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In order to strengthen cooperation in the vital area of energy policy, an Agreement on an lnternational Energy 
Program was formulated among a number of industrialised countries in November 1974. The International 
Energy Agency (IEA) was established as an autonomous body within the Organisation for Economic Cooperation 
and Development (OECD) to administer that agreement. Twenty-one countries are currently members of the 
IEA, with the Commission of the European Communities participating under a special arrangement. 

As one element of the lnternational Energy Program, the Participants undertake cooperative activities in energy 
research, development, and demonstration. A number of new and improved energy technologies which have the 
potential of making significant contributions to our energy needs were identified for collaborative efforts. The 
IEA Committee on Energy Research and Development (CRD), assisted by a small Secretariat staff, coordinates 
the energy research, development, and demonstration programme. 

Energy Conservation in Buildings and Communiw Systems 

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

Annex V Air Infiltration Centre 

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

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

The Participants in this task are Canada, Denmark, Italy, Netherlands, Sweden. Switzerland, united Kingdom and 
the United States. 
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PAPER 1 - KEYNOTE ADDRESS 

INSTRUMENTATION AND 

MEASURING TECHNIQUES 





Key-note Address on ' Instrumentation and Measuring Techniques' by J B Dick 

Introduction 

I was very interested ea r l i e r  th is  year to  learn from Mr Jackman, Head 
of the Air Inf i l t ra t ion  Centre, of the proposal t o  hold a conference 
on the subject of instrumentation and measuring techniques to  assess 
a i r  inf i l t ra t ion  rates. My reaction t o  his invitation to present a 
key-note address was rather more mixed ! I t  i s  many years since I was 
engaged in detailed research on ventilation and, a1 though I have retained 
an interest  over the intervening years, i t  i s  only recently, as  part of 
some consultancy work on energy conservation, tha t  I have once again 
become involved i n  the subject. The question facing me was whether, from 
my ear l ie r  experience i n  the f i f t i e s  as a member of the Building Research 
Station team researching on the ventilation of buildings, I could abstract 
any information which m i g h t  be helpful to  those working in this f i e ld  now. 

Reflecting on the early work, i t  was clear that ,  although perhaps not a l l  
the results of the research had been published, most of the major results 
had found the i r  way into the l i te ra ture ;  on the other hand, although we 
had included i n  our publications brief descriptions of the instrumentation 
and measuring techniques used i n  specific studies,  no connected account 
of our overall approach to the development of our studies had been 
pub1 ished. I t  seemed to  me that  some discussion of the approach adopted 
(rather than the resul ts  obtained) could s t i l l  have relevance and might 
be helpful in set t ing the scene for your discussions a t  th i s  conference. 
I t  was with th i s  background i n  mind tha t  I f e l t  able to  accept-the 
invitation t o  prepare a key-note address. The notes which follow briefly 
outline our approach - an account which, perhaps, can be expanded somewhat 
i n  the actual address. 

Before describing the development of our approach to  the measurement of 
ventilation rates ,  I need to  describe the context i n  which our early 
studies of ventilation were undertaken. During the Second World War a 
wide range of desk studies relevant t o  post-war housing were made in the 
U.K. Problems of heating and ventilation received due attention and the 
need for research to  f i l l  i n  certain gaps i n  knowledge was identified. 
For this  purpose, a ser ies  of some th i r ty  experimental houses was 
subsequently constructed; these incorporated a range of different 
heating systems using different fuels and had various provisions for  
ventilation and also for  insulation of the fabric. The primary task of 
the ventilation team was to  assess the ventilation rates in practise, 
f i r s t l y  in the unoccupied houses and subsequently when occupied. The 
main interest  was in two aspects: assessment of actual ventilation 
rates i n  rooms from the point of view of standards of ventilation in 
relation to a i r  purity; and then assessment of rates of heat loss 
associated with ventilation. The l a t t e r  resul ts  were then to  be combined 
with those obtained by the research team concerned w i t h  heating who were 
measuring fuel consumptions and the temperatures attained throughout the 
dwellings; i n  t h i s  way an assessment could be made of the overall 
performance of the systems in the i r  sett ings.  Although prior i ty  had to  
be given to ensuring adequate resul ts  from measurements in practice, i t  
was clear tha t  long term progress was dependent on developing a better 
understanding of the various processes involved which affected the 
performance both as regards heating and ventilation, and therefore every 
opportunity was taken to  develop re1 ated, more special ised studies which 



could contribute to  this understanding. On the ventilation side, this led 
t o  more detailed studies of a i r  movement i n  rooms, and also of the acting 
pressures and the effective resistances t o  a i r  flow i n  practice. In such 
ways we t r i ed  t o  develop an integrated approach, supplementing our f i e ld  
studies of what happened i n  practice by studies of specific factors.  

2. Outline of approach to  measurement i n  unoccupied houses 

Our s tar t ing point fo r  measurement of ventilation was the ea r l i e r  work 
undertaken by Marley a t  the Building Research Station. He had used 
hydrogen as  a t racer  gas,measuring i ts  concentration w i t h  a katharometer 
(essentially a thermal conductivity meter) and had shown i n  a controlled 
experiment w i t h  a known ra te  of a i r  flow through a room, that  this method 
provided, on the basis of the decay ra te  of the concentration, a good 
estimate of the a i r  flow rate.  Clearly the extent of the agreement and 
the accuracy of the method was dependent on the degree of mixing of the 
incoming a i r  w i t h  the a i r  i n  the room. The question which arose i n  our 
minds was whether, i n  the circumstances w i t h  which we were concerned, 
m i  xi ng woul d be adequate. 

We therefore undertook a ser ies  of controlled experiments in which we 
mixed the hydrogen w i t h  the a i r  i n  the room using a fan and then 
measured the rates o f  decay i n  various parts of the room a f t e r  the 
mixing fan had been switched off. Clearly, near an in le t ,  e.g. under a 
door, one could get much higher rates  indicated than i n  the main body of 
the room but el  sewhere i n  the rooms we found tha t  the variation i n  a i r  
change rates measured was small; a controlled ser ies  of experiments 
suggested a coefficient of variation between three simultaneous 
measurements of the order of 8 or  9%. These resul ts  were obtained i n  
normal rectangular rooms; we found considerably more variation i n  the 
hall and landing space of our two-storey experimental houses, a variation 
which was mainly due t o  a ventilator near an outside door which acted as 
an inlet .  Based on these studies, the technique we adopted i n  the 
unoccupied houses (which had the i r  internal doors closed) was t o  use a 
fan only fo r  i n i t i a l  mixing of the t racer  gas and to measure the decay 
i n  rooms us ing  a single katharometer placed centrally,  b u t  to  have a t  
leas t  two katharometers when measuring in hall and landing. We also 
complemented the measurements in individual rooms by simul taneous 
measurements of the leakage of t racer  gas to  adjacent rooms, on these 
occasions using a slow runn ing  fan t o  help mixing i n  the adjacent room 
and thus ensuring tha t  the leakage was detected. From such measurements 
we could estimate the ventilation loss to  outside from the main room 
being examined. 

I should add a few detailed points which were checked regarding the 
characteristics of the tracer gas and the katharometer measurements: 

(1) Provision was made to absorb water vapour and carbon dioxide which 
could af fec t  katharometer readings, essential 1y a diffusion chamber 
containing Carbosorb. 

(2 )  The time constant of the katharometer and i t s  diffusion chamber was 
small compared w i t h  the decay constants. 

(3 )  The ef fec t  of the higher diffusion rate  of hydrogen as compared 
w i t h  a i r  over the typical path length t o  outside from a room was 
small - i t  was equivalent to  a very low a i r  speed. 



(4) There was no sign of absorption or  adsorption of the t racer  gas 
on surfaces - processes which can limit the usefulness of some 
vapour and gases as possible tracers.  

Approach to measurement i n  occupied houses 

During the f i r s t  year of the studies,  as the programme of measurements 
of ventilation rates was undertaken i n  the unoccupied houses, we also 
s tar ted investigating methods by which we might continue our measurements 
when the houses were occupied. We decided that  we should, i f  a t  a11 
possible, make these measurements from outside the houses thus avoiding 
any interference w i t h  the l iving patterns of the occupants. The basic 
idea was that  we should instal  a system by which we could pump a t racer  
into individual rooms and measure i ts  decay by extracting a continuous 
sample from each room. 

Our ea r l i e r  experience was that ,  w i t h  closed individual rooms, the normal 
circulation of convection currents down walls and windows, the distributed 
in le ts  around windows and doors, and the typical convection from heat 
sources with the i r  increased eddy diffusion,combined to provide a general 
mixing process. We recognised tha t  this might not apply universally with 
a1 1 possible systems such as are  based on warm a i r  in le ts  a t  high level 
where s t ra t i f ica t ion  and temperature gradients would inhibi t  the mixing 
process to  some extent. I t h i n k  tha t  there could also be reservations 
about the mixing tha t  might be achieved in large enclosed spaces where 
walls i n  particular would have a smaller contribution t o  make t~ mixing. 
W i t h  th is  background, we now extended our exploration of measuring 
techniques, recognising that  we now had to  accommodate cases where 
windows and internal doors might be open and also that  any sampling tubes 
had t o  be instal led round the perimeter of the room and could not terminate 
centrally i n  the room i t s e l f .  

We started by examining the effects  of open windows. We did a ser ies  of 
controlled experiments in which we mixed our t racer  gas using a fan in the 
rooms w i t h  windows closed and then measured the rates  of decay a t  three 
points on the room a f t e r  the windows were opened. The differences in the 
rates observed were much larger than i n  the closed rooms, and i t  was clear  
tha t  representative sampling would only be achieved i f  we sampled from a 
considerable number of points. T h i s ,  as related la ter ,  did not present 
undue diff icul ty.  

To introduce and obtain adequate mixing of a tracer gas without the use 
of a fan was rather more complicated and required a more detailed ser ies  
of investigations. These were done on the assumption that  we could instal  
6mm copper tubes running from an external terminal t o  each room where they 
could be f i t t e d  to  the baseboards and would be unobtrusive. The development 
of th is  work can be summarised as below: 

(1 ) Tracer gas introduced a t  a point, direct  from a hydrogen cylinder 
over a period of 1 minute to  give the required concentration of 0.15%; 
th is  produced a difference i n  the maximum concentrations measured near 
ceiling and floor of 6:l with a time lag between the peaks of 25 
minutes. 

( 2 )  We then t r ied  introducing the gas through copper tubes which were 
dri l led w i t h  holes of equal s ize  and ran along two sides of the 
room; this only gave a s l ight ly bet ter  distribution and time lag 
be tween peaks . 



(3) The next stage was to improve the uniformity of the input by 
instal l ing miniature carburettor je t s  a t  intervals along the copper 
tube which could be sized t o  provide equal flow rates;  and also to  
reduce the buoyancy of the input by using a mixture of about 5 or 
6% hydrogen i n  a i r  ( j u s t  below the explosive 1 imit !) which was 
pumped i n  for a period of about 10 minutes. These modifications 
produced a radical improvement i n  the distribution of t racer  gas. 

(4) On t h i s  basis, the system was further developed in the houses 
themselves. We had a range of j e t s  with sizes from 0.4mm up to 
3mm and these could be screwed into f i t t i ngs  mounted on copper 
tubing which ran round the baseboards. The number of j e t s  used was 
between 25 and 40 per room and the sizes used could be selected not 
only to  equalise flow rates but also to t a i l o r  the instal la t ion to  
allow for  the presence of furniture and to  take advantage of 
convection currents such as those induced by radiators; smaller j e t s  
were also used i n  corners to  avoid undue accumulations of t racer  
gas. Practical t r i a l s  showed tha t  acceptable distributions were 
generally being achieved. 

(5) For sampling, a second ser ies  of copper tubes was installed also f i t t e d  
w i t h  mountings t o  accept je t s  of different sizes as required; some 
6 to 8 j e t s  were used t o  extract equal samples of the a i r  i n  the room 
w i t h  perhaps half or more of the j e t s  a t  mid-level up  the walls and 
the remainder along the baseboard; mountings behind furniture which 
m i g h t  r e s t r i c t  circulation were sealed. 

(6 )  One reservation about the system we had developed was that  i t  involved 
u s i n g  a mixture of hydrogen and a i r  which was rather close to  the 
explosive l imit.  I t  was with some rel ief  that  we managed to  obtain 
a supply of helium to use i n  the occupied houses, a gas suitable for  
measurement by katharometer and w i t h  the further advantage of a rather 
lower buoyancy i n  a i r .  

4. Programme of measurements 

The techniques described above were appl ied to  measure ventilation rates 
in the experimental houses i n  a programme lasting over three years. The 
main resul ts  were published a t  the time and I do not propose to discuss 
these in any detail  here; rather I shall deal w i t h  the experience we 
gained of the various types of measurements made i n  practice and w i t h  
their  interpretation. 

When the houses were unoccupied, the main emphasis was on measuring 
ventilation rates i n  individual rooms together w i t h  leakages t o  adjacent 
rooms. The resul ts  were correlated w i t h  temperature difference, wind 
speed and direction,and estimates were then made of seasonal a i r  change 
rates and consequent heat loss rates. These measurements were supplemented 
by direct measurements of house a i r  change rates  during which internal 
doors were open and slow-running fans were used to encourage internal mixing. 
Some measurements were also made w i t h  small windows open and the effects  
on rates i n  individual rooms and i n  houses were assessed. 

