l l y  
(UK 



P Wouters - 
(Belgium) 

A  F N ie lsen 
(Norway) 

P  Wou t e r s  - 
(Belgium) 

Paper 12: - 

P F  C o l l e t  
(Denmark) 

G Fracastoro 
( I t a l y )  

W Raatschen 
TFRG) 

quest ionna i res  and a l l  t h e  associated assumptions, o r  t h e  
more o b j e c t i v e  automatic cont inuous mon i to r i ng  o f  window 
openi ng? 

The r e s u l t s  from t h e  Be lg ian  study were obta ined from 
e n q u i r i e s  and associated assumptions. The d e t a i l s  o f  t h i s  
s tudy  were g iven i n  a  paper a t  t he  7 t h  A I V C  Conference. 

W i l l  you t r y  t o  use your i n fo rma t ion  on occupants 
behaviour us ing  a  s t a t i s t i c a l  s imulat ion,  as i t i s  n o t  so 
u s e f u l  i n  F igure  4 t o  g e t  a  very  l a r g e  i n t e r v a l  f o r  
t y p i c a l  i n f i l t r a t i o n ?  

It seems r a t h e r  d i f f i c u l t  t o  do a  s t a t i s t i c a l  s imu la t i on  
on window opening behaviour. What we d i d  was combine 
answers i n  i n q u i r i e s  w i th  some es t imat ions  on a i r  f l o w  
r a t e s  which r e s u l t e d  i n  a  frequency d i s t r i b u t i o n  (see 
paper a t  t h e  7 t h  conference). We have d i v i d e d  t h e  
d i s t r i b u t i o n  i n t o  3  ca tegor ies  f o r  p r a c t i c a l  use by 
designers. 

It i s  i n  p r i n c i p l e ,  poss ib le  t o  do a  s t a t i s t i c a l  
s imu la t i on  f o r  t h e  r u l e  o f  thumb r16=r150/K (a  s i m i l a r  
approach t o  the  one you presented b u t  w i t h  a wider  
v a r i e t y  on t h e  parameters). 

'Ven t i  l a t i o n  requirements and demand c o n t r o l  1  ed 
v e n t i  1  a t i o n ' ,  presented by L Trepte (FRG) 

(Comment) We have measured t h e  i n f l uence  o f  smal l  
openings l i k e  t h e  French Humidi ty  system. Such smal l  
openings do n o t  work proper ly .  You have t o  have a  minimum 
t o  r e g u l a t e  an opening o f  200-300cm. 

I n  t h e  eva lua t i on  o f  heat  demand f o r  v e n t i l a t i o n  should 
you n o t  take  i n t o  account a l s o  t h e  e f f e c t  o f  t h e  moisture 
con ten t  d i f f e r e n c e ?  xipwv. (Ti-To) 

Ex. QL = h (h i  - ha) I m[cp(Ti-To) + r o  ( x i - x o ) ]  

I f  T i  = 20°C r h  = 50% + xi: 8g/kg 

To = 0°C r h  = 80% + Xo: 2-3g/kg 

Therefore Cp(Ti-To) = 20 KJ/kg 

r o ( x i - x o )  = 2500 (8-3) l o w 3  = 12.5 kJ/kg 
Where r o  = evaporat ion heat  

The order  o f  t he  magnitude o f  t he  two terms i s  the  
same. 

Heat demand f o r  v e n t i l a t i o n  i s  t h e  heat ing  power I need 
t o  b r i n g  t h e  incoming outdoor a i r  from outdoor t o  indoor  
temperature. You can do t h a t  very accura te ly  us ing  t h e  
f ormu 1  a  

QL = m  a i r  d r y  x[CCp a i r  Xo. Cp vapor) (T i -TO) ]  



I n  t h i s  equat ion I neglected t h e  term Xo.Cp vapour as i t  
i s  lower than 0.5%. 

Therefore, t he  spec i f i c  heat demand i n  f i g u r e  2 i s  the  
power t o  heat up t h e  incoming a i r .  You are  o f  course 
r i g h t  t h a t  t h e  amount o f  energy needed t o  evaporate the  
l i q u i d  water i n  t h e  room i s  considerable and t h i s  must 
show up, i f  you do an energy balance f o r  t he  whole 
system, bu t  t h i s  i s  n o t  what I d i d  i n  f i g u r e  2. 

J L i t t l e r  (1) You considered HpCO, C02, H20 etc, b u t  no t  COs and 
(UK) NOx from gas burning appliances. Why? 

(2) You used a ca l cu la ted  i n t e r n a l  w a l l  sur face 
temperature, as a condensation c r i t e r i o n ;  bu t  t h a t  
ignores: 

(A) Thermal br idges (e.g. concrete deck-access 
apartments). 

(B) Windows (which are t h e  common p o i n t  f o r  
condensation). 

W Raatschen 
TFRG) 

(1) For a demand c o n t r o l l e d  v e n t i l a t i n g  system i n  a 
n a t u r a l l y  v e n t i l a t e d  r e s i d e n t i a l  b u i l d i n g  we need very 
simple and cheap devices, which w i l l  g i ve  a good 
compromise between indoor a i r  q u a l i t y  and energy savings. 
For smoking persons, the -h igher  needed v e n t i l a t i o n  ra tes  
should no t  be r e a l i s e d  by ve ry  soph is t ica ted devices, b u t  
through manual handl ing devices. 

You are r i g h t  t h a t  I excluded burning appliances. My 
o u t l i n e s  do apply t o  any room i n  general, b u t  burning 
appl iances should have a separate hood t o  avoid CO o r  NOx 
i n  the  occupied zone. 

(2)(A) I n  appendix I, you can see how t h e  sur face 
temperature i s  calculated.  The empi r ica l  formulae g iven 
the re  i nc lude  geometric thermal br idges e s p e c i a l l y  i n  2- 
o r  3-dimensional corners o f  rooms constructed w i t h i n  t h e  
cu r ren t  i n s u l a t i o n  standards. 

(2)(B) These i q s u l a t i o n  standards say t h a t  we have t o  
have a t  l e a s t  double glazing, where condensation may 
never o r  very seldom occurs. I f  condensation occurs, t h i s  
water w i l l  n o t  cause damage, as i t  w i l l  s tay  and 
evaporate l a t e r .  