In the occupied houses, we started by measuring individual rooms b u t  i t  
was soon clear  that  we were getting two se ts  of resul ts  according t o  
whether the internal doors were open or not; consequently when rooms were 
obviously 1 inked, we injected t racer  gas into both rooms and measured the 
joint rate  of decay. The variabi l i ty  in the position of internal doors 
and the degree of window opening adopted by the occupants clearly made 
the task of developing, on the basis of individual room measurements, 
overall estimates of a i r  change rates  for  the houses much more d i f f i cu l t  



than i n  the unoccupied closed houses. Consequently, we began placing 
much more emphasis on measuring the overa l l  a i r  change r a t e  by pumping 
i n  t racer  gas t o  achieve the same concentrat ion i n  each room and then 
measuring the r a t e  o f  decay. This approach was l a t e r  extended t o  set  
the i n i t i a l  concentrat ion i n  each room a t  a l eve l  proport ional  t o  the 
temperature d i f fe rence  above t h a t  outs ide - f o r  the subsequent r a t e  
o f  decay, the heat loss ra te  by v e n t i l a t i o n  could be assessed. 

5 .  Complementary studies 

I nientioned i n  the in t roduc t ion  that ,  although our i n i t i a l  programme 
had t o  give p r i o r i t y  t o  measuring v e n t i l a t i o n  ra tes i n  ' the experimental 
houses, we a lso s ta r ted  a complementary set  o f  longer term studies. 
These studies were concerned w i t h  three main topics:  the examination 
o f  other possible tracers; a i r  c i r c u l a t i o n  processes w i t h i n  rooms; the 
magnitude o f  the ac t ing  pressures and the resistances i n  the a i r  f low 
paths. I sha l l  deal very b r i e f l y  w i t h  each o f  these i n  turn.  

Carbon dioxide was considered as a possible t racer  gas but, apart  from 
a few t r i a l s ,  was n o t  used on any scale because o f  the need t o  swamp 
background var ia t ions  a r i s i n g  from occupants o r  appliances such as f l ue less  
gas heaters. We a lso explored the use o f  rad ioact ive tracers: our f i r s t  
essay was w i t h  rad ioact ive ethylene dibromide which was read i l y  ava i lab le  
but  we encountered d i f f i c u l t i e s  due t o  absorption o f  the t racer,  
p a r t i c u l a r l y  on wal ls .  We moved on t o  explore the use o f  rad ioact ive 
argon which we found sa t i s fac to ry  as a t racer  although i t  had some 
l im i t a t i ons  because o f  i t s  ra ther  shor t  h a l f - l i f e  o f  2 hours - a t  the 
time, a su i tab le  a l t e rna t i ve  appeared t o  be rad ioact ive krypton w i t h  a 
ha l f -1  i f e  o f  9 years, but  heal th hazards would have t o  be checked. 

The studies o f  a i r  movement w i t h i n  rooms were d i rec ted a t  a b e t t e r  
understanding o f  the fac tors  con t r ibu t ing  t o  the a i r  c i r c u l a t i o n  pat tern  - 
a pat tern  which could have impl icat ions f o r  the choice o f  measurement 
techniques and t h e i r  in terpreta t ion,  and i s  a1 so important as regards 
the effect iveness o f  ven t i l a t i on  t o  occupants o f  the space. The main 
studies were concerned w i t h  the a i r  f l ow induced down co ld  wal ls  and 
windows, and above heated sources e i t h e r  adjacent t o  wa l l s , o r  i n  the 
centre o f  the room. The a i r  flow, f o r  example above radiators,  was 
measured by photographing the paths o f  p a r t i c l e s  o f  meta-fuel and also 
by hot-wire anemometry. This work c l e a r l y  demonstrated the vigorous 
mixing which could occur as a i r  was entrained i n  the various j e t s  and 
these expanded and c i rcu la ted  i n  the space. Some work on model studies 
was a lso undertaken using po in t  and l i v e  heat sources i n  a small tank 
containing p a r a f f i n  o i l  ; i t  was no t  possible t o  simulate simultaneously 
the laminar and turbu lent  components o f  flow i n  pract ice, bu t  the resu l t s  
proved useful i n  a qua1 i t a t i v e  sense. I would stress the importance o f  
appreciat ing possible c i r c u l a t i o n  and mixing pat terns no t  on ly  i n  
housing but  p a r t i c u l a r l y  i n  la rger  spaces, such as foundries, where 
ven t i l a t i on  systems can be designed t o  take advantage o f  l oca l  airstreams 
ra ther  than simply provid ing a general l eve l  o f  ven t i l a t ion .  

The t h i r d  group o f  complementary studies was concerned w i t h  the pressures 
promoting a i r  f low and the resistance o f  the various a i r  passages. A 
ser ies o f  measurements was made o f  the wind pressures act ing across the 
wal ls  o f  the experimental houses and the resu l t s  were correlated w i th  
wind speed and d i rec t ion,  and compared w i t h  the resu l t s  of model studies 
i n  wind tunnel s. I n  the 1 aboratory, systematic measurements were made 
o f  the a i r  f low through gaps f o r  a range of d i f f e r e n t  types o f  windows 
as pressures and sizes o f  gaps were varied; we found t ha t  the resu l t s  



could best be expressed in the form P = AV + BV2 where P was the pressure 
difference, V the volume rate  of a i r  flow,and A and B were parameters 
which could be interpreted as representing the laminar and turbulent 
aspects of flow'respectively. We also studied the a i r  flows induced 
by flued heating appliances, relating. these t o  the i r  efficiencies and 
the resistances presented by the flues and the a i r  inlets .  We also 
t r ied  to  measure the overall characteristics of individual houses by 
pressurising them b u t  without success, due mainly to  the inadequacy of 
the fans we had available a t  the time and also the low sens i t iv i ty  of 
our manometers; I was very interested to  read i n  the conference papers 
of the progress since achieved on t h i s  aspect. 

6. Concl us i ons 

In my address, I have presented a review based on the early experience 
of the Building Research Station team engaged on ventilation research 
in the f i f t i e s .  Since then there is  no doubt tha t  considerable progress 
has been possible so f a r  as instrumentation is  concerned: new tracers;  
much higher sen t i t iv i ty  i n  measuring concentrations; modern data 
processors and recorders; much more effective automatic control systems. 
On the other hand, i t  appears to  me tha t  the basic problems, so f a r  as 
techniques of measurement and the subsequent interpretation of results 
are concerned, have not changed so radically and I hope tha t  my 
contribution on this aspect will s t i l l  provide food for thought. In 
conclusion, I would emphasise once again the need for  an understanding 
of the a i r  circulation and mixing patterns which occur i n  practice and 
for  a predictive model reflecting the acting pressures promoting 
ventilation and the various resistances to  a i r  flow which are involved. 
I hope tha t  ny reflections will provide a background against which your 
discussions of the various problems involved wi 11 develop profitably a t  
this conference. 
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This  paper p re sen t s  a survey of  t-racer-gas techniques f o r  measuring 

a i r  i n f i l t r a t i o n  and inc ludes  a t h e o r e t i c a l  d e r i v a t i o n  of t h e  equat ions,  

a d e s c r i p t i o n  of each  method, and a s h o r t  d e s c r i p t i o n  of t h e  experimen- 

t a l  procedure. A q u a l i t a t i v e  e r r o r  a n a l y s i s  which concent ra tes  on mix- 

i ng  problems is  der ived  and used t o  compare the  s t r eng ths  and weaknesses 

of each method. 

The theo ry  of multi-chamber i n f i l t r a t i o n  measurement i s  derived f o r  

use  i n  s i t u a t i o n s  involv ing  many in te rconnected  spaces (network type 

models). A s e t  o f  measurement techniques analogous t o  t h e  s i n g l e  

chamber techniques is  discussed along with q u a l i t a t i v e  e r r o r  ana lys i s .  

The ques t ion  of e f f e c t i v e  volume and mixing is  addressed f o r  both 

the  s i n g l e  and multi-chamber cases .  Also discussed is  the  genera l  t op ic  

of non-tracer techniques f o r  measuring i n f i l t r a t i o n .  

INTRODUCTION 

The measurement of a i r  i n f i l t r a t i o n  has  become inc reas ing ly  impor- 

t a n t  i n  r e c e n t  years .  In  t y p i c a l  United S t a t e s  houses a i r  i n f i l t r a t i o n  

accounts f o r  113 of t h e  t o t a l  hea t ing  and cool ing  loads ,  A s  t he  average 

i n s u l a t i o n  va lue  of houses is  inc reased ,  t h i s  f r a c t i o n  w i l l  r i s e .  

Accordingly, e f f o r t s  should be made t o  reduce t h e  i n f i l t r a t i o n  loads i n  

l i n e  wi th  t h e  o t h e r  load reduct ions .  AS houses a r e  made t i g h t e r  t o  

reduce i n f i l t r a t i o n ,  a i r  q u a l i t y  can  d e t e r i o r a t e  and minimum v e n t i l a t i o n  

r a t e s  must be e s t ab l i shed .  I f  we a r e  t o  balance these competing demands 

of energy conserva t ion  and adequate a i r  q u a l i t y ,  i t  i s  e s s e n t i a l  t h a t  we 

be a b l e  t o  a c c u r a t e l y  measure i n f i l t r a t i o n .  

The work descr ibed  i n  t h i s  r e p o r t  was funded by the  Of f i ce  of Buildings 
and Community Systems, Ass i s t an t  Secre ta ry  f o r  Conservation and Solar  
Applicat ions of t h e  UoS. Department of Energy under Contract  No. W- 
7405-ENG-48. 



Current research  i n  i n f i l t r a t i o n  has its o r i g i n  i n  the  set of th ree  

papers published by Dick e t  a l .  i n  the  l a t e  f o r t i e s  .Is3 Many of the  

problems we s t r u g g l e  with today were i d e n t i f i e d  i n  these papers, which 

remain a s t a r t i n g  point  f o r  any se r ious  study of research problems i n  

i n f i l t r a t i o n .  

One major change which has occured s i n c e  the  Dick papers has been i n  

instrumentation technology. V i r t u a l l y  a l l  d i r e c t  measurement schemes 

use the d i l u t i o n  of a t r a c e r  gas t o  es t imate  the  i n f i l t r a t i o n ;  there- 

fo re ,  i t  is  worthwhile t o  review the  equations which govern t r a c e r  d i lu-  

t ion techniques. 

Continuity Equation 

I f  a tracer-gas i s  released i n t o  a space the  r a t e  of change of the 

amount of t h a t  gas  w i l l  be governed by the  amount of gas in jec ted  and 

the  amount of gas l o s t .  

where 

t i s  the  time [ h r ] ,  
3 

Vg 
i s  t h e  volume of t r a c e r  i n  the  space [m 1 ,  

F 3 i s  the  in jec ted  flow of t r a c e r  from the  source [m /h r ]  and 

"e 
3 i s  the  net  volume of t r a c e r  l o s t  t o  e x f i l t r a t i o n  [m 1. 

[Note tha t  we have used the  word " e x f i l t r a t i o n "  above. Since t h e r e  i s  

no n e t  build-up of a i r  withing the  space, the  i n f i l t r a t i o n  and exf i l -  

t r a t i o n  w i l l  must be equal.  Therefore, i n  genera l ,  we w i l l  use the  word 

i n f i l t r a t i o n  t o  mean e i t h e r  a i r  flowing out ( e x f i l t r a t i o n )  o r  a i r  flow- 

ing i n  ( i n f i l t r a t i o n ) . ]  



We can def ine  the  average concentrat ion of tracer-gas a s  being the  

r a t i o  of t h e  volume of tracer-gas i n  the  space t o  the  volume of the  

space i t s e l f .  

where 

C i s  the average concentrat ion of tracer-gas and 

v 3 i s  the  volume of the  space [m 1. 

I f  the  concentrat ion of tracer-gas outs ide  the  t e s t  space i s  negli- 

g ib le ,  the  r a t e  of volume of tracer-gas l o s t  w i l l  be the  product of the  

i n f i l t r a t i o n  and the concentrat ion i n s i d e  the  t e s t  space. 

where 

Q i s  the i n f i l t r a t i o n  [m3/hr]. 

Combining a l l  of these equations together  and rearranging terms 

gives the con t inu i ty  equation i n  i ts  standard form: 

A quan t i ty  o f t en  used t o  charac ter ize  Ynf i l t r a t ion  i s  the  r a t i o  of 

the  i n f i l t r a t i o n  t o  the volume of the  space, the  i n f i l t r a t i o n  r a t e .  

where 

A i s  the i n f i l t r a t i o n  r a t e  [hr-I 1. 



The i n f i l t r a t i o n  r a t e  is the  number of volumes of room a i r  d i sp l aced  i n  

a spec i f i ed  period of t ime ( i . e .  a i r  changes per  hour).  

For a gas t o  be used as a t r a c e r ,  i t  must f u l f i l l  c e r t a i n  requi re -  

ments inc luding  ease  of  d e t e c t a b i l i t y ,  low ambient concent ra t ion ,  non- 

t o x i c i t y  e t c .  A survey of commonly used t racer-gases  and an  experimen- 

t a l  intercomparison, which inc ludes  a d e f i n i t i o n  o f  a tracer gas ,  has 

been done by Grimsrud e t  a l .  4 

Mixing and E f f e c t i v e  Volume 

The c o n t i n u i t y  equat ion presented w a s  der ived using the  average con- 

c e n t r a t i o n  and ins tan taneous  flow as t h e  measured q u a n t i t i e s .  While t he  

i n j e c t e d  flow of  t racer -gas  is  usua l ly  q u i t e  easy  t o  measure, t h e  aver- 

age concent ra t ion  is not .  Conventional p r a c t i c e  has  been t o  measure the  

concentrat ion i n  a smal l  number of l o c a t i o n s  and t o  assume t h a t  t h i s  

concentrat ion is r e p r e s e n t a t i v e  of t he  average concent ra t ion  i n  t h e  t e s t  

space; however, t h e r e  a r e  many in s t ances  when t h i s  assumption may no t  be 

adequate. 

Most of t he  inadequacies  t h a t  a r i s e  can be broadly ca tegor ized  a s  

mixing problems. Mixing problems can b e  broken down i n t o  t h r e e  types:  

mixing of f r e s h  a i r  i n t o  the space; mixing of t racer -gas  i n t o  the  space; 

and c i r c u l a t i o n  of a i r  w i th in  t h e  space. Each of  t hese  mixing problems 

can have a d i f f e r e n t  e f f e c t  on the  measured concentrat ion.  