P Wouters (1) The choice o f  the  i npu t  data i s  very important  f o r  
(Be1 g i  um) these ca lcu la t ions .  I s  i t  acceptable t o  use data i n  DIN 

4108 and 4710 f o r  these problems? 

(2)  e.g. DIN 4710: are t h e  r e l a t i v e  humid i t i es  mean 
values f o r  these outs ide  temperatures, o r  are they some 
we1 1 chosen values f o r  o ther  purposes (e. g. 95X value)? 



W Raatschen 
TFRG) 

J Timusk 
(Canada) 

L Trepte 
TFRG) 

Paper - 13: 

D H a r r j e  
(USA) 

M R i l e y  
T~anada)  

(1) It i s  important  t o  g e t  an idea o f  i n  what range e.g. 
outdoor humid i t i es  are. I n  DIN 4710 t h i s  range i s  g iven 
f o r  13 l oca t ions  spread over the  FRG. For my es t imat ions  
here  I used t h e  maximum and minimum values t o  cover the  
whole range. I n  f i g u r e  1 the re fo re  t h i s  range i s  g iven by 
t h e  shaded areas. 

The outdoor humid i t i es  g iven i n  D I N  4710 are based on 
h o u r l y  measurements o f  a i r  temperature and r e l a t i v e  
humid i ty  dur ing  1951-1970. I d i d n ' t  use any in fo rmat ion  
f rom D I N  4108 d i r e c t l y .  I n d i r e c t l y  I used an emp i r i ca l  
equat ion from Erhorn and G e r t i s  t o  c a l c u l a t e  sur face 
temperatures, which - can occur a t  c r i t i c a l  l oca t ions  i n  a 
b u i l d i n g  which has been b u i l t  due t o  t h e  D I N  4108. 

I f  condensation on e x t e r i o r  w a l l s  i s  t h e  c r i t e r i a  f o r  
v e n t i l a t i o n  con t ro l ,  how can we j u s t i f y  t h e  h ighes t  
v e n t i l a t i o n  r a t e  when indoor and outdoor temperatures are  
t h e  same? 

Take i t  a step f u r t h e r  - would t h e  curve cont inue t o  r i s e  
when outdoor temperature i s  h igher  than indoor  - common 
when a i r  cond i t i on ing  i s  used as w i thout  bu t  w i t h  l a rge  
d i u r n a l  f l u c t u a t i o n s ?  

As long as there  i s  a p o s i t i v e  d i f f e r e n c e  between Xi-Xo, 
a necessary a i r  change r a t e  t o  remove mois ture  can be 
calculated.  Th is  d i f f e r e n c e  i s  a l so  p o s i t i v e  when indoor 
and outdoor temperature, and the re fo re  sur face wa l l  
temperature, are t h e  same, because r e l a t i v e  outdoor 
humid i t y  i s  almost always below 100%. 

Fo r  German weather cond i t i ons  and v e n t i l a t i o n  r a t e s  f o r  
German dwel l ings, which t h i s  paper i s  aimed at, t he re  i s  
no need f o r  a i r  cond i t ion ing .  

'An overview o f  t h e  R-2000 home program design and 
i n s t a l l a t i o n  gu ide l ines  f o r  v e n t i l a t i o n  systems', 
presented by - M R i  l e y  (Canada) 

(1) F i r s t ,  congra tu la t ions  on a very successful  program, 
I o n l y  wish t h e  US had a comparable program. Cur ren t l y  - 
10 Pascal i s  t he  d iagnost ic  approach used t o  achieve 
w i n t e r  radon l e v e l s  year round. Since the  R-2000 homes 
cover a wide range o f  Canadian loca t ions  what problems do 
you a n t i c i p a t e ?  

( 2 )  What are  your reservat ions  w i t h  regard t o  ASHRAE 
62-81R s ince your designs have made e x c e l l e n t  use o f  t he  
ASHRAE 62-1 981 v e n t i  1  a t i  on standard? 

(1) To date we have no t  seen any problems r e l a t e d  t o  t h i s  
s p e c i f i c a t i o n  bu t  we are  cont inu ing t o  monitor l e v e l s  t o  
determine whether l e v e l s  become elevated. For l e a k i e r  



convent ional  homes i t i s  a n t i c i p a t e d  t h a t  t h e  a l lowab le  
pressure d i f f e rences  w i l l  be o n l y  5 PA fo r  cont inuous 
opera t ion  when t h e  na t iona l  standard i s  issued. 

2) My major rese rva t ion  i s  t h a t  t h e  t a r g e t  audience we 
a re  dea l ing  w i t h  needs an extremely simple procedure t h a t  
addresses both o v e r a l l  requirements - and d i s t r i b u t i o n  w i t h  
t h e  same c a l c u l a t i o n  and a procedure t h a t  can be e a s i l y  
v e r i f i e d  by inspectors. A volume o r  per  occupant 
c a l c u l a t i o n  int roduces greater  problems w i t h  
i n t e r p r e t a t i o n  o r  c a l c u l a t i o n s  o f  t h e  v e n t i l a t i o n  r a t e  
and t h e  d i s t r i b u t i o n  o f  a i r .  The per  room c a l c u l a t i o n  
addresses both the  requirement and d i s t r i b u t i o n  i n  a 
simple way. 

J L i t t l e r  (1) Did you consider v e n t i l a t i o n  c o n t r o l l e d  by a broad 
(UK) band detec tor  (e.g. doped s o l i d  s ta te )  responding t o  H20, 

60, smoke e tc?  

Th is  avoids t h e  need f o r  occupant act ion, p a r t i c u l a r l y  
a c t i o n  i n  t u r n i n g  boost mode back t o  background mode. 

(2 )  I was impressed by t h e  speed w i t h  which Canada 
managed t o  in t roduce a new standard. 

M R i l e y  (1) High speed opera t ion  i s  now c o n t r o l l e d  au tomat i ca l l y  
TCanada) when humid i ty  l e v e l s  exceed a preset  l eve l .  Other 

de tec t i on  devices could a l s o  be used. I n  add i t ion ,  some 
systems use t imers  t h a t  a re  s e t  by t h e  occupant, which 
r e t u r n  t o  background v e n t i l a t i o n  ra tes  automat ical ly .  