When f r e sh  a ir  e n t e r s  the  space it may not  be d ispersed  evenly,  and 

t h i s  can cause t h e  concent ra t ion  of t racer-gas t o  vary  from po in t  t o  

poin t .  I n  a res idence ,  t h i s  behavior can  cause t h e  average concentra- 

t ion  t o  vary  from room t o  room; t h e  l e a k i e r  room w i l l  have lower concen- 

t r a t i o n s  than t h e  t i g h t e r  rooms, and i n t e r i o r  rooms w i l l  have h igher  

concent ra t ions  than  e x t e r i o r  rooms. This  e f f e c t  i s  not  l imi t ed  t o  

rooms; any a rea  may be a f f e c t e d  (e.g. t h e  concent ra t ion  near  w a l l s  may 

wel l  be lower than  the  i n t e r i o r ) .  I f  t hese  v a r i a t i o n s  a r e  s i g n i f i c a n t ,  

i t  may be necessary t o  use a multi-chamber a n a l y s i s  t o  proper ly  i n t e r -  

p r e t  the  measurements. 



The second e f f e c t  t h a t  may occur is  t h a t  a i r  w i l l  i n f i l t r a t e  i n t o  

the  space and then e x f i l t r a t e  out  again without mixing. This air  i n f i l -  

t r a t i o n  w i l l  no t  a f f e c t  the  concentrat ion and hence w i l l  not be 

r e f l ec ted  i n  the  ca lcu la ted  i n f i l t r a t i o n .  However, i n  most cases ,  t h i s  

type of a i r  exchange i s  not  of i n t e r e s t .  I f  the  a i r  e n t e r s  and leaves 

without any mixing then i t  can not  a f f e c t  the  heat  load nor the  indoor 

a i r  qual i ty .  

Another mixing problem a r i s e s  because the  in jec ted  tracer-gas does 

not  instantaneously mix within t h e  space. I n  general ,  i n j e c t i o n  and 

sampling are s p a t i a l l y  separated,  and there  is  a delay between the  t i m e  

a volume of t r a c e r  i s  in jec ted  i n t o  the  space and the  t i m e  the  addi- 

t i o n a l  volume of t r a c e r  i s  r e f l e c t e d  i n  the  concentration. Because of 

t h i s  delay, the  i n f i l t r a t i o n  t o  appear t o  rise u n t i l  t he  gas  i s  well  

mixed; conversely, i f  the  tracer-gas i n j e c t i o n  i s  decreased, incomplete 

mixing w i l l  show up a s  an apparent increase  i n  the  i n f i l t r a t i o n  ra t e .  

The two q u a n t i t i e s ,  delay t i m e  and mixing time, can be used t o  

def ine  an e f f e c t i v e  flow. The e f f e c t i v e  flow i s  the  flow r a t e  t h a t  

would account f o r  the  observed concentrat ion i f  the  flow were instan- 

taneously mixed; i t  is re la t ed  t o  the ac tua l  in jec ted  flow by t h e  mixing 

function. 

a, 

F e f f ( f )  = i- g ( t e  ; tm, t d )  F ( t  - t' ) dt' 
3 

where 

3 
Feff i s  the  e f f e c t i v e  flow [m / h r ] ,  

g i s  the  mixing function,  

tm i s  the  mixing time [h r ]  and 

'=d i s  the  delay  time [h r ]  

The mixing function is normalized t o  unity.  

a> 

J- g(  t' ; t td ) dt' = 1 
0 m ' 



Figure 1 shows a t y p i c a l  response of t h e  concentrat ion t o  a s t e p  

function i n  flow. I f  the re  were perfec t  mixing, the  increase i n  concen- 

t r a t i o n  would follow the  flow ( i .e .  i t  would be a s t e p  function);  how- 

ever,  when the  mixing is not  perfec t  the  rise i n  concentrat ion i s  slower 

and l a g s  behind the  flow. The rise-time of t h e  concentrat ion i s  another 

c h a r a c t e r i s t i c  mixing t i m e ,  and may be  c a l l e d  the  c i r c u l a t i o n  t i m e .  

Figure 1 a l s o  shows the  approximate (normalized) mixing function f o r  the 

measured s i t e .  

The th i rd  type of mixing d i f f i c u l t y  a r i s e s  because the  physical  

volume of the  space may not  be the  volume p a r t i c i p a t i n g  i n  the  a i r  

exchange. I n  the  de r iva t ion  of the  con t inu i ty  equation w e  replaced the  

volume of tracer-gas by t h e  concentrat ion t i m e s  t he  volume of the  space. 

Since t h i s  is  incor rec t  i f  the  f u l l  volume of t h e  space i s  not p a r t i c i -  

pat ing,  the  volume t h a t  appears i n  the  c o n t i n u i t y  equation i s  not the  

physical volume of the  space bu t ,  r a t h e r ,  the  e f f e c t i v e  volume of the  

space. 

The e f f e c t i v e  volume of the  space may be smal ler  than the  physical  

volume i f  there  a r e  p a r t s  of the  space t h a t  don't communicate well with 

the r e s t  - c l o s e t s  o r  cupboards, f o r  example. It i s  r e l a t i v e l y  easy t o  

recognize and compensate f o r  these volumes; however, there  can be o ther  

areas not pa r t i c ipa t ing  i n  the a i r  exchange t h a t  a r e  qu i t e  d i f f i c u l t  t o  

ident i fy :  s t r a t i f i c a t i o n  -may i s o l a t e  l a r g e  volumes near the c e i l i n g ;  

comers  and alcoves may no t  communicate w e l l  wi th  the  i n t e r i o r  e t c .  

Under some circumstances the e f f e c t i v e  volume may be l a rge r  than the 

physical volume. I f  t h e r e  a r e  at tached spaces t h a t  can communicate with 

the rest of the l i v i n g  space, the  at tached volume may contr ibute  t o  the  

e f f e c t i v e  volume. For example, i f  t h e  a i r - d i s t r i b u t i o n  system goes 

through an unconditioned a t t i c ,  basement, o r  crawlspace there  may be 

s ign i f i can t  a i r  leakage, causing the  at tached space t o  i n  

the a i r  exchange and increasing the e f f e c t i v e  volume. 

Furthermore, the  e f f e c t i v e  volume may be a function of the  type of 

experiment being done. I f  a pa r t i cu la r  sub-volume communicates with the 

r e s t  of the i n t e r i o r ,  but does so very slowly, then i t  w i l l  be included 

a s  p a r t  of the  e f f e c t i v e  volume only when t h e  concentration i s  slowly 



varying. 

Consequently, we must consider the  volume t h a t  appears i n  t h e  con- 

t i n u i t y  equation t o  be an unknown parameter, much a s  the  i n f i l t r a t i o n  is  

an unknown parameter. We can, however, begin with the  p laus ib le  assump- 

t i o n  t h a t  the  e f f e c t i v e  volume should be roughly the  same s i z e  a s  the  

physical  volume. 

MEASUREMENT TECHNIQUES 

When c a r e  i s  taken t o  include these  considerat ion regarding mixing 

and e f f e c t i v e  volume problems, t h e  con t inu i ty  equation can be  used t o  

compute the  i n f i l t r a t i o n  from measured concentrat ion data .  There a r e ,  

however, s p e c i f i c  advantages and disadvantages t o  every technique: some 

techniques work b e t t e r  f o r  short-term measurements while o the r s  work 

b e t t e r  f o r  longer term measurements; some techniques a r e  l e s s  s e n s i t i v e  

t o  mixing problems than o the r s  and some techniques use simpler and a r e  

l e s s  expensive than o thers .  Below i s  a shor t  descr ip t ion  of each of the  

most popular techniques including a discussion regarding r e l a t i v e  advan- 

tages  and disadvantages, 

Decay Technique 

The t r a c e r  decay technique is  by f a r  the most widely used method f o r  

measuring a i r  i n f i l t r a t i o n .  It makes use of the  so lu t ion  of the  con- 

t i n u i t y  equation f o r  no in jec ted  flow assuming t h a t  the  i n f i l t r a t i o n  

r a t e  remains constant .  

where 

Co i s  the  concentrat ion a t  t=O and 

A i s  the  i n f i l t r a t i o n  r a t e  [hrel]. 



Procedure: The t r a c e r  d e t e c t o r  i s  connected t o  a s i n g l e  channel 

cha r t  recorder ( o r  da ta  may be taken by hand). 

A volume of t r a c e r  s u f f i c i e n t  t o  bring the  concentrat ion 

of t r a c e r  t o  near  the  f u l l  s c a l e  of  the  analyzer  is  

released.  Additional mixing may be used a t  t h i s , p o i n t  t o  

a s su re  even d i s t r i b u t i o n  of the  t r ace r .  

The system is allowed t o  s t a b i l i z e  and d a t a  i s  recorded 

u n t i l  t he  concentrat ion drops well below i ts  s t a r t i n g  

value ( 112 h r  t o  2 hrs) .  

The d a t a  is  analyzed by f i t t i n g  the  concentrat ion da ta  

t o  a  simple exponential.  The time constant  ( coe f f i c i en t  

of the  time va r i ab le )  y ie lds  the  i n f i l t r a t i o n  ra t e .  

I f  longer term measurements a r e  requi red ,  t h e  procedure 

i s  repeated. 

This system i s  simple, uses the  minimum amount of equipment and i s  

well su i t ed  f o r  making shor t  term measurements o r  spo t  checks a t  many 

s i t e s .  The a n a l y s i s  ca lcu la tes  the  i n f i l t r a t i o n  r a t e  - the r a t i o  of the  
3 i n f i l t r a t i o n  ( i n  m /hr  ) t o  the  e f f e c t i v e  volume, which i s  used, i n  

tu rn ,  t o  c a l c u l a t e  the  i n f i l t r a t i o n  by multiplying i t  by the  physical 

volume of ,  the  space. Therefore, the  ca lcula ted  i n f i l t r a t i o n  w i l l  be i n  

e r r o r  by the  r a t i o  of the  e f f e c t i v e  volume t o  t h e  physical  volume, a  

r a t i o  which can be a s  l a r g e  a s  50%. 

Because a given decay r a r e l y  l a s t s  longer than a few hours, t o  g e t  

long-term information i t  i s  necessary t o  repeat  t h e  e n t i r e  procedure 

frequently;  a  s i g n i f i c a n t  time period must be spent wait ing f o r  the  mix- 

ing t o  be complete a f t e r  each i n j e c t i o n ,  making the  system inappropriate 

t o  use f o r  long term measurements. 



Constant Concentrat ion / Constant Flow 

The b e s t  way t o  e l imina te  t h e  problem of f ind ing  t h e  e f f e c t i v e  

volume is  by f ind ing  a  way t o  e l imina te  i t  from the  c o n t i n u i t y  equat ion 

used t o  c a l c u l a t e  i n f i l t r a t i o n .  Since t h e  c o e f f i c i e n t  of t h e  e f f e c t i v e  

volume i s  t h e  time r a t e  of change of the  concent ra t ion  i t  would be pos- 

s i b l e  t o  remove any u n c e r t a i n t i e s  due t o  t h e  e f f e c t i v e  volume by main- 

t a i n i n g  a cons t an t  concent ra t ion .  Thus, i f  t h e r e  is automated i n j e c t i o n  

wi th  a feedback system t o  keep t h e  concent ra t ion  a t  a  des i r ed  l e v e l  t h e  

i n f i l t r a t i o n  is simply, 

where F and Q may b e  time varying but  C i s  a cons tan t .  

I n  p r a c t i c e ,  however, t h i s  technique i s  impossible because of t h e  

mixing func t ion .  The mixing func t ion  causes a delay i n  the response of 

t h e  concent ra t ion  t o  a change i n  t he  flow. When sens ing  no apprec iab le  

concent ra t ion  change, the  system cont inues  t o  change t h e  flow even 

f u r t h e r ,  causing an  overshoot i n  t he  "constant"  concent ra t ion  l e v e l .  

Thus, i f  t h e  automated system a t tempts  t o  keep the  concent ra t ion  con- 

s t a n t  t he  de lay  w i l l  cause an  (uns t ab le )  o s c i l l a t i o n  i n  t h e  concentra- 

t i o n  and a  breakdown i n  the experimental design.  

The only  way t o  prevent the  uns tab le  feedback system i s  t o  make t h e  

update t ime of t he  system long compared t o  any mixing time. I f  t h e  

update t ime i s  long enough ( i . e .  t he  loop ga in  of t h e  system i s  smal l  

enough) t h e  i n s t a b i l i t i e s  can be avoided. I f  t h i s  is  done, the  concen- 

t r a t i o n  can only  be considered cons tan t  on time s c a l e s  t h a t  a r e  long 

compared t o  t h e  update time which i n  t u r n  must be long compared t o  the  

mixing t imes,  and t h e r e f o r e ,  t he  assumption of cons tan t  concent ra t ion  

w i l l  be v i o l a t e d  f o r  a l l  but t he  most h ighly  mixed condi t ions .  A modif- 

i c a t i o n  t o  t h e  cons tan t  concent ra t ion  technique t h a t  might avoid t h i s  

i n s t a b i l i t y  i s  t o  make the  flow cons tan t .  

The cons tan t  flow technique minimizes mixing problems because a f t e r  

the  i n i t i a l  warm-up period ( a  time long compared t o  any mixing time) the  

mixing func t ion  has  no e f f e c t  and the  e f f e c t i v e  flow is  equal  t o  t he  



a c t u a l  flow (See the  mixing funct ion  i n  Fig. 1). However, s ince  the  

concentration is  not  constant  the  volume term w i l l  b e  present;  spee i f i -  

tally, 

where 

V 3 is  the  e f f e c t i v e  volume [m 1. 

Care must be taken i n  i n t e r p r e t i n g  t h e  volume used i n  any of these 

i n f i l t r a t i o n  equations. I n  most cases ,  the  volume refered  t o  by the  

symbol, "V" i s  the  e f f e c t i v e  volume and not the  physical one. 

I f  the  system i s  near  equilibrium, the  concentrat ion w i l l  be slowly 

varying and the  t i m e  r a t e  of change of concentrat ion w i l l  be q u i t e  

small. In  this case the  l a s t  term i n  the  above equation i s  a small  

correc t ion  term and the  e r r o r  introduced by replacing the  e f f e c t i v e  

volume with the  physical  volume should be negl ig ib le .  

Procedure: The t r a c e r  de tec to r  and a mass flow c o n t r o l l e r  (o r  o the r  

flow metering device) a r e  connected t o  a two pen char t  

recorder and s t a r t e d .  

Enough tracer-gas i s  released t o  bring the concentrat ion 

up t o  mid-scale on the analyzer .  

An es t imate  of the  i n f i l t r a t i o n  is made and used t o  s e t  

the  flow so t h a t  a t  equil ibrium the  concentrat ion should 

be mid-range on the gas analyzer. 

The system i s  allowed t o  run continuously and data  i s  

considered t o  be va l id  once the  t i m e  r a t e  of change of 

the  concentrat ion is  small. 

The da ta  is analyzed by using the equation above. 



This system has the  advantage of  being r e l a t i v e l y  i n s e n s i t i v e  t o  the  

mixing funct ion  and minimizes t h e  e f f e c t  of the  (unknown) e f f e c t i v e  

volume. It w i l l  run f o r  severa l  days and g ive  continuous i n f i l t r a t i o n  

measurements. It does have some disadvantages, however; i f  t he  i n f  il- 

t r a t i o n  dev ia tes  s i g n i f i c a n t l y  from the  es t imate ,  the  gas analyzer  w i l l  

go off  s c a l e  and d a t a  w i l l  be  l o s t .  I f  the  i n f i l t r a t i o n  changes 

rapid ly ,  t h e r e  w i l l  a rapid change i n  the  concentrat ion t h a t  w i l l  

emphasize any e f f e c t s  due t o  e f f e c t i v e  volume. The system requires  some 

warm-up t i m e  (approximately 1 h r )  before t h e  da ta  can be considered 

val id .  

Long Term Average Technique 

One of the  tasks  t h a t  needs t o  be done i n  order t o  charac ter ize  any 

nation's housing s tock i s  t o  make a survey of i n f i l t r a t i o n  r a t e s  a v e r  

aged over long periods of t i m e  ( i .e .  a month). In  p r i n c i p l e  we could 

use one of the  systems above f o r  a month and average the r e s u l t s ;  how- 

ever ,  i t  would be much more d e s i r a b l e  t o  have a simpler,  low-cost system 

ava i l ab le  f o r  such a purpose. 

To measure long term average i n f i l t r a t i o n  r a t e s ,  w e  average the con- 

t i n u i t y  equation divided by the  i n f i l t r a t i o n .  

where 

... i nd ica tes  a time average 

If the  flow i s  kept cons tant ,  

I f  the  averaging i n t e r v a l  i s  long enough ( i . e .  long compared t o  the  

inverse i n f i l t r a t i o n  r a t e ) ,  



Combining terms gives an expression f o r  the  average of the  rec iprocal  

i n f i l t r a t i o n *  

I f  the  i n f i l t r a t i o n  were constant ,  then the  inverse  of the  average 

i n f i l t r a t i o n  would be equal t o  the  average of the  inverse i n f i l t r a t i o n ;  

however, over the  long term the  i n f i l t r a t i o n  w i l l  not  be constant .  We 

must, then, def ine  a correc t ion  f a c t o r ,  k ,  t h a t  allows us t o  convert the 

average of the  inverse  i n f i l t r a t i o n  t o  the  average i n f i l t r a t i o n :  

where 

and c i s  the f r a c t i o n a l  standard devia t ion  of e i t h e r  the i n f i l t r a t i o n  o r  

the  inverse i n f i l t r a t i o n .  

Since the inverse average weights the  small i n f i l t r a t i o n  values more 

than the  la rge  ones (and more than they would be weighted i f  a simple 

average were taken),  the  correc t ion  f a c t o r  w i l l  always be g rea te r  than 

uni ty*  

Procedure: A two channel sampling pump and accessor ies  a r e  brought 

t o  the si te of i n t e r e s t .  

The pwnp i s  set so  t h a t  one channel i s  used t o  i n f l a t e  

an i n i t i a l l y  empty bag with room a i r ;  and the  o ther  

channel i s  used t o  evacuate a bag of tracer-gas. 

The pump speed and tracer-gas concentrat ion i n  the  



i n i t i a l l y  f u l l  bag a r e  set so t h a t  the  concentrat ion of 

gae  i n  the  i n i t i a l l y  empty bag w i l l  be within the  range 

of the  analyzer. 

A volume of tracer-gas s u f f i c i e n t  t o  bring t h e  analyzer  

up t o  ha l f  s c a l e  is re leased and the  pump s ta r t ed .  

The equipment is  l e f t  unattended on s i t e  f o r  the  dura- 

t i o n  of  the  experiment and then picked up and brought 

back t o  the labora tory  f o r  analys is .  

The t o t a l  amount of g a s  dispensed i s  measured by compar  

ing  t h e  volume of t h e  i n i t i a l l y  f u l l  bag t o  i ts  volume 

a f t e r  the  experiment; the  concentrat ion i n  the  i n i t i a l l y  

empty bag i s  measured and the  r e s u l t s  used t o  c a l c u l a t e  

the  average inverse i n f i l t r a t i o n .  

W e  a r e  cu r ren t ly  using t h i s  system i n  t h e  f i e l d .  Because i t s  con- 

cen t ra t ion  can be measured i n  t h e  range of 1 par t  i n  1012 t o  1 par t  i n  

lo9$ the  t r a c e r  we  have chosen f o r  t h i s  use i s  SF6, giveing us both high 

s e n s i t i v i t y  and l a r g e  dynamic range, which a r e  useful  f o r  long term 

average measurements. The analyzer  cos t s  about $7000 but the  t o t a l  

equipment c o s t  f o r  each s i t e  i n  the  f i e l d  i s  about $500, which makes i t  

inexpensive t o  do - severa l  long term average i n f i l t r a t i o n  measurements 

simultaneously, 

The t r a d e  o f f  f o r  t h e  low c o s t  comes i s  t h a t  a co r rec t ion  term i s  

required t o  convert the  average inverse  i n f i l t r a t i o n  i n t o  the  average 

i n f i l t r a t i o n .  We have used a l a r g e  s e t  of d a t a 5  t o  f ind  values f o r  

parameters from the previous equation: 



From t h i s  set of  da ta  we may conclude t h a t  the  corrected f a c t o r  i s  near 

uni ty  f o r  t y p i c a l  i n f i l t r a t i o n  values,  indica t ing  t h a t  a independent 

measurement of t h e  standard devia t ion  of the  i n f i l t r a t i o n  w i l l  not  be 

necessary. 

Continuous F low 

It has been our d e s i r e  t o  have a h ighly  accurate continuous i n f i l -  

t r a t i o n  monitoring system t h a t  i s  capable of running unattended f o r  sig- 

n i f i c a n t  periods of  time (e.g. a week). In  order  t o  accomplish t h i s ,  we 

have developed a microprocessor-based continuous-flow i n f i l t r a t i o n  sys- 

tem. 

Continuous flow i s  q u i t e  s imi la r  t o  the constant  flow technique save 

t h a t  the e f f e c t i v e  volume is t r ea ted  a s  an unknown parameter r a the r  than 

being approximated by the  physical  volume. Furthermore, non-linear 

search rout ines  a r e  used t o  f ind  the  bes t  f i t  of the  unknown parameter 

over a cycle period t o  he lp  e l iminate  random e r ro r .  

During a cycle  the flow is held constant;  i f  w e  t r e a t  the i n f i l t r a -  

t i o n  and e f f e c t i v e  volume a s  constants  during one cycle period ( typi -  

c a l l y  ha l f  an hour) ,  the  con t inu i ty  equation can be solved f o r  the  con- 

cent ra t ion  a s  a fufiction of time. 

This expression conta ins  three  unknown parameters V ,  Q ,  Co. Co,  the 

bes t  f i t  t o  the i n i t i a l  concentrat ion,  i s  a parameter tha t  i s  of no phy- 

s i c a l  i n t e r e s t ,  but must be found simultaneously with the  o ther  two 

parameters. 

Procedure: The flow r a t e  f o r  a cycle  i s  s e t  equal t o  a t a r g e t  con- 

cen t ra t ion  times the  ca lcula ted  i n f i l t r a t i o n  from the  

previous cycle. This choice of flow assures  t h a t  the 

concentrat ion w i l l  always be near the  t a rge t  (usual ly  

chosen t o  be about 213 of f u l l  s ca le ) .  If t h i s  i s  the  



very  f i r s t  cycle the  previous i n f i l t r a t i o n  is  assumed t o  

be  one physical  volume per  hour. This assumption i s  no t  

c r i t i c a l  s i n c e  i t  i s  used only t o  decide what the  flow 

rate f o r  the  f i r s t  cyc le  should be. 

For the  f i r s t  few minutes a f t e r  the  flow has been 

changed t h e  analyzer  is rezeroed using ou t s ide  a i r .  

Aside from checking the zero d r i f t  of the  analyzer ,  t h i s  

t i m e  al lows f o r  the  delay due t o  the  mixing function.  

Since,  i n  general ,  the  flow w i l l  no t  change very much 

from cycle t o  cycle,  t h e  wait time necessary t o  overcome 

t h e  mixing delays is q u i t e  small. 

The flow r a t e  i s  held constant by the  use of a mass flow 

c o n t r o l l e r  f o r  the  remainder of the  cycle period and 

concentrat ion data  i s  col lec ted  a t  regular  i n t e r v a l s  

from the tracer-gas analyzer .  

A t  the  end of the  cycle  period the  concentration da ta  is  
* 

used i n  a simplex search  rout ine  t o  f ind the  t h r e e  

parameters. The simplex algorithm contains cons t ra in t s  

t h a t  do not  allow the  e f f e c t i v e  volume t o  vary much from 

cycle  t o  cycle.  The slow updating of the  Golume has the 

e f f e c t  of "homing i n ' h n  the  e f f e c t i v e  volume over a 

period of severa l  cycles.  I f  the  e f f e c t i v e  volume 

changes slowly over t i m e ,  t h i s  method can accura te ly  

follow these  changes. 

The ca lcula ted  values a r e  s tored  on a floppy d i sk  f o r  

l a t e r  use. 

The computer monitors both the  analyzer  and mass flow c o n t r o l l e r ,  a s  

well a s ,  s e t t i n g  t h e  masi flow c o n t r o l l e r  and ac t iva t ing  the  solenoid 

* The simplex algorithm i s  a standard type of nonlinear search  rout ine  
t h a t  f inds  t h e  set of parameters t h a t  have the  maximum likel ihood of 
f i t t i n g  a s e t  of da ta .  



valves which a r e  used t o  cont ro l  t h e  flow of sample o r  zeroing gas  t o  

the  analyzer. While the  i n f i l t r a t i o n  system i s  i n  use, the  computer can 

s t i l l  be used t o  perform other  funct ions ,  such a s  fu r the r  da ta  reduction 

o r  display. Figure 2 presents  a block diagram of the  continuous flow 

system. 

The operat ing system f o r  the  microprocessor is  a single-user time- 

sharing system ca l l ed  TORX (Task Oriented Real-time Executive), 

developed a t  t h e  Lawrence Berkeley Laboratory f o r  use on 2-80 based 

microprocessor systems. 

This system solves the  problems of e f f e c t i v e  volume, mixing and con- 

tinuous operat ion;  however, i t  c o s t s  about $20,000 t o  build and there- 

f o r e  is unsuitable f o r  widespread o r  short-term measurements. 

Non-tracer Techniques 

So f a r ,  the  discussion of measurement techniques has been l imi ted  t o  

those involving tracer-gas measurements. Recently much e f f o r t  has been 

put i n t o  using i n d i r e c t  methods f o r  es t imat ing  i n f i l t r a t i o n .  The d i r e c t  

tracer-gas methods a l l  requi re  gas analyzers  and on-site equipment f o r  

da ta  acquis i t ion .  The i n d i r e c t ,  non-tracer , methods attempt t o  corre- 

l a t e  i n f i l t r a t i o n  with the  weather and s t r u c t u r a l  parameters of the 

building. 

Weather da ta  can be obtained from nearby.weather s t a t i o n s  (e.g. a i r -  

por ts )  and requi res  no on-site equipment* The s t r u c t u r a l  parameters 

( i .e .  envelope leakage, geometry, sh ie ld ing ,  and t e r r a h  fac to r s )  do not 

change s i g n i f i c a n t l y  with time and ,hence, need be measured only once. 

Many researchers '-' including the  au thors  '-11 have worked on 

developing models t o  s o l v e  the  problem of i n £  i l t r a t i o n  predict ion.  We 

w i l l  present one such model very b r i e f l y .  

Weather driven i n f i l t r a t i o n  is  broken up i n t o  two par ts :  s t ack  

driven and wind driven. Equations c a l c u l a t i n g  the  s tack  e f f e c t  ignore 



t he  wind e f f e c t  and v i c e  versa. 

where 

3 
Qstack is the  s t ack  driven i n f i l t r a t i o n  [m / h r ] ,  

3 Sind is t h e  wind driven i n f i l t r a t i o n  [m / h r ] ,  

f * 112 ] 
s i s  the  reduced s t ack  parameter [m/s/K , 

f* 
W 

i s  the reduced wind parameter, 

*o 
2 i s  the  t o t a l  leakage a rea  [m 1 ,  

A3 i s  the  inside-outside temperature d i f ference  [K]  and 

v i s  the  measured wind speed [m/s]. 