( 2 )  This was made poss ib le  because t h e  i n i t i a l  work was 
c a r r i e d  o u t  under a "voluntary"  demonstrat ion programme 
t o  v e r i f y  the  approach and ga in  a degree o f  acceptance 
before  t h e  standard i s  considered f o r  widespread 
app l ica t ion .  Th is  was an e f f e c t i v e  approach t o  avo id ing  
negat ive r e a c t i o n  t o  t h e  i n t r o d u c t i o n  o f  new 
requirements. 

E Perera (1) Whereabouts do you take t h e  supply a i r  f o r  a 
(UK) balanced mechanical v e n t i l a t i o n  system? Do you ensure 

t h a t  exhaust a i r  does no t  come anywhere near the  i n t a k e  
l o c a t i o n ?  

(2)  Can you descr ibe ( o r  reference) the  f l ow  measuring 
devices you permanently f i x  t o  the  ducts? 

(3 )  You say t h a t  formaldehyde l e v e l s  i n  Quebec houses f o r  
1987 are lower than t h e  o the r  th ree  regions you 
considered. I s  t h i s  d i f f e r e n c e  s t a t i s t i c a l l y  v a l i d ?  

M R i l e y  (1) These issues are covered i n  t h e  standard. A minimum 
-(Canada) spacing between the  supply a i r  i n l e t  and exhaust a i r  

o u t l e t  i s  s ta ted  (-2 meters). The a i r f l o w  i s  measured 
near the  outs ide  wa l l  t o  ensure we are measuring o n l y  
f r e s h  a i r .  
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(2) 1 w i l l  re ference a  r e p o r t  on the  sensor t e s t i n g  and 
send you a  copy. 

(3 )  The drop between years i s  " s t a t i s t i c a l l y  v a l i d "  bu t  
we have n o t  done t e s t s  f o r  d i f f e rences  between regions. 
Th is  in format ion w i l l  be t h e  sub jec t  o f  a  separate 
repor t .  I w i l l  again send t h i s  r e p o r t  f o r  review. 

I s  r e c i r c u l a t i o n  from bedroom t o  l i v i n g  room allowed, as 
5 L/s f o r  a  two person bedroom w i l l  be low? 

The requirements are  being rev ised t o  r e q u i r e  10 L/s from 
master bedrooms. I n  add i t ion ,  most houses have a  
r e c i r c u l a t i o n  system t h a t  ensures good mix ing  o f  a i r  
throughout the  bu i ld ing .  

(A) Very wise precaution. You sa id  t h a t  peaks i n  room 
contaminat ion are  handled by t h e  occupants. Th is  may be 
f o r  smoke, i s  t h a t  a l so  t r u e  f o r  moisture because we know 
t h a t  persons are n o t  s e n s i t i v e  t o  moisture? 

(B)  (Remark t o  answer A). Th is  i s  very good and I f u l l y  
agree t h a t  t h i s  i s  t h e  best  way t o  handle t h i s  problem. 
My next  quest ion  i s  what k i n d  o f  humidi ty  sensor do you 
use? 

(C)  How cheap i s  your device t o  measure t h e  a i r  v e l o c i t y  
o r  a i r  f l o w  r a t e ?  

(A)  Moisture i s  handled automat ica l ly  by use o f  a  
(de)humidistat  s e t  t o  a c t i v a t e  when humid i ty  l e v e l s  
exceed a  preset  l eve l .  

( B )  A  (de)humidistat  wi red t o  t h e  v e n t i l a t i o n  ac t i va tes  
t h e  h igh  speed mode when humid i ty  exceeds a  preset  l eve l .  

(C)  The a i r f l o w  sensors cos t  approximately $25. Th is  i s  
expected t o  be reduced w i t h  mass product ion t o  under $20. 

I Design, cons t ruc t i on  and performance o f  a  dynamic wa l l  
house', presented by - J Timusk (Canada) 

Your wa l l  would appear t o  be a  f i l t e r .  Do you see 
any problems i n  respect  t o  p a r t i c l e s  e t c  being drawn i n t o  
and re ta ined  by t h e  w a l l ?  

We do not  know, The openings i n  the  membrane could become 
f i l l e d  w i t h  a i rborne p a r t i c l e s .  (This we p l a n  t o  moni tor  
over  a  long per iod  o f  t ime i n  the  f i e l d . )  Wi th in  the  
i n s u l a t i o n  we have no concerns i n  t h a t  we have improved 
on the  performance o f  normal g lass  f i b r e  i nsu la ted  w a l l s  
w i t h  which we have some 50 years o f  experience. 

I f  a i r  i s  t o  be exhausted through the  wa l l ,  f i l t e r s  must 
be i n s t a l l e d  before a i r  i s  taken i n t o  t h e  wa l l .  



H P h a f f  (1) D id  you t r y  t o  connect a l l  c a v i t i e s  (between 
(Nether lands)  w i n d I r a i n  b a r r i e r  and i n s t a l  1 a t i o n )  t o  guard a1 1 wind 

p ressu re  a t  zero? 

( 2 )  Could such a guard r i n g  w i t h  an e x t r a  f o i l  ove r  t h e  
ground s top  a l l  o f  t h e  radon i n f i l t r a t i o n ?  

(3 )  By us ing  a f a n  t o  e x t r a c t  t h e  "heated" a i r  between 
t h e  i n s u l a t i o n  and t h e  i n n e r  wal lboard,  can t h e  s h o r t  
c i r c u i t  e f f e c t  o f  a l l  window leaks  (and open windows) be 
mi n im i  sed? 

(4 )  How f a r  can energy consumption d rop  by us ing  an 
o p t i m a l  dynamic wa l l ,  and u s i n g  a hea t  pump t o  e x t r a c t  
hea t  f rom exhaust  a i r  i n t o  t h e  low temperature w a l l  
h e a t i  ng? 

J Timusk - (1) No. There i s  no cont inuous c a v i t y .  
(Canada) 

(2) Do n o t  know. Would l i k e  t o  i n s t a l l  a system which i s  
n o t  workmanship s e n s i t i v e  o r  i f  t i e d  t o  t h e  v e n t i l a t i o n  
system, i t  i s  coupled t o  a necess i t y  l i k e  domest ic h o t  
wa te r  product ion.  Exper ience has shown t h a t  occupants do 
n o t  always m a i n t a i n  mechanical v e n t i l a t i o n  equipment. 