The model assumes t h a t  the  leakage of the  s t r u c t u r e  can be charac- 

te r ized  by a leakage a rea  (which can be measured using fan pressuriza- 

t ion) .  The reduced s t a c k  parameter depends on the  leakage d i s t r i b u t i o n ,  

the  height of the  s t r u c t u r e  and the  absolute i n t e r n a l  temperature. To 

combine the wind and s t ack  e f f e c t  i n t o  one equation, we use the  assump- 

t i o n  tha t  the  i n f i l t r a t i o n  i s  dominated by turbulent  flow. 

where 

Q 3 i s  the t o t a l  weather driven i n f i l t r a t i o n  [m /hr] .  

These models a r e  very useful  because of t h e i r  experimental simpli- 

c i t y  and t h e i r  g r e a t  po ten t i a l  f o r  widespread medium accuracy predic- 

t ions (  approx. 20% ). However, the  models w i l l  never be able  t o  subst i-  

t u t e  f o r  t h e  highly accurate d i r e c t  measurement techniques. For a  com- 

p l e t e  desc r ip t ion  and der iva t ion  see  Ref. 11. 



MULTI-CHAMBER INFILTRATION . 

Whenever t h e  communication between d i f f e r e n t  p a r t s  of the  i n t e r i o r  

space is  poor, it may be  necessary t o  treat the i n t e r i o r  a s  a c o l l e c t i o n  

of separa te  w e l l  mixed spaces. Each space can communicate with every 

o ther  space, a s  w e l l  a s ,  t he  outs ide .  To de r ive  the  multi-chamber con- 

t i n u i t y  equation, we s t a r t  with the  same type of equation a s  f o r  the  

s i n g l e  chamber case. 

The subscript  - k denotes the  k t h  chamber; hence, i f  t he re  a r e  N chambers 

there  a r e  N such equations. 

The n e t  amount of t r a c e r  t h a t  e x f i l t r a t e s  from each chamber i s  

dependant not  only on t h e  t o t a l  e x f i l t r a t i o n  but a l s o  on the  i n f i l t r a -  

t i o n  from a l l  the  o ther  chambers. 

where 

is  the  e x f f l t r a t i o n  from room k t o  room j 
k j 

is  the  i n f i l t r a t i o n  from room j t o  room k. 
k j 

This d e f i n i t i o n  of a ir  flows includes the  inherent  redundancy t h a t  

i n f i l t r a t i o n  i n t o  room a from room b is a l s o  e x f i l t r a t i o n  out  of room b 

t o  room a: 

We now introduce the concentrat ion,  much a s  we did before, a s  the  r a t i o  



of the  volume of tracer-gas t o  the volume of the  t e s t  space: 

where 

"k i s  the  volume of the k t h  chamber. 

I f  we def ine  the a i r  flow, Qkjr a s  the negative of the a i r  flow from 

room j t o  room k,  

f o r  j # k 
j k 

From these expressions w e  can rewrite the  n e t  e x f i l t r a t i o n  term, 

Since the  t o t a l  amount of a i r  t h a t  flows i n t o  each room must be 

equal t o  the  t o t a l  amount of a i r  tha t  flows ou t ,  the t o t a l  i n f i l t r a t i o n  

must equal the  t o t a l  exf i l t r a t i o n .  

Up t o  now t h e  diagonal elements of the  i n f i l t r a t i o n  matrix (Qkk) have 

been undefined. The above expressions suggest a convenient d e f i n i t i o n  

f o r  them; t h e  element Qkk i s  the  t o t a l  a i r  flow e i t h e r  i n  o r  out  of the  

kth space: - 

where - 
Qkk i s  the t o t a l  e x f i l t r a t i o n  out of room - k. 



This d e f i n i t i o n  of the  i n f i l t r a t i o n  matrix has  severa l  i n t e r e s t i n g  

propert ies:  a l l  of the  off-diagonal elements are negative and a l l  of the  

diagonal elements are pos i t ive ,  making i t  a p o s i t i v e  d e f i n i t e  matrix; 

the  sum of any row o r  any column is zero, which i s  an e x p l i c i t  statement 

of the f a c t  t h a t  t o t a l  amount of a i r  flowing i n t o  each space is equal to 

t h e  t o t a l  amount flowing out. 

The equation f o r  the net  e x f i l t r a t i o n  becomes, 

which leads  t o  the expression governing multi-chamber i n f i l t r a t i o n .  

The "Zeroth" Chamber - Outside 

Thus f a r ,  w e  have impl ic i t ly  been t r e a t i n g  the  outside a s  one of the 

N chambers i n  our multi-chamber derivation;  i t  is, however, a very spe- 

c i a l  chamber and merits spec ia l  consideration. Treating the  outs ide  a s  

a chamber of i n f i n i t e  volume means t h a t  the  concentration of tracer-gas 

w i l l  always be zero, t r i v i a l i z i n g  its con t inu i ty  equation: 

where - 
Co i s  the concentrat ion of tracer-gas outs ide  

Vo i s  the volume of outs ide  and 

0 i s  the  t r a c e r  flow in jec ted  outside.  



These equations contain no useful  information and therefore  can be elim- 

inated  from the  multi-chamber equations without l o s s  i f  ca re  is taken t o  

insure  tha t  the  d e f i n i t i o n  of the  diagonal elements of t h e  i n f i l t r a t i o n  

matrix (QU) are properly defined. I n  the  previous sec t ion w e  defined 

the  diagonal elements of the i n f i l t r a t i o n  matrix so t h a t  the  sum of any 

row o r  column would be zero: 

f o r  a l l  j 

f o r  a l l  j (31.2) 

I f  we el iminate the  zeroth  chamber from the  sums, the  sums w i l l  no 

aonger be zero but ,  r a the r ,  w i l l  y i e ld  the  values of the  i n f i l t r a t i o n  

and e x f i l t r a t i o n  from the outside t o  each chamber: 

5 Qkj = -Qoj f o r  a l l  j 
k=l 

!! - 5 Qjk - -Qjo f o r  a l l  j 
k=l 

where 

*o j 
i s  the  i a f i l t r a t i o n  from the outs ide  t o  room j and 

*jo i s  the  e x f i l t r a t i o n  from room j t o  the outside. 

We now s t i p u l a t e  the convention t h a t  a l l  sums a r e  to be taken from 1 

t o  N, e x p l i c i t l y  excluding the  outs ide  chamber. To recover the  i n f i l -  

t r a t i o n  o r  e x f i l t r a t i o n  between a chamber and the  outside,  we can sum 

the  appropriate row o r  column i n  the matrix. 



Matrix Notation 

The multi-chamber con t inu i ty  equation can be put i n t o  matr ix  nota- 

t i o n ,  but we must f i r s t  def ine  the  volume matrix: 

where 

* 
5kj 

i s  the  kronecker d e l t a  function.  

Now the  con t inu i ty  equation becomes, 

where 

, a r e  two dimensional matr ices  and 

- - 
C ,  F a r e  vectors  (one dimensional matr ices) .  

This nota t ion  o f f e r s  g r e a t  s impl ic i ty  i n  expression,  and we w i l l  use i t  

whenever possible.  

Mixing and the  Volume Matrix. 

In multi-chamber i n f i l t r a t i o n ,  a l l  of t h e  mixing problems (delay 

t i m e s ,  mixing funct ions ,  and e f f e c t i v e  volumes) e x i s t  f o r  each chamber 

and can be handled i n  the  same manner a s  i n  the  s i n g l e  chamber case. 

However, the re  is  one type of mixing t h a t  i s  pecul iar  t o  the  multi- 

chamber problem: shor t -c i rcui t ing .  

Short-circuit ing occurs when flow t h a t  i s in jec ted  t o  one chamber 

does not mix with the  a i r  i n  t h a t  chamber bu t ,  r a the r ,  flows d i r e c t l y  

i n t o  another chamber and adds t o  the concentra t ion  i n  tha t  chamber. For 

example, t h i s  could happen i f  a  small  a i r  current  took p a r t  of the  

*The kronecker d e l t a  is equal t o  1 i f  k = j  and i s  equal to zero i f  k f j .  



in jec ted  t r a c e r  and blew i t  i n t o  a n  adjacent  room. Another way t h i s  

could happen i s  i f  the re  were a l eak  i n  t h e  t r a c e r  d i s t r i b u t i o n  system 

t h a t  allowed the gas  t o  appear i n  one chamber when i t  was a t t r i b u t e d  t o  

another. 

Since t h e  e f f e c t  of shor t -c i rcui t ing  is  t o  increase the  concentra- 

t i o n  i n  one chamber caused by flow i n  another, i t  w i l l  appear a s  an 

of f-diagonal element i n  both t h e  i n f i l t r a t i o n  matrix and the  volume 

matrix. The appearance of add i t iona l  off-diagonal elements i n  the  

i n f i l t r a t i o n  matrix i s  d i f f i c u l t  t o  detec t ;  s ince  there  a r e  no off- 

diagonal elements i n  the  volume matrix without shor t -c i rcui t ing  , the  

appearance of any off-diagonal elements i n  the  volume matrix can be 

a t t r i b u t e d  t o  short-circuit ing.  This f a c t  can be used t o  f ind  the  

amount of shor t -c i rcui t ing  and, i f  the  volume matrix i s  measured, 

co r rec t  f o r  it. Conceptually, shor t -c i rcui t ing  of a measured flow r a t e  

i s  equivalent t o  i n  jec t ing a d i f f e r e n t  flow without short-circuit ing.  

This r e la t ionsh ip  allows the  d e f i n i t i o n  of an e f f e c t i v e  flow r a t e .  

where 

- 
Feff i s  the e f f e c t i v e  t r ace r  flow. 

We r e l a t e  the e f f e c t i v e  flow t o  the ac tua l  flow by the shor t -c i rcui t ing  

matrix. 

where 

3 

S i s  the  shor t -c i rcui t ing  (S) matrix. 

Subst i tu t ing the measured flow and shor t  circujlting matrix i n  and multi- 

plying through by the inverse of the  S matrix, 



where 

- - 
'm i s  the  measured volume matrix and 

L is  the  measured i n f i l t r a t i o n  matrix. 

The measured q u a n t i t i e s  a r e  re la ted  t o  the  a c t u a l  q u a n t i t i e s  and the  S 

matrix. 

and 

Since the r e a l  volume matrix i s  diagonal ,  the  off-diagonal elements 

of the product of the shor t -c i rcui t ing  and measured volume matrices must 

be zero. 

This s e t  of equations alone is  not  s u f f i c i e n t  t o  determine the S 

matrix. We must make use of the  f a c t  t h a t  the t o t a l  amount of t r ace r  

in jec ted  i s  the  same regardless of any shor t -c i rcui t ing  ( i .e .  the  S 

matrix i s  normalized). 

f o r  a l l  k 

Once Eqs 41 and 42 have been used t o  f ind the elements of the 

short-circuit ing matrix, Eq. 40 can be used t o  f ind the ac tual  i n f i l t r a -  

t i o n  from the measured i n f i l t r a t i o n .  



Measurement techniques 

The con t inu i ty  equation f o r  multi-chamber i n f i l t r a t i o n  has exactly 

the  same form a s  t h a t  form s i n g l e  chamber i n f i l t r a t i o n .  This suggests 

t h a t  the same type of measurtment techniques could be used t o  f ind  the  

i n f i l t r a t i o n .  

Several authors  l3 have made multi-chamber ca lcula t ions  but very 

l i t t l e  f i e l d  d a t a  has  been taken. While each of the  s i n g l e  chamber 

ana lys i s  schemes may be  used f o r  multi-chamber ana lys i s ,  much more da ta  

must be taken t o  v a l i d a t e  the  measurement schemes. Because the  number 

of unknown parameters s c a l e s  a s  t h e  square of the  number of chambers. 
2 M t i m e s  a s  many independent da ta  points  must be taken t o  ge t  the same 

r e s u l t s .  I n  some cases ,  s u f f i c i e n t  d a t a  may be acquired by increasing 

the  length of time needed f o r  the  measurements but i t  i s  conceptually 

simpler t o  use N independent tracer-gases and measure the  concentrat ion 

of each gas i n  every chamber, thus  giving the  f ac to r  of more data  

without increas ing the length of the  experiment. The i n f i l t r a t i o n  i s  a 

function of time; therefore ,  the  increased length of the  s i n g l e  gas 

experiment is l i k e l y  t o  be p roh ib i t ive  given t h a t  the quant i ty  measured 

i s  changing during the  course of the  experiment. 

Decay: In  a multi-chamber decay a l l  of the  flows a r e  s e t  t o  zero. 

where 

= = 
A = V Q i s  the  i n f i l t r a t i o n  r a t e  matrix and 

= 
0 i s  the  i n i t i a l  s e t  of concentrat ions 

Care must a l s o  be taken i n  def in ing of the  i n f i l t r a t i o n  r a t e  matrix; 

while a l l  elements a r e  well  defined,  only the  diagonal elements have 

e a s i l y  i n t e r p r e t a b l e  meanings : they a r e  the  r a t e  of t o t a l  i n f i l t r a t i o n  

We have used a matrix a s  the exponent; t h i s  has meaning only through the  
context of an i n f i n i t e  s e r i e s  and cannot be expressed i n  simple terms 
otherwise. 



from a l l  spaces ( inc luding outside).  

Constant Concentration/Constant Flow: I n  a constant  concentrat ion 

experiment, the  concentrat ion of gas  i n  each space is held constant .  

This experiment cannot be  done with only one gas,  unless seve ra l  com- 

p l e t e l y  independent runs a r e  made. Using separa te  runs makes the  r a the r  

poor assumption t h a t  t h e  a i r  flows w i l l  be t h e  same f o r  each run. In 

e i t h e r  case,  w e  cons t ruct  a concentrat ion matr ix  and an in jec ted  flow 

matrix,  whose columns i n  both cases a r e  e i t h e r  d i f f e r e n t  runs o r  d i f -  

f e ren t  gases,  and whose rows ( a s  before) a r e  d i f f e r e n t  chambers and an 

in jec ted  t r ace r  flow matrix having the  same proper t ies .  

Solving f o r  the i n f i l t r a t i o n  d i r e c t l y  y i e l d s ,  

A s  can be seen from t h i s  expression,  the  requirement of independent runs 

o r  d i f f e r e n t  gases a r e  necessary t o  keep the  concentrat ion matrix from 

becoming s ingular .  

In the  constant  flow case ,  the (diagonal)  physical  volume matrix i s  

used a s  a correc t ion  t e r m  f o r  the  above expression. 

where 

= 
V i s  the  physical  volume matrix 

A version of t h i s  technique is  being used by B r i t i s h  Gas. 14 

Long Term Average: Although long term average multi-chamber i n f i l -  

t r a t i o n  can be considered, i t  must be done with separa te  gasses because 

i t  is  impossible t o  do severa l  independent runs over such a long period 

of time. It is  the  inverse  of the  i n f i l t r a t i o n  t h a t  i s  ca lcu la ted ,  a s  



i n  the s i n g l e  chamber case. 

There is a s  i n  the  s i n g l e  chamber case,  a correc t ion  fac to r ,  k; however, 

i n  the  multi-chamber case,  k w i l l  be a matr ix and, without a c t u a l  meas- 

urements, i t  i s  d i f f i c u l t  t o  i n t e r p r e t  the  importance of t h i s  correc t ion  

fac to r .  

Continuous Flow: The continuous flow method uses  the  f u l l  so lu t ion  

t o  the multi-chamber con t inu i ty  equation. 

The s i n g l e  chamber algorithm could be adapted f o r  use i n  the  multi- 

chamber problem. In  each chamber one and only one tracer-gas would be 

in jec ted  and i t  would be cont ro l led  using t h a t  diagonal element of the  

i n f i l t r a t i o n  matrix a s  was done f o r  the  s i n g l e  chamber model. The s i m -  

plex algorithm could be adapted t o  include the  3N2 unknown parameters i n  

the  above equation. 

CONCLUSION 

We have presented- a spectrum of d i f f e r e n t  types of i n f i l t r a t i o n  

measurement techniques. Each technique has c e r t a i n  advantages and 

disadvantages, and each technique is  b e t t e r  su i ted  f o r  one type of t a s k  

than another. Decay measurements a r e  well su i t ed  f o r  spot measurements; 

constant-flow measurements a r e  well  su i t ed  f o r  medium-length, semi- 

automatic experiments; long term average measurements a r e  good f o r  low- 

cost  low-to-medium accuracy data  averaged over a period of time; and 

continuous flow is  good f o r  long-term, high-accuracy continuous inf  il- 

t r a t i o n  measurements. Each type of measurement can, i n  p r inc ip le  be 

used i n  a multi-chamber mode; however, very l i t t l e  f i e l d  da ta  has been 

accumulated on multi-chamber i n f i l t r a t i o n .  



Each technique handles t h e  problems of mixing/effect ive volume i n  a 

s l i g h t l y  d i f f e r e n t  way. The decay technique ignores the  problem of 

e f fec t ive  volume and solves  the mixing t i m e  problem by waiting; constant  

flow el iminates the  mixing t i m e  and simultaneously minimizes the  effec- 

t i v e  volume problem i n  steady-state as does t h e  long-term average i n f i l -  

t r a t i o n  technique; and the  continuous flow technique el iminates the 

e f f e c t i v e  volume problem by ca lcu la t ing  i t ,  and minimizes the  mixing 

problem by having quasi-constant flow. 

In f i l t r a t ion-pressur iza t ion  cor re la t ions  a r e ,  po ten t i a l ly ,  the  supe- 

r i o r  method f o r  predic t ing i n f i l t r a t i o n  loads and long term indoor a i r  

qua l i ty  concerns. Such cor re la t ions  involve a one-time s e t  of measure- 

ments, f o r  quantifying the  s t r u c t u r e  leakage and t e r r a i n  parameters. 

From these measurements the  i n f i l t r a t i o n  can be calculated a t  any t i m e  

from readi ly  access ib le  weather data.  

In s i t u a t i o n s  where the i n t e r i o r  of a s t r u c t u r e  i s  divided i n t o  

severa l  communicating sub-sections i t  may be necessary t o  invoke a 

multi-chamber i n f i l t r a t i o n  algorithm t o  analyze t h e  air flsws. We have 

developed the equations governing m u l  ti-chamber i n f i l t r a t i o n ,  and have 

indicated ways i n  which the  s i n g l e  channel measurement techniques can be 

modified i n  order to  incorporate multi-chamber fea tures .  
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1 The resporise of the  concentration t o  a s tep  function i n  flow is 

plotted vs. time. The flow was turned on a t  t30 and the cancentra- 

t ion recorded a s  a function of time. Also shown i s  the approximate 

mixing function f o r  t h i s  s i tuat ion.  Note there a re  two scales.  

2 Block diagram of the continuous flow i n f i l t r a t i o n  system using a 280 

microprocessor, floppy disk,  mass flow control ler  and gas analyzer. 
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IN'IXODUCTION 

Ventilation has always been of interest to the Gas Industry, 

primarily for providing combustion air but more recently because 

of the desire ior ensrgy conservation. As a result of -I;his 

British Gas has a continuing programme of reseasoh, and axperi- 

mental techniques which have been used or developed during the 

course of this work f o m  the subject of this paper. In addition, 

the opporbity is taken to comment on experimental techniques 

in general. 

The paper is divided into the three main areas of experimkntal 

work, i.e. physical modelling, measurement of open areas and leak- 

ages, measurement of ventilation rates. 

To be presented at AIC Conference "Instrumentation and Measuring 

Techniquesn, Cumberland Lodge, Windsor, October 1980. 



2.1 Pressure -Distribution 

The surface wind pressures on a dwelling are of considerable 

importance to an accurate ventilation prediction method. Rather 

than field measurements, which are held at the mercy of the weather, 

the pressure distributions axe more easily derived from wind tunnel 

measurements on scale models. Provided that sufficient care is 

taken in the design of model and tunnel the results may be accurately 

applied to full scale (1 $2). Attention must be given to the proper 

matching of the building model scales and wind profile and turbulence. 
1 

British Gas, in a 2m x 1m wind tunnel, use a model scale of /ZOO 

which also allows a -eat deal of the surrounding environment to be 

included. Wind profile and turbulence are modelled in a m m s r  

similm to that described in ( 3 ) .  

The izlost usualf~ms of presentation are dimensionless coefficients, 

relaticg s-mface pressurs to a reference pressure and air speed. Much 

work has been done on generalising these coefficients for siqle shapes 

and arrays (4). These have been obtained for rather idealised cases 

however and their use would therefore seem to be limited to =ore general 

long-term predictions. Higher accuracy in ventilation predictions, 

such as are desirable for monitoring test houses, will require aeasure- 

ments on a specific scale model. 

In addition to the mean surface pressures, there has been increas- 

ing awareness of the need for the fluctuating pressures to be known. 

Pulsating airflows will produce an effective ventilation which could not 

be accounted for in a method assuming only steady conditions. Provided 

that the turbulence and the surroundings are correctly modelled, pressure 

.fluctuations may also be determined in a wind tunnel, Uncertainties 

arise because of difficulties in providing a suitable constant reference 

pressure and because the measurenents only indicate surface fluctuations. 

It is the fluctuations of pressure differences across opznings which are 

really required and at present these can only be estimated. 

In spite of the above difficulties, the determination of surface 

pressure distributions from wind tunnel models seems to be an established 

procedure. 



2.2 Ventilation Rates --- 
Several techniques for detemining ventilation rates in models 

have been described, e.g. tracer decay inethods used by British Gas 

(5, 6), anemometers (7) and calibrated openings (8). However, there 

has been less consideration given to the problem of applying the 

results to full-scale. This problem is very important because one 

must question the value of model tests if the results cannot be 

extended with confidence to full-scale conditions. 

In (9) it was a p e d  that ventilation mising through cracks 
is influenced by viscosity even at full-scale and therzfore one 

would expect the scale effect of Reynolds number to be evident in 

model results. This was denonstrated by tests carried out on simple 

model windows. Even for the wind direction for which ventilation 

was due lnainly to turbuleat pressure fluctuations, there was evid- 

ence of the same effect. Although this behaviour was not evident 

at low wind speeds, t h ~ s  indicating no strong dependence on Reynolds 

number (see the preliminary presentation of results in (10)) ,later 

exm2lation indicated that the ventilation rates measured at these 

speeds were not due solely to pressure fluctuations (see ( 9 ) ) -  
This was a manifestation of another problem with models, namely 

that the flow rates under investigation are often small. 

When the tests were carried out with shxrp-edged holes, as 

expected the results showed little dependence on Reynolds number. - 
The mean pressure difference across the windows bp also showed 
little variation with Reynolds number and this is also to be expected 

because of the geometry of the model. 

Recent full-scale studies in a house (11 ) using a novel fluct- 
uating pressurisation technique indicated that the expected effect 

of viscosity was not present. This is rather surprising, because it 

is difficult to think of a physical mechanisa which could eliminate 

the effect at low Reynolds numbers, A p~gsible explanation is that 

the openings in the dwelling which was tested were predoninently of 

the purpose-provided type, so that even at the very low pressures the 

leakage was mainly comprised of flows with a constant dischasge 



coefficient. 

As far as is known only one comparison has been made between model- 

scale and full-scale results. This was done for openings with s-p 

edges and one might therefore expect good agreement. In the prelimin- 
ary presentation of results ( 5 ) ,  good agreement was indicated, but a 
recent re-examination suggests that this was incorrect. lfne data was 

not properly non-dimensionalised (a criticism not confine& to (5))and 

when a proper comparison is made poorer agreeinent is found, as shown 

in Figure 1. The explanation for this lack of agreemeat probably lies 

with the pressure distribution. In the wind tunnel the surroundings 

of the building were not modelled, and it was not possible to model 

the wind turbulence accurately. Errors due to these factors could 

well be magnified because the openings were concentrated at two points 

on the building, thereby making extreme demands on the accuracy of the 

model pressure distribution. Another reason for the differences in 

Figure 1 is the fact that there were some adventitious openings in the 

full-scale building. Sawever, the maximum allowance that can be made 

for this is to reduce the full-scale values by 2~4, 

To sunmarise all of the above, one must be pessimistic about the 

value of model-scale ventilation rates for providing full-scale data. 

For small cracks one is faced with the problem of the scale effect of 

Reynolds number. For sharp-edged openings which are concentrated at 

discrete points, an accurate pressure distribution is required, In 

both cases there is the additional difficulty of matching the model 

size and the turbulence length scales. Failure to do this introduces 

another scale effect. lo achieve it however requires a very small 
1 model (at least /200 scale) and this makes construction of the model 

very difficult and introduces problems of measuring ventilation rates, 

3. ME2iSUREiVIESPP OF OPEN ARUS ANI> I;EAKAGES 

Opsn areas and/or leakages are required for two basic reasons, 

(i) as a means of characterizing the ventilation potential of build- 

ings or components, and (ii) to provide data for prediction methods, 

Leakages are usually measured with a steady pressure across the 

component and a variety of equipment has been developed for this 



purpose. The equipment currently in use by British Gas will be des- 

xribed in Sectioa 3.4. Recently a novel alternating (AC) pressuris- 

ation technique has been used for determining the leakage of dwellings 

(1 1). It is claimed that this gives greater accuracy than the con- 

ventional DC technique at low pressures, because the noise introduced 

by external pressures (due to weather) can be eliminated. The leakage 

Q is not actually measured, but a value can be calculated from the 

pressure response of the structure at the driving frequency of the 

mechanical piston. 

Although the above technique does not need a measurement of Q, 

it still requires measuremeat of very low pressures and this is often 

a saurce of error. The basic problem is that pressure differences 

sxountered bith natural ventilation axe often very low9 typically 

2 Ps, and it can be argued that leakages should ideally be measured 

at this level, 

There is however, a simpler alternative method for chazacter- 

ising the ventilation potential of cornponents. It requires only one 

measurement of Q and ap, and this can be done at a pressure well 

above pressures induced by the weather. Tne result obtained however 

applies at very low pressures. The method relies on the fact that 

the geo~e-kry of a component is virtually independent of the flow rate 

passing thro-zgh it and the pressure applied across it. Thus, if a 

parameter of the geometry is determined at a high flow rate, it will 

remain valid at all flow rates. The method is described in (10) and 

the geometric pasameter is the open area A of the component, as 

determined from homogenous flow equations. Once A is determined, 

the flow rate Q at any steady pressure difference can be found from 

the flow equation, Whether or not the method can be generally applied 

to complete buildings reiuains to be seen, but it has been used with 

reasonable success for background leakage areas of rooms and this is 

encouraging. 

3.1 Pucrpose-provided openings 

Purpose-provided openings such as air vents and open windows are 

fairly easy to treat. There is little ambiguity about the definition 

of their open area, and indeed this can be measured with a ruler, i,e, 

mensuration. 



3.2 Component Openings 

For simple components, the open area can be obtained from 

mensuration, but in general pressurisation will be required. The 

crack flow equations described in (1 0) apply to only fairly limited 

types of crack, but it has been found that they can be used for 

the complex openings which are encountered in practice. This is 

illustrated in Figure 2. The fundamental point to note is that 

A is independent of pressure difference. 

In contrast an effective orif ice area AE, which is defined by 

taking a constant value for the dischasge coefficient, vazies with - 
Ap. Since the predicted flow rate is given by Q = 0 -6  A 2 a/p, EJ 

Big.2 shows that a value of AE measured at 20 Pa say, can consider- 

ably overestimate the flow rate at 2 Pa. As a ventilation charact- 

eristic, AE is therefore unsatisfactory and needs to be used with 

caution, 

Background leakage areas are all those not accounted for by 

the previous two categories. They are by definition those leakage 

areas left over when the purpose-provided and component openings 

have been sealed. Taken globally, for it would be difficult and 

perhaps pointless to treat them singly, the background areas of 

rooms may be characterised fairly well by aa effective open axea 

and crack-flow equations (1 0). 