(3 )  Yes - would t h e  b u i l d i n g  c o s t  be j u s t i f i a b l e ?  

(4)  The w a l l  recovery  would depend on t h e  des ign - how 
much a i r  i s  dynamic, how much i s  th rough  o r d i n a r y  cracks, 
how f a r  above t h e  optimum p o i n t  we are, o r  how much s o l a r  
energy we c o l l e c t .  Wi th  hea t  pump hea t  recovery  we cou ld  
j u s t i f y  v e n t i l a t i o n  r a t e s  above those  needed f o r  a i r  
q u a l i t y .  Also, shoulder  months ( s p r i n g  o r  f a l l )  and 
summer ope ra t i ons  rep resen t  new problems as w e l l  as 
o p p o r t u n i t i e s .  

Paper S. l :  ' V e n t i l a t i o n  technology - aims o f  t h e  Federa l  M i n i s t r y  
f o r  Research and Technology i n  Research and 
Appl i c a t i o n s l -  Keynote speech, presented by H Hlawiczka 
(FRG). 

P Char leswor th  The p r o j e c t e d  1990 energy sav ing  was achieved i n  1982. 
(UK) Has t h e  energy consumption improved s i n c e  then? 

H Hlawiczka Yes. But  more a t t e n t i o n  i s  now g i ven  t o  i n t e r n a l  
TFRG) environment q u a l i t y .  

Paper 5.2: ' E v a l u a t i o n  th rough f i e l d  measurements o f  BNLIAIMS, a 
m u l t i p l e  t r a c e r  gas techn ique  f o r  de te rm in ing  a i r  
i n f  i 1 t r a t i o n  r a t e s ' ,  presented by - N Bergsoe (Denmark) 

P Char leswor th  (1 )  What was t h e  average p e r i o d  f o r  PFT? 
(UIO 



(2) Was temperature monitored? 

N Bergsoe - (1) Approximately 1 week. 
(Denmark) 

(2)  Yes, and found t o  be constant. 

M Liddament From a p r a c t i c a l  s ide  these measurements were made i n  
(UK) Denmark and the  r e s u l t s  analysed i n  t h e  Uni ted States. 

How long d i d  ana lys is  take? 

How expensive was i t? 

N Bergsoe Analys is  o f  CATS were made by Brookhaven Nat ional  
T~enmark)  Laboratory, i n  t h e  Uni ted States. The wai t ing- t ime f o r  

t h e  r e s u l t s  was approximately 3 months. 

The recent  p r i c e  we have been informed i s  $35 per  CATS 
analys is ,  b u t  newer and more d e t a i l e d  i n fo rmat ion  can be 
obta ined from Russel l  N. D i e t z  a t  BNL. 

E Perera (1) Could you please descr ibe t h e  'passive sampler' i n  
(UK) s l i g h t l y  more d e t a i l  - e.g. adsorbent used, polymer 

through which permeant d i f f u s e s ?  

(2)  What m u l t i p l e  PFT's d i d  you use? 

N Ber soe The 'passive samplers' and t h e  PFT's used are developed 
(D* and described by Russel l  N. D i e t z  and manufactured a t  BNL 

(see r e f .  1). 

Adsorbent i n  t h e  CATS i s  Ambersorb, type 347. 

The PFT's are f u l l y  f l u o r i n a t e d  organic compounds o f  t h e  
perfluoroalkylcycloalkane fami ly .  

PDCH i s  Perfluorodimethylcyclohexane 
PMCH i s  perfluoromethylcyclohexane 
PMCP i s  perf1uoromethylcyclopentane 
PDCB i s  perfluorodimethylcyclobutane 

C A Roulet (PFT-methods, average concentrat ion, passive sampl i ng) 
(Swi tzer land) PFT r e a l l y  measures t h e  average concentrat ion ( o r  

e f f e c t i v e  ACH [Sherman]), and constant  concent ra t ion  
t r a c e r  r e a l l y  measures the  a i r f l o w  rate.  

Do these d i f f e rences  i n  r e s u l t s  exp la in  the  poor 
agreement observed between these methods, when used i n  
i nhabi t e d  dwel l  ings, where the  a i r f l o w  r a t e s  are n o t  
constant? 

N Bergsoe Yes. The PFT-method has a d e f i n i t e  negat ive bias, and as 
r ~ e n m a r k )  seen from Figure 2 s i g n i f i c a n t  f l u c t u a t i o n s  i n  the  a i r  

i n f i l t r a t i o n  r a t e  d i d  occur, du r ing  t h e  measuring period. 



JL Scar tezz in i  Do you use a  fan  du r ing  your experiments w i t h  PFT? 
( S w i  & USA) 

N Bergsoe Yes, the  goal was t o  t e s t  t h e  e f f e c t  o f  us ing  one method 
T~enmark)  (PFT) o r  c l a s s i c a l  method (constant  concentrat ion) .  

The r e s u l t s  are i n  t h i s  way b e t t e r  than i n  t h e  r e a l i t y  
where no fan  ex is ts .  

Paper S.3: 'Simp1 i f i e d  technique f o r  measuring i n f i  1  t r a t i o n  and 
v e n t i l a t i o n  r a t e s  i n  l a rge  and complex bu i ld ings :  
p ro toco l  and measurements', presented by E Perera (UK) 

J Axley To underscore t h e  comments o f  t h e  speaker, t h e  proposed 
(USA) method depends c r i t i c a l l y  on t h e  degree o f  communication 

between zones. As noted, a  dead zone poor l y  coupled t o  
t h e  r e s t  o f  t h e  system may in t roduce a  dominant response 
n o t  we l l  c o r r e l a t e d  t o  i n f i l t r a t i o n .  One can f i n d  
examples o f  we l l - ven t i l a ted  subsystem o f  b u i l d i n g  systems 
t h a t  are n o t  w e l l  coupled t o  t h e  r e s t  o f  t h e  b u i l d i n g  
system (e.g. t h e  Columbia Plaza b u i l d i n g  s tud ied  by 
P e r s i l y  a t  NBS). For these cases t h e  proposed s i m p l i f i e d  
method should be expected t o  f a i l .  