The data necessary tobderive these parameters caines in the 

main from pressurisation measurements on, say, a room in a house, 

By themselves such measurements would produce the total open azea 

of the room. Purpose-provided and component openings may be sealed 

ljut those background azeas which communicate between interior spaces 

will still be included. These areas may account for considerable 

leakage but are not of direct relevance to fresh air entry, 

To aid in determining the distribution of background aseas * 
necessary for accurate prediction methods, techniques allowing a 

more direct measure of the pazameters of interest a.re being invest- 

iga.ted by British Gas. The total exterior leakage of a room, 

neglecting complications due to cavity walls,may be determined if 
_ _ _ _ _ _ _ _ _ _ - - - - - - - - - - - - - - - - - - - - - - - - - -  
* the leakage distribution is an important part of the data required 

for "Vent", the British Gas method (17). 



the rest of the building is balanced to the same pressure as the 

ro:m ~rnder test. There will then bs no flog to osther interior 

spaces (leakage to adjoining houses aay also be determined in this 

way). However, not all of the necessary information can easily be 

produced in this way. mere are practical difficulties in dist- 

inguishing between external leakages through walls and through 

ceilings, or floors,but this needs to be done because the former 

will be more susceptible to wind pressures than to stack effect 

pressures. 

A further tecbique, using a tracer gas in conjunction with 

pressurisation, has been developed. A tracer is injected into a 

comunicating space, e.g. loft, to a constant concentration. The 

rooz under test is depressurized and the external leakage measured 

as described above. $Tow, however, the ratio of the steady-state 

tracer concentrations of the room and injected space gives the ratio 

of the ledcages from the injected space (loft) and fron the other 

areas (walls). !Enis pzocedure is not much more complicated than 

ths first and conceivably could be used to determine leakages to 

all commlcating areas of a room. The technique may also be of 

use in determining t'ne leakage characteristics of large buildings, 

where overall pressurisation may be difficult. 

These techniques have been used successfully as shown in 

Figure 3, where the individual room leakage chasacteristics of a 
test house hays been investigated, 

3.4 Whole-House Leakage Characteristics 

The whole-house leakage is the simplest and fastest quantity 

to measure and as such it provides the least information. The total 

leakage characteristic is generally measured at pressures large 

enough to overcome thosegeneratedby weather conditions, !Phis is 

useful for purposes of comparisons, however the large pressures 

used may affect the relevance of the leakage measurement to ventil- 

ation characteristics. 

The whole-house leakage is a glo3al characteristic and as such 

would not seem to be a good basis of ventilation prediction, because 

no indication of the locations or comunications of the measured 

leakage is given, For example, two houses with the same measured 



leakage, one of which has all the open area on external walls, the 

other dividing the ares betweea floor and ceiling, would conceiv- 

ably have quite different ventilation characteristics even if sited 

side by side. 

Figure 4 shows the results of a preliminary investigation of 
the relation between measured leakage and ventilation. Ventilation 

measurements were to be done in a number of identical houses, 

concurrent with a measurement in a coatrol house. Taus the ventil- 

ation rate of a house, relative to the ventilation neasured simult- 

aneously in the control, could be compared to its leakage relative 

to the control house. Practical difficulties experienced in the 

measurement of ventilation in occupied houses, and in organising 

sufficient access precluded any definite conclusions. 6 number of 

the comparisons needed to be done with data from a regression model 

of the coatrol house (this is felt to be reasonable as the model 

was produced from neasly 60 hours of measurements under the weather 

conditioas experienced for all tests). There does not appear to be 

any useable relation Setween le&ge and ventilation. It is felt 

that long-term experiments similar to this, comparing simultaneous 

measurements to eliminate the effect of weather, will be needed to 

detemine m y  useful relationship between these two characteristics, 

A further complexity In relating leakage and ventilation is 

the apparent variation with time of the whole-house leakage. As 

well as a possible seasonal variation there appems to be consider- 

able chaxges in a building as it settles and ages from its "new" 

state. Recent tests on several nominally identical houses showed, 

as well as large vasiations between houses, an average increase in 

total leakage of 7% over the first two yeas of occupancy, with 
most of this change apparently occurring in the first year. As, 
unfortunately, the easiest and most convenient time to make such 

measurements is before occupation, the leakages measured may not 

reflect those found in occupied homes. 

The leakage equipment used by Sr-tt;sh GLS has advantages 

in occupied houses, It is small, easily transported and set up and 

as such causes little disruption in use. A high-pressure/high- 



volxme centrifugal extractor is used, allowing an accurate conical 

inlet meter (1 2) and narrow flexible outlet ducting. Installation 

can be made through a small openable window. The equipment can be 

used as a module for leakier buildings (see Plate 1).  

4. MEPLSURENENT OF VENTILCITION RATES WITH TRACER GAS 

There aze three main vaiants on the tracer gas theme, i,e. 

constant emission, tracer decay and constant concentration (1 3). 

Eack method has stre-rlgths and weaknesses and each has suitable 

applications. The emphasis of our work has been on determining 

individual room ventilation rates and as such the constant conc- 

entration method has distinct advantages over the others. We 

have however made use of the other methods and these will be 

briefly discussed. 

In this rrrethod tracer gas is released at a fixed rate and 

after a suitable time lapse for the attainment of equilibrium 

the ventilation rate can be found from the tracer concentration. 

We have used the method to measure loft air change rates (1 4). 
CO was used as the tracer and its concentration was sampleu 

2 
every minute. The average air change rate over 30 minute periods 

was found by averaging the concentrations. 

4.2 Tracer Decay 

The house is filled with a uniform concentration of tracer 

gas and the decay is monitored by discrete or continuous sampling 

at one or several points. For the measurement of whole-house 

ventilation rate, where the house is treated as a single cell, 

the method can give adequate results if the mixing in and between 

rooms is good, This mixing destroys information about the room 

rates and can influence the whole-house rate. 

We have used a vaziation of the method to obtain simultan- 

eous values of room ventilation rates and the whole-house rate. 

The difficulties which were encountered are described in (15). 

Although the method appeared to give reliable whole-house rates 

(it was possible to detect the effects of sealing windows), the 

room rates were much less reliable, and because these rates are 



of considerable interest to us it was decided to develop a system 

(see Sestion 5) based on the constant concentration sethod. 

4.3 Constant Concentration 

In this method tracer gas is released so as to maintain a 

constant concentration in each room of the house. During any 
amount of fresh accounting period (usually 30 or 60 minutes) th- 

air that enters a room is directly proportional to the amount of 

gas injected to maintain the required concentration. 

There axe several advantages in this mathod for whole-house 

and for individiml room rates. Firstly, the concentration of 

tracer gas is uniform in all rooms so that cross flow between rooms 

does not influence the measurements. Secondly, there is no need 

for any subjective assessment of the role of the room as = outlet 
or inlet; of fresh air, because the technique neasures the aount 

of fresh air coming into each roorn. This .inclv-des-ventilation 

arising froa turbulent pressure pulsations. Thirdly, it is ralat- 

ively straightforwad to use multiple tracer gases to measure flow 

from cell to cell within the house. Fourthly, the method is very 

suitable Zor automation, one can take advantage of this by 

developing a co-nputer controlled system which enables continuous 

monitoring of ventilation and on-line xialysis of results, 

At British Gas we have developed such a system, known as 

"Autovent", The current version is shown in Plate 2. 

5. DESCRIPTIOB OF TBE AVI'OVENT SYSTEM 

The system consists of two networks of solenoid valves, One 

network of valves controls the sampling of air in each room, the 

other controls the injection of tracer gas to maintain the tasget 

level. Tie solenoid valves ase activated by a command from the 

central computer logger which controls both the sampling and the 

injection sequences, The sampling lines are purged continuously 

to ensuse that a fresh sample of room air reaches the analyser and 

all lines are of equal length to minimise differences in flow 

resistace. The rooms are sampled in sequence for 6 seconds each, 



At the end of that perioa the =alyser output is read by the computer 

and the injection period necessary to maintain the target concentration 

in that room is calculated. The relevant injection valve is then 

opened and the next room in the sequence is sampled. When the injection 

period has elapsed the computer closes the valve and stores the time for 

which the valve was open. Every half hour the results are summasised 

and the volume of air entering each room together with the relevant 

temperature and weather data is printed. A more detailed description 

of this system has been published in (16) and a full one is in prepaz- 

at ion, 

iYixizg between the injected tracer gas and the room air is very 

imp~rtant to the accuracy of t'ne method. We adopt three measures to 

incr~ase the er̂ fectiver,ess of d x i n g .  Firstly, injection of gas into 

a room ceases six seconds before the room is next sampled. Secondly, 

a purse punp is US& 3a the sanple line to ensure a fresh smple, 

accurately reflecti~g the present state of the room, is available to 

the znalyser. Thirdly, the injection lines are terminated in =eas of 

high air s?eeed, either near radiators or behind small mixing fans; 

These rocas7cres appear adequate in most circumstances where we have 

tested them by sampling room air at several points. 

To illustrate the power and potential of the Autovent system, 

examples of its application are given in the following. 

Continuous monitoring of ventilation 

One advantage of continuous monitoring over discreee measurement 

is that it is possible to observe subtle variations due to wind speed 

and direction changes nore quickly, more accurately and with less 

effort. Figure 5 shows some typical results obtained in an end-of- 
terrace house with all doors and windows sealed. The weather condit- 

ions and the corresponding changes in whole-house ventilation rate 

over nine consecutive 30-minute periods can be seen. 

Another advantage of continuous monitoring of ventilation rates 

over long periods is that it is sometimes possible to isolate the 

effects of individual weather parameters, Figures 6 and 7 give two 
examples of this. 



Figure 6 shows the effect of wind direction on the ventilation 

rate af a rooln in &I end-of-terrace house. Also she:-rn is the effect 

on the wbole-house rate, which is much less pronounced. 

Figure 7 shows the effect of wind speed on the whole-ho~lse rate 
for I-hr*. wind directions, for Pw; of which stack effect is cleazly 

dominant. 

Results like these illustrate the value of the 'Autovent9 system 

for investigating the complex nature of house ventilation. 

5.2 ivfultiple gas ex~erinents 

To illustrate this aspect of the system, we use the example of 

loft ventilation. The loft seem to be a very importaxk route by 

w?tich air can leave a 5oase. Sealing sone of the obvious 1;z.kage 

psths to a loft might d c s  a significmt contributio2 to energy 

conss-mation. 

Usir* two tracer gases, we used N20 and CO it is possible to 
2' 

meas71re sim~ltaneously the whole-house ventilation rate, the loft 

veiitilatio~ rzte m d  the proportion of air escaping from the house 

to the loft. Figure 8 shows loft air change rates as a function of 

wind spaed m d  direction measured in a detached house. It is inter- 

esti~g that a strong directional effect was observed, with winds 

blowing directl-y at the roof tiles causing much higher venti.la.tion 

rates. It was also fo-ad that the proportion of house air escaping 

though the loft depended on wind speed. In low winds, 803/0 escaped 

through the loft. This is probably because at low wind speeds the 

stack effect is dominant =d acts on the cracks in the ceiling. As 

the wind increased, so the proportion of air leaving through the 

loft was found to decrease. At 5 m/s wind speed it was 4% of the 

tots1 leaving the house. 

mltiple gas experiments could be extended to measwe the flow 

froa or to any room or area within a house. 

6, CONCLUSIONS 

I Wind tunnel models appear to be suitable for obtaining external 

pressure distributions. There are considerable problems however 



associated with the measurexent of ventilation rates in models, 

Such naasurements are probably restricted to pure research rather 

than general design purposes. 

6.2 Leakage measurements at steady high pressures are relatively 

easy to do, but they suffer from the disadvantage that they may 

not be very meaningful for natural ventilation which occurs at low 

pressures. High-pressure leakage chazacteristics can be used as a 

basis for comparison, but it remains to be seen whether they can 

be usefully correlated to natural ventilation rates. 

6-3 Techniques for dstemining the low-pressure leakage charact- 
eristics of dwellings could prove valuable. The method for det- 

eminiag open areas de;raloped by British Gas has proved useful for 

conpne;?_t meas, bzt has yet to be develo~ed for complete buildings. 

6.4 As a general rde, measured open areas should be independent 

of flow rate. This is pazticularly true when they are used as data 

for a prediction nethd.. The prediction method developed by 

British Gas also requires the spatial distribution of background 

leakzge areas to be s2ecified. Methods for determining this have 

been devisgd with encoreaging results, 

6.5 For measurement of whole-house ventilation rates, techniques 

based on tracer decay, constant emission or constant concentration 

can be used. However, when simultaeous measurements of room 

ventilation rates are also required, the constant concentration 

technique is much superior. 

6.6 The fAutovent9 system developed by British Gas is a computer 

controlled automatic ventilation monitoring rig based on the con- 

stant concentration technique. It has been used with considerable 

success for investigating the complex features of multi-cell vent- 

ilation, with single and multiple tracer experiments. 

The permission of British Gas to publish this paper is grate- 

fully acknowledged. 

Some of the work described has been carried out by British Gas 

in dwellings at the Abertridw test site, which is being monitored 

by IJ;IIST under the sponsorship of the Housing Development 



Directorate of the Depastment of the Ehvironment. Their co-operation 

is gratefully acknowledged. 



REFERENCES 

I. L. Apper$,ey, Dm Surry, T. Stathopoulos and A.G, Davenport. 

3. Ind. Aerod. 4,207-228 (1979). 

2. K. J. Eaton, J.R, Mayne and N. J. Cook. Bm CP 1/76 (1976) 

3. N.J. Cook. Atmos. Ehv.7, 691-705, (1973) 

4. B.E. Lee, M. Hussein and B. Soliman. Sheffield University Report 

BS50 (1979). 