Two add i t i ona l  problems e x i s t  i n  p r i n c i p l e  i f  no t  i n  
fac t .  One may f i n d  systems having imaginary components 
associated w i t h  t h e i r  t ime constants t h a t  r e s u l t  i n  
o s c i l l a t o r y  decay response (see f o r  example data repor ted  
a t  t h i s  conference by J R Waters). That may tend t o  
in t roduce a d d i t i o n a l  e r ro r .  It i s  a l so  poss ib le  t o  
conceive o f  so-cal led degenerate systems whose decay 
response cannot be expressed as a  sum o f  simple 
exponenti a1 terms. 

E Perera (a) Comment i s  f a i r  - method would f a i l  i f  app l ied  t o  
TUK) whole bu i ld ing .  However, one can s t i l l  g e t  use fu l  r e s u l t s  

by reducing the  b u i l d i n g  i n t o  l a rge  subsystems and 
dea l ing  w i t h  these i n  i s o l a t i o n .  

(b)  Agree - we have, however, no t  found these problems i n  
r e a l - l i f e  measurements. 

P C o l l e t  I t h i n k  t h a t  the  d i f f e r e n c e  i n  slope i n  those th ree  room 
(Denmark) models are due t o  the  i n t e r n a l  i n f i l t r a t i o n  from t h e  

h ighest  source. 

E Perera We do no t  have a  simple two-cel l  b u i l d i n g  as used f o r  
TUK) your i l l u s t r a t i o n  - the re  are many c e l l s .  I t i s  t h i s  

feature which g ives the  oppor tun i t y  f o r  t h e  technique t o  
work; i.e. a  range o f  p l a u s i b l e  cond i t ions  as explored i n  
Ref. 4 o f  our paper. 

D T  Har r j e  Having long been an advocate o f  s i m p l i f i e d  conta iner  
sampling and having observed t h e  a b i l i t y  o f  t r a c e r  gas t o  
reach e q u i l i b r i u m  on a  s i n g l e  f l o o r  I must quest ion 
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e x a c t l y  what a  measurement means f i v e  hours l a t e r .  Must 
you assume long-term weather s t a b i l i t y ?  What exchange 
r a t e  i s  assigned t o  what weather cond i t i ons?  

I f  the  t r a c e r  d i s t r i b u t i o n  has reached an approximate 
s t a t e  o f  equ i l ib r ium,  then you use the  weather cond i t i ons  
p r e v a i l i n g  a t  t h e  t ime t h a t  you take  samples. I f  t h e  
weather cond i t i ons  are  indeed changing s i g n i f i c a n t l y ,  
then the  r e s u l t s  can be considered t o  be suspect. The 
same c r i t e r i a  t h a t  we use i n  r e g u l a r  decay experiments 
apply. 

(1) Degenerate so lu t i ons  w i l l  u s u a l l y  occur when one ( o r  
more) zone(s) receives a i r  from the  outs ide,  feeds a i r  t o  
one o r  more o the r  zones, b u t  does - n o t  rece i ve  a i r  from 
any o ther  zone. The zone on the  windward s ide  o f  a  
b u i l d i n g  may cause t h i s .  

(2) I f  the  t r a c e r  i s  d i s t r i b u t e d  approximately uni formly,  
"steady-state" decay w i  11 be es tab l  i shed r a p i d l y ,  
probably i n  a  f r a c t i o n  o f  a  t ime constant. 

(1) Comments s i m i l a r  t o  those f o r  Axley ( p a r t  'b l )  apply. 
We have, however, covered a  s i t u a t i o n  (Ref 5 i n  paper) 
s i m i l a r  t o  t h e  one you mention. There was no occurrence 
o f  any degenerate so lu t ions .  

(2) This  i s  n o t  so. The seeding s t ra tegy  t h a t  w i l l  
expedi te dominant decay requ i res  an i n i t i a l  d i s t r i b u t i o n  
p a t t e r n  s i m i l a r  t o  t he  r a t i o s  o f  t he  f i n a l  steady s t a t e  
concentrat ions. 

' F i e l d  s tudy comparisons o f  constant  concent ra t ion  and 
PFT i n f i  1  t r a t i o n -  measurements', presented by D Bohac 
(USA) 

-- 

(I) Erro rs  i n  t h e  use o f  t h e  PFT method can be due t o  the  
combined e f f e c t  o f  those e r r o r s  in t roduced by f l o w  
v a r i a t i o n  and those "perturbed" by e r r o r s  i n  t he  data 
set. E r ro rs  due t o  f l o w  v a r i a t i o n s  depend i n  p r i n c i p l e  on 
t h e  magnitude and spec t ra l  content  o f  t he  f l o w  va r ia t i on .  
Have you considered t h e  spec t ra l  content  o f  t he  f l o w  
v a r i a t i o n ?  

(2)  Solv ing the  inverse  problem transforms concent ra t ion  
da ta  t o  f l ow  r e s u l t s  and a l so  transforms u n c e r t a i n t y  i n  
concent ra t ion  da ta  t o  unce r ta in t y  i n  f l o w  r e s u l t s .  For 
t h e  problems a t  hand the re  w i l l  be an a m p l i f i c a t i o n  o f  
da ta  unce r ta in t y  t h a t  w i l l  be system dependent, t h a t  can 
be expected t o  be very  large. Given a  system and a  
measured data s e t  one can, and should, no t  o n l y  compute 
and r e p o r t  t h e  a i r  f l o w  s o l u t i o n  b u t  a l so  t h e  u n c e r t a i n t y  
i n  these flows. Pe r tu rba t i on  analys is ,  formal o r  
numerical (e. g. Monte Car lo  methods), prov ides one means 
t o  achieve t h i s  end. 



D Bohac 
T u S A )  

(1) We have n o t  i nves t i ga ted  the  spec t ra l  content  o f  t he  
f l ow  v a r i a t i o n ;  t h e  constant  concent ra t ion  method, used 
as the  standard aga ins t  which the  PFT method was 
compared, prov ides r e s u l t s  averaged over approximately 
one hour and t h e r e f o r e  do n o t  p rov ide  s u f f i c i e n t  d e t a i l  
f o r  complete spec t ra l  analys is .  

We have performed f u r t h e r  s tud ies  which a l so  i n d i c a t e  
t h a t  t he  underpred ic t ion  e r r o r  i s  a  f u n c t i o n  o f  t h e  
spec t ra l  content  (i.e. pe r iod  o f  t h e  o s c i l l a t i o n )  and 
r e l a t i v e  magnitude o f  the  o s c i l l a t i o n .  I n  add i t ion ,  t h e  
e r r o r  i s  a  f u n c t i o n  o f  t h e  magnitude o f  t h e  average 
i n f i l t r a t i o n  r a t e  (h igher  r a t e s  g i v e  l a r g e r  e r ro rs ) .  We 
have no t  examined t h e  spec t ra l  content  o f  our  data. 
However, t he  s imu la t ions  we performed w i t h  t h e  CCTG data . 
d i r e c t l y  take i n t o  cons idera t ion  the  spec t ra l  content, 
r e l a t i v e  magnitude o f  f l u c t u a t i o n ,  and the  average 
i n f i l t r a t i o n  rate.  

We p resen t l y  use a  p e r t u r b a t i o n  technique t o  compute t h e  
u n c e r t a i n t i e s  i n  t he  f l o w  rates. Th is  technique has been 
shown by t h e  researchers a t  BNL t o  be accurate i n  most 
s i t u a t i o n s  ( it was compared aga ins t  Monte Car lo  
s imu la t ions  o f  e r ro r ) .  The r e s u l t s  a re  conservat ive when 
two zones are w e l l  coupled. A paper by BNL exp la ins  the  
use o f  a  c o n d i t i o n  number f o r  the  concent ra t ion  m a t r i x  t o  
i n d i c a t e  when the  u n c e r t a i n t i e s  may be l a r g e r  than 
computed by our present  method. We w i l l  soon be 
i nco rpo ra t i ng  t h e  c a l c u l a t i o n  o f  t h e  c o n d i t i o n  number 
i n t o  our PFT analys is .  

P  F  C o l l e t  How do you cope w i t h  r e s u l t s  from b i g  samples, when 
(Denmark) you do n o t  know i f  t h e  s p e c i f i c  house has a  b i g  a i r i n g  

frequency o r  no t  and how do you make a  quest ionna i re  
w i thou t  changing the  behaviour o f  i nhab i tan ts?  

D Bohac 
T u S A )  

The r e s u l t s  o f  our  s tudy show t h a t  t he re  must be some 
documentation o f  t h e  l e v e l  o f  a i r i n g  i n  o rder  t o  achieve 
accurate i n f i l t r a t i o n  measurements. For a  l a r g e  study i t  
seems t h a t  t he  most e f f i c i e n t  way t o  do t h i s  i s  t o  
d i s t r i b u t e  surveys o r  quest ionnaires w i t h  t h e  
i n s t r u c t i o n s  f o r  t he  tes t .  I n  add i t ion ,  research must be 
done t o  c o r r e l a t e  the  repor ted  amount o f  a i r i n g  i n  a  
house and the  PFT underpred ic t ion  e r ro r .  

The occupant behaviour cou ld  be a f f e c t e d  by both the  PFT 
t e s t  and the  a i r i n g  survey. The i n s t r u c t i o n s  would have 
t o  s t ress  t h a t  the  occupants should n o t  a l t e r  t h e i r  
normal r o u t i n e  du r ing  the  tes t .  I t w i l l  be i n t e r e s t i n g  t o  
see how e f f e c t i v e  t h i s  w i l l  be. 

E Perera (1) Emission r a t e s  o f  your passive sources i s  a  f u n c t i o n  
(UK) o f  ambient temperature and you, r i g h t l y ,  make a  

c o r r e c t i o n  f o r  it. But t h i s  presupposes t h a t  temperature 
e q u i l i b r i u m  has been obtained. Even though you a l l ow  f o r  



D Bohac -- 
(USA) 

t h i s  i n  your c a l i b r a t i o n  procedure (by a l l ow ing  t h e  
e m i t t e r s  t o  e q u i l i b r i a t e  f o r  7-10 days i n  a water bath), 
you cannot do t h i s  du r ing  f i e l d  measurements. How do you 
a l l o w  f o r  t h i s ?  Does t h i s  n o t  exp la in  t h e  wide 
discrepancy i n  your comparison between the  PFT technique 
and constant  concent ra t ion  measures i n  the  'over-ai  red '  
b u i l d i n g ?  

(2)  Could you descr ibe how you prepare your reference 
'CATS' and how you compare them w i t h  t h e  performance o f  
t h e  'CATS' t h a t  you use? 

The temperature response o f  t h e  e m i t t e r s  i s  somewhat 
complicated. We have no t  s tud ied i t  i n  d e t a i l  b u t  Russel l  
D i e t z  has i n d i c a t e d  t h a t  about 50% o f  t h e  e q u i l i b r i u m  
value i s  reached a f t e r  a couple o f  days. Complete 
e q u i l i b r i u m  i s  reached a f t e r  10 t o  14 days. We b e l i e v e  
t h a t  t h i s  long t ime constant  w i l l  smooth o u t  sho r t  term 
(i.e. t h e  b r i e f  temperature drop t h a t  occurs dur ing  n i g h t  
setback) v a r i a t i o n s  i n  the  temperature so t h a t  t h e  source 
r a t e  w i l l  be f a i r l y  constant. Long term v a r i a t i o n s  i n  the  
temperature t h a t  may occur from t h e  s t a r t  t o  t h e  end o f  
t h e  t e s t  pe r iod  w i l l  be more o f  a problem. 

Our reference CATS are  made from our c a l i b r a t i o n  gas 
cy l i nde r .  Gas from t h e  c y l i n d e r  f lows through t h e  CATS 
which adsorbs t h e  PFT gases. The computer c o n t r o l s  the  
exposure t ime o f  t he  CATS and a gas f l o w  meter (accuracy 
o f  1%) i s  used t o  measure the  flow. We have found t h a t  
f l o w  ra tes  below approximately 45 cc/min must be used o r  
t h e r e  w i l l  be some breakthrough o f  t h e  PFT gases (i.e. 
t h e  e n t i r e  amount o f  PFT gases w i l l  n o t  be adsorbed). 
However, we have increased t h e  amount o f  ambersorb i n  the  
reference CATS so t h a t  h igher  f l o w  r a t e s  can be used 
w i thou t  breakthrough. 

H Phaf f  PFT does n o t  say so much about ACH. Th is  was ca l cu la ted  
(Netherlands) before and we can see i t  i n  your measurements. 

I t h i n k  here, there  are two k inds o f  goals f o r  
v e n t i l a t i o n  measurements: 

1. V e n t i l a t i o n  energy l o s s  
f l o w  rates,  ACH 

2. Indoor a i r  q u a l i t y  
p o l  l u t a n t  doses, concentrat ions, da i  1y i n t a k e  (human). 

- PFT w i l l  be an i d e a l  method f o r  determining t h e  indoor 
q u a l i t y  c a p a b i l i t y  o f  d i f f e r e n t  b u i l d i n g s  and systems. 
Emphasis must be on the  normal isa t ion  o f  source 
strengths, a standard procedure and personal sampling. 

- PFT must no t  be used ( i n  the  f i r s t  p lace)  t o  produce 
energy loss, ACH f igures .  



D Bohac -- 
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We agree t h a t  PFTs are  use fu l  f o r  indoor a i r  q u a l i t y  
studies. The r e s u l t s  from our t e s t s  i n  the  radon houses 
have al lowed us t o  measure t h e  radon e n t r y  source r a t e  
over  an e n t i r e  year f o r  seven houses. 

We disagree t h a t  PFT measurements cannot be used t o  
measure i n f i l t r a t i o n  rates. They prov ide a  simple method 
o f  measuring i n f i l t r a t i o n  i n  m u l t i p l e  house studies.  The 
underpred ic t ion  e r r o r  due t o  weather changes and occupant 
e f f e c t s  i s  an important  problem. However, w i t h  f u r t h e r  
s tud ies  we be l i eve  t h a t  i t  w i l l  be poss ib le  t o  p roper l y  
account f o r  t h i s  underpred ic t ion  effect, 

Paper S.6: 'S imula t ion  o f  C02, concent ra t ion  f o r  determining t h e  a i r  
change r a t e ' ,  presented by 1 Baumgartner (Swi tzer land) 

P Charlesworth Have you tested, o r  do you in tend  t o  t e s t  t h i s  mode1 i n  
(UK) o the r  bu i l d ings?  

T Baum a r t n e r  I f  t h e  new IEA-school annex i s  se lec ted and 
TS& Swi tzer land j o i n s  t h e  annex, we in tend  t o  do more 

measurements i n  schools w i thou t  mechanical v e n t i l a t i o n  
systems. 

H Phaf f  Ca lcu la t i ng  t h e  v e n t i l a t i o n  from t h e  C02 l e v e l  one should 
(Netherlands) take i n t o  account t h e  s i z e  (Dubois area) o f  t h e  persons. 

Data about t h i s  ex is ts .  Doing t h i s  t h e  e r r o r  i n  t h e  
v e n t i l a t i o n  can be l e s s  than 5 10%. 

T  Baumgartner Yes, t h i s  comment i s  cor rec t ,  i f  you d o n ' t  know t h e  - 
(Switzer land) absolute value o f  t h e  C02 product ion i n  t h e  room. 

C A  Roulet  I s  i t  poss ib le  t o  use your model t o  measure t h e  a i r  
(Switzerland) change r a t e  from occupancy l e v e l  and C02 concent ra t ion  

indoors and outdoors? 

T Baumgartner Yes, when the re  are  no p l a n t s  i n  t h e  room and you know - 
(Switzer land) t h e  outs ide  COe concent ra t ion  l eve l .  

Paper S. 7: 'Es t imat ing  a i r  i n f i l t r a t i o n  i n  mu l t i - s to rey  b u i l d i n g s  
us ing  wind tunnel  t e s t s ' ,  presented by - P Grabau (Canada) 

J Axley The study i s  based on a  power law r e l a t i o n  f o r  
(USA) i n f i l t r a t i o n  - an e leva t ion  t h a t  reasonably represents 

t h e  steady s t a t e  case. You conclude t h a t  t he  in f luence o f  
turbulence can be s i g n i f i c a n t  e s p e c i a l l y  under pressure 
con t ro l .  As one may expect, t h e  turbulence d r i v e n  f l ow  i s  
an unsteady phenomenon; then would you b e l i e v e  t h a t  your 
s tudy exaggerates the  importance o f  turbulence? 

P Grabau 
T~anada)  

I d o n ' t  t h i n k  t h a t  t h i s  study exaggerates the  importance 
o f  turbulence. F u l l  sca le  s tud ies  and wind tunne l  s tud ies  
on porous models could help t o  v e r i f y  t h e  mathematical 
model s. 



P F C o l l e t  You showed the  d i f f e r e n c e  between t h e  more and l e s s  
(Denmark) complicated models. How do you v e r i f y  t h e  d i f f e r e n c e  t o  

show t h a t  t h e  more complicated models a re  more accurate 
i n  p r a c t i c e  and the re fo re  are  worth t h e  e x t r a  e f f o r t ?  

P  Grabau The simple approach appears t o  be q u i t e  adequate under 
Tcanada) most s i t ua t i ons .  The exceptions a r i s e  under spec ia l  

i n t e r n a l  pressure c o n t r o l  when i n f i l t r a t i o n  due t o  
turbulence may become s i g n i f i c a n t .  

GV Fracastoro You sa id  t h a t  t h e  o v e r a l l  a i r  i n f i l t r a t i o n  r a t e  i s  
( I t a l y  a f fec ted  both  by t h e  b u i l d i n g  shape and by t h e  

surrounding t e r r a i n ,  through changes i n  wind d i r e c t i o n .  
Have you t r i e d  t o  s p l i t  t he  two e f f e c t s ?  

Which one o f  t he  two i s  p r e v a i l i n g ?  

P Grabau - Although we have no t  t r i e d  t o  s p l i t  up t h e  two e f f e c t s  i n  
(Canada) d e t a i l ,  o v e r a l l  t h e  surrounding t e r r a i n  (exposure) i s  the  

predomi nant. 

M Holmes Wind tunnel  t e s t s  are  used t o  o b t a i n  data  on t h e  response 
(UK) o f  s t ruc tu res  t o  pressure f l u c t a t i o n s .  Do you t h i n k  i t  

poss ib le  t o  combine t h e  power spectrum associated w i t h  
measured pressure c o e f f i c i e n t s  and a  b u i l d i n g  t r a n s f e r  
func t ion  t o  o b t a i n  r e a l i s t i c  v e n t i l a t i o n  r a t e s  under 
non-steady cond i t ions? 

P Grabau - 
(Canada) 

E Perera 
(Ute 

P Grabau 
Tcanada) 

The turbulence e f f e c t s  are  genera l l y  small  and t h e  
add i t i ona l  i n f i l t r a t i o n  due t o  turbulence can, i t  seems, 
be est imated q u i t e  w e l l  w i t h  t h e  simple s t a t i s t i c s  r a t h e r  
than t h e  spectrum. 

Could you please exp la in  why Figure 4 shows a  s i z a b l e  
i n f i l t r a t i o n  caused s o l e l y  by turbulence even though 
F igure  3 shows no d i f f e r e n c e  between r a t e s  obta ined w i t h  
and wi thout  the  a d d i t i o n  o f  f l u c t u a t i o n  pressures t o  the  
mean pressures? 

Figure 4 r e f l e c t s  a  hypothet ica l  s i t u a t i o n  i n  which t h e  
i n t e r n a l  pressure o f  each p o i n t  i s  he ld  steady a t  t he  
mean pressure f o r  t h a t  po in t .  The i n f i l t r a t i o n  i s  then 
due e x c l u s i v e l y  t o  the  f l u c t u a t i n g  components. The model 
complies a l so  t h a t  t h e  i n t e r n a l  v e n t i l a t i o n  system 
ad jus ts  i t s e l f  t o  the  r e s u l t i n g  i n t e r n a l  f lows. 

H Phaff  Did you take i n t o  account the  dynamics o f  t h e  i n t e r n a l  
(Netherlands) pressure f l u c t u a t i o n s  ( i n  the  rooms) due t o  t h e  

f l u c t u a t i n g  wind pressures? 

I f  you d id;  do you have in format ion  on how simultaneously 
t h e  pressures on t h e  d i f f e r e n t  pressure taps go up and 
down (phase and frequency o f  t h e  f l u c t u a t i o n s ) ?  

P Grabau - No, the  i n t e r n a l  pressure was taken t o  be uniform. The 



(Canada) b u i l d i n g s  are  very  big, and s ince  t h e  same i n t e r n a l  
pressure i s  used f o r  t h e  e n t i r e  b u i l d i n g  ( n o t  i n  model 3 
though), i t  i s  n o t  l i k e l y  t h a t  t he  i n t e r n a l  pressure 
f l u c t u a t i o n s  w i l l  be b i g  compared t o  t h e  ex te rna l  
pressure f 1 uctuat ions.  No, we d o n ' t  have any in fo rmat ion ,  
s ince  the  o n l y  values we have used so f a r  a re  t h e  RMS, 
mean, and peak pressures. 

JL Sca r tezz in i  Stack e f f e c t  f o r  such a huge b u i l d i n g  i s  o f t e n  dominat ing 
( S w i  & USA) wind e f f e c t .  Do you account i n  your wind tunne l  

experiment f o r  t he  s t r a t i f i c a t i o n  o f  a i r  temperature (by 
use o f  a s t r a t i f i e d  temperature wind tunne l  experiment)? 

P Grabau - No. The wind tunnel  experiments were c a r r i e d  o u t  i n  a 
(Canada) n e u t r a l l y  s t a b l e  f l ow  ( represent ing  s t ronger  winds). 

Stack e f f e c t  can be inc luded i n  the  c a l c u l a t i o n s  where 
necessary. 

Paper S.8: 'The moisture load i n  dwel l  i ngs  as a f u n c t i o n  o f  t h e  
l a y o u t  o f  t he  rooms shown by ground p lans ' ,  presented by 
K Hain (FRG) -- 

H E Feustel  I n  b u i l d i n g s  w i t h  d i f f e r e n t  types o f  mechanical 
(Swi tzer land)  v e n t i l a t i o n  systems (here one balanced, and one exhaust 

system) the re  i s  t he  danger o f  a s t rong i n t e r a c t i o n  
between the  v e n t i l a t i o n  systems. I f  your exhaust system 
i s  powerful  enough t o  suck a i r  through c losed windows 
f rom the  leeward s ide  o f  t h e  bu i l d ing ,  i t  w i l l  be 
obv ious ly  s t rong enough t o  overcome t h e  f l o o r  res is tances  
o f  t he  two i n t e r n a l  doors between t h e  two considered 
f l a t s  (see Feuste l /L inZ HLH 4/87). 

I n  one apartment t he re  i s  a balanced v e n t i l a t i o n  system 
and the re fo re  the re  i s  no i n f l uence  on t h e  i n t e r n a l  door 
o f  t h i s  f l a t .  The vo lumet r ic  f l o w  o f  exhaust and supply 
a i r  here are coinc ident .  We know t h a t  t h i s  i s  n o t  always 
i n  balanced v e n t i l a t i o n  systems, b u t  t h i s  was a 
r i -e-project.  I n  the  o t h e r  f l a t  t he re  i s  an exhaust 
v e n t i l a t i o n  system. There i s  n o t  a i r  coming through t h e  
c losed windows only, b u t  a l s o  through the  i n t e r n a l  door 
o f  t he  f l a t  as shown i n  the  p i c t u r e s  1-4. But t h i s  stream 
i s  overlooked i n  the  p i c t u r e s  9-11. But t h e  s t a i r c a s e  
w i t h  the  f r o n t  door has a much lower f l o w  res i s tance  as 
t h e  o ther  i n t e r n a l  door of t h e  f l a t  w i t h  balanced 
v e n t i l a t i o n .  Therefore the re  i s  no i n t e r a c t i o n  between 
v e n t i l a t i o n  systems. 

W Raatschen I n  f i g u r e  11 you showed an exhaust system, where t h e  
( FRG v e n t i l a t o r  i s  so powerful  t h a t  even a t  h igh  wind speeds 

t h e  a i r  i s  i n f i l t r a t i n g  from a l l  sides. I f  t h i s  i s  t he  
design p o i n t  f o r  your v e n t i l a t i n g  system you w i l l  have 
much too h igh  a i r  f l o w  ra tes  a t  calmer weather 
cond i t ions .  Do you t h i n k  t h a t  t h i s  i s  an energy e f f i c i e n t  
way t o  v e n t i l a t e  a r e s i d e n t i a l  b u i l d i n g ?  

H ~ r t h ~ e r  No. 
TFRG) 
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