5, J. Harris-Bass, B. Kavarana and P. Lawrence, Build.Serv, Engnr, 

42, 106-1 11 (1974). 

6 .  D.W. Etheridge and J.A. Nolan. Build. and Env. 14, 65-68 (1979). 

7. J. Cockcroft and P. Robertson, Build, and Ehv. 11, 29-35 (1976). 

8. R.E. Bilsborrow and F,R. Fricke. Build. Sci. 10, 217-230 (1975). 

9. Dew, Etheridge and J.A. Nolan. Build. and lhve 14, 53-64 (1979). 

19. D-W, Etheridge, Build. and Env. 12, 181-189 (1977)- 

:1, M.E. Sheman, D.T. Crhsrud and R.C. Sonderegger, Lawrence Berkeley 

Lab. Rep. DL-91 62. Presented at DOE/ASHRAE Conference, Orlando, 

U,S.A., December 1979. 

12. British Stzndard 848, 28-30 (1963). 

13. J. Xkonvall. "Airtightness - measurements and measurement methods", 
Swedish Council for Building Reseazch, Stockholm (I 980). 

14. R. Gale. !'The loft as an air escape routef'. Note presented at 

BRE Colloquium, Garston, U.K,, April 1980. 

15. Dewe Etheridge, R. Gale, M. Gell, L. Martin, Paper to be published 

in Applied Ebergy. 

16. R, Gale, Gas Engng. and Management, 563 - 572, November 3979. 

67. D.K. Alexander and D.W. Etheridge, ASHRAE Trans., Volt. 86, Pt .  2 (1980). 



PLATE 1 PRESSURISATION EQUIPMENT DEVELOPED FOR 'ImOLE-HOUSE 

LEAKAGE MEASUREMENT (AS SHOIJN) AND FOR MEASUREMENT 

O F  LEAKAGE D I S T R I B U T I O N .  



PLATE 2 %UTOVENTV CONTROL AND ANALYSIS SYSTEM, DEVELOPED 

FOR CONTINUOUS MONITORING OF VENTILATION RATES 

(ROOMS AND WHOLE-HOUSE) . 



COMF"ARIS6N BETWEEN FULL - SCALE AND 

MODEL- SCALE VENTlbAlfON RATES 

FOR A SINGLE -CELL STRUCTURE 

WITH SWARPoEDGED OPENINGS 

Fig. 
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INVESTIGATION OF POSSIBLE RELATION 
BETWEEN VENTILATION AND LEAKAGE. 
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ABSTRACT 

One method of  m e a s u r i n g  r a t e  o f  a i r  i n f i l t r a t i o n  i n  b u i l d i n g s  i n v o l v e s  t h e  u s e  
o f  small amounts o f  a t r a c e r  g a s .  The c o n c e n t r a t i o n  o f  t h e  g a s ,  which i s  mea- 
s u r e d  a t  r e g u l a r  i n t e r v a l s ,  p r o v i d e s  t h e  b a s i s  f o r  e v a l u a t i n g  t h e  i n f i l t r a t i o n  
r a t e .  I n  t h e  f o l l o w i n g  p a p e r ,  two b a s e s  f o r  s u c h  e v a l u a t i o n s  a r e  d i s c u s s e d  - 
t h e  decay  method a n d  t h e  c o n s t a n t  c o n c e n t r a t i o n  method. 

A s y s t e m  i s  d e s c r i b e d  which a u t o m a t i c a l l y  o p e r a t e s  a  p o r t a b l e  e l e c t r o n  
c a p t u r e  d e t e c t o r / c h r o m a t o g r a p h  and m e a s u r e s  p a r t s  p e r  b i l l i o n  c o n c e n t r a t i o n s  of  
s u l p h u r  h e x a f l u o r i d e  (SF6)  i n  a i r .  It s a m p l e s  a i r  on a  1-min. c y c l e .  I n  t h e  
decay  method, t h e  s l o p e  o f  c o n c e n t r a t i o n  v s  t i m e  on a s e m i l o g a r i t h m i c  p l o t  c a n  
b e  u s e d  t o  compute t h e  i n f i l t r a t i o n  r a t e .  I n  t h e  second  method, t h e  s y s t e m  
i n j e c t s  SF6 a t  t h e  r a t e  r e q u i r e d  t o  m a i n t a i n  t h e  t r a c e r  g a s  a t  a f i x e d ,  p r e d e -  
t e r m i n e d  l e v e l .  The i n f i l t r a t i o n  rate i s  p r o p o r t i o n a l  t o  t h e  r a t e  a t  which t h e  
t r a c e r  g a s  must be  i n j e c t e d .  

INTRODUCTION 

The h e a t  l o s s  a s s o c i a t e d  w i t h  a i r  l e a k a g e  t h r o u g h  t h e  e n c l o s u r e  o f  a t y p i c a l  
d e t a c h e d  house  may b e  as much as 40% o f  t h e  t o t a l  h e a t  l o s s .  I t  i s  e s s e n t i a l  
t h e r e f o r e  t o  b e  a b l e  t o  e s t i m a t e  t h i s  component o f  t h e  h e a t  l o a d  w i t h  r e a s o n -  
a b l e  p r e c i s i o n .  But t h e  v a r i a b l e s ,  b o t h  p h y s i c a l  a n d  b e h a v i o r a l ,  t h a t  a f f e c t  
t h e  phenomena o f  a i r  i n f i l t r a t i o n  and n a t u r a l  v e n t i l a t i o n  a r e  n o t  o n l y  numerous 
b u t  a l s o  dependen t  on  q u a n t i t i e s  t h a t  a r e  d i f f i c u l t  t o  measure  and p r e d i c t .  
A i r  i n f i l t r a t i o n  c a n  be  c a u s e d  by t h e  p a s s a g e  o f  a i r  t h r o u g h  t h e  c r a c k s  and 
o t h e r  o p e n i n g s  a r o u n d  windows and  t h r o u g h  walls,  c e i l i n g s ,  r o o f s  a n d  f l o o r s  o f  
a b u i l d i n g  o f  any t y p e ;  by t h e  l e a k a g e  i n  t h e  a i r  d i s t r i b u t i o n  s y s t e m ;  by t h e  
need of  t h e  d w e l l i n g  f o r  combus t ion  a i r  f o r  t h e  h e a t i n g  s y s t e m ,  e t c .  Each o f  
t h e s e  p a r a m e t e r s  c a n  b e  i n f l u e n c e d  by t h e  w e a t h e r ,  t h e  c h o i c e  o f  b u i l d i n g  
m a t e r i a l s ,  t h e  q u a l i t y  o f  t h e  b u i l d i n g  c o n s t r u c t i o n ,  a n d  t h e  u s e  o f  t h e  b u i l -  
d i n g .  By u t i l i z i n g  i n s t r u m e n t a t i o n  t h a t  i n v o l v e s  t h e  d i r e c t  measurement o f  
a i r  i n f i l t r a t i o n  r a t e s ,  i t  i s  p o s s i b l e  t o  b y p a s s  t h e  e s t i m a t i o n  and  p r e d i c t i o n  
d i f f i c u l t i e s .  T h i s  p a p e r  d e a l s  w i t h  a n  a u t o m a t e d  a p p r o a c h  t o  i n f i l t r a t i o n  
measurement u s i n g  t h e  t r a c e r  g a s  method,  i n c l u d i n g  p r i n c i p l e s  of o p e r a t i o n  and  
d e s i g n  d e t a i l s ,  t o g e t h e r  w i t h  c a l i b r a t i o n  p r o c e d u r e  and p r e l i m i n a r y  f i e l d  d a t a  
on  a i r  i n f i l t r a t i o n .  
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MEASUREMENT OF A I R  INFILTRATION 

( 1 )  Decay Method 

I n  t h e  measurement of  a i r  i n f i l t r a t i o n  by t h e  decay method, a  t r a c e r  gas  
i s  d i s t r i b u t e d  i n  t h e  a i r  of  a b u i l d i n g  and t h e  decay i n  c o n c e n t r a t i o n  i s  mea- 
s u r e d  a s  a  f u n c t i o n  of  t ime .  The t h e o r y  of t h e  method may be o u t l i n e d  b r i e f l y  
by c o n s i d e r i n g  t h e  e q u a t i o n :  

where co and c i  a r e ,  r e s p e c t i v e l y ,  t h e  c o n c e n t r a t i o n s  of t r a c e r  gas  o u t s i d e  and 
i n s i d e  t h e  b u i l d i n g  a t  t ime  t .  V 1  i s  t h e  r a t e  a t  which a i r  e n t e r s  t h e  b u i l d i n g .  
It i s  a l s o  t h e  r a t e  a t  which a i r  l e a v e s  t h e  b u i l d i n g  u n l e s s  t h e r e  i s  a  bui ld-up  
o r  l o s s  o f  p r e s s u r e .  V2 i s  t h e  v e n t i l a t e d  volume of  t h e  b u i l d i n g ,  and Vl/V2 i s  
t h e  a i r  i n f i l t r a t i o n  r a t e  exp res sed  i n  a i r  changes p e r  u n i t  t ime .  

I f  t h e  o u t s i d e  c o n c e n t r a t i o n  of t r a c e r  i s  s m a l l  enough t o  be n e g l e c t e d ,  
Eq 1 may be reduced  t o :  

dci 

d  t ( 2 )  

Under c o n d i t i o n s  o f  p e r f e c t  mixing, Eq.2 may be i n t e g r a t e d  t o  g i v e :  

where Cia i s  t h e  i n i t i a l  indoor  c o n c e n t r a t i o n  of t r a c e r  gas .  S ince  t h e  e q u a t i o n  
i n v o l v e s  t h e  r a t i o  of  t h e  t r a c e r  gas  c o n c e n t r a t i o n s ,  any a u a n t i t i e s  p r o p o r t i o n a l  
t o  t h e  t r a c e r  gas  c o n c e n t r a t i o n  may be used t o  de te rmine  t h e  a i r  change r a t e .  
I n  p r a c t i c e ,  one u s u a l l y  s e l e c t s  an i n i t i a l  t i m e ,  p l o t s  l ogn(c i / c io )  a g a i n s t  
t ime,  and de t e rmines  t h e  a i r  i n f i l t r a t i o n  r a t e  from t h e  s l o p e  of  t h e  l i n e .  

I t  should  be  no ted  he re  t h a t  t h e  a b s o l u t e  v a l u e  f o r  c o n c e n t r a t i o n  i s  no t  
needed h e r e ,  on ly  r e l a t i v e  v a l u e s ,  s i n c e  t h e  r a t i o  of  c o n c e n t r a t i o n s  i s  used  i n  
Eq 4. Hence t h e  equipment does no t  need t o  be c a l i b r a t e d  f o r  c o n c e n t r a t i o n  a s  
long  a s  t h e  i n d i c a t i o n  i s  l i n e a r .  But t h e  d i sadvan tages  of t h i s  method a r e :  
( i )  it  does not  g i v e  cont inuous  i n d i c a t i o n  of  i n f i l t r a t i o n  r a t e ;  (ii) i t  i s  no t  
a  s t e a d y - s t a t e  measurement, hence t h e r e  could  be problems i n v o l v i n g  t h e  t r a c e r  
due t o  i t s  a b s o r p t i o n  and a d s o r p t i o n  c h a r a c t e r i s t i c s .  

T h i s  method i s  l i m i t e d  t o  measuring i n f i l t r a t i o n  r a t e s  f o r  s h o r t  p e r i o d s  
s i n c e  t h e  i n i t i a l  amount o f  t r a c e r  i s  l i m i t e d  by maximum s c a l e  r ange  of t h e  
de tec tor /chromatograph .  The p e r i o d  o f  measurement t h e n  i s  l i m i t e d  t o  t h e  t ime  
r e q u i r e d  f o r  t h e  t r a c e r  t o  dec rease  i n  c o n c e n t r a t i o n  from t h e  i n i t i a l  maximum 
value  t o  t h e  minimum v a l u e  l i m i t e d  by accuracy  of  measurement. I f  changes i n  
a i r  i n f i l t r a t i o n  r a t e  a r e  slow, and t h e r e  a r e  no dead spaces ,  t h i s  i s  an accep-  
t a b l e  method (1, 2 ) .  

( 2 )  Constan t  Concen t r a t ion  Method 

To overcome t h e  problems i n h e r e n t  i n  t h e  decay method, a n o t h e r  method o f  
measuring i n f i l t r a t i o n  r a t e  u s ing  a  t r a c e r  gas  was proposed by O r r  ( 4 ) .  I n  t h i s  
method t h e  c o n c e n t r a t i o n  o f  t r a c e r  gas  i s  main ta ined  a t  a  f i x e d  l e v e l .  

For  t h e  measurement of a i r  i n f i l t r a t i o n  by t h e  c o n s t a n t  c o n c e n t r a t i o n  
method, a t r a c e r  gas  i s  d i s t r i b u t e d  i n  t h e  a i r  o f  a  b u i l d i n g  t o  a  c e r t a i n  con- 
c e n t r a t i o n  l e v e l .  A s e n s i n g  element i s  used t o  c o n t r o l  t h e  c o n c e n t r a t i o n  o f  
t h e  t r a c e r  i n  t h e  space .  The amount of  t r a c e r  gas, r e q u i r &  t o  ma in t a in  a con- 
s t a n t  c o n c e n t r a t i o n  i s  t h e n  a d i r e c t  f u n c t i o n  o f  t h e  t n f i l t r a t i o n  r a t e .  



where Q - flow r a t e  o f  t r a c e r  gas  r e q u i r e d  t o  m a i n t a i n  a s e l e c t i v e  l e v e l ,  n  = 
i n f i l t r a t i o n  r a t e ,  f low r a t e  p e r  u n i t  t i m e ,  c  = c o n c e n t r a t i o n  i n  space  ( c o n s t a n t ) .  

Advantages of  t h e  c o n s t a n t  c o n c e n t r a t i o n  method a r e  t h a t  i t  i s  a  s t eady-  
s t a t e  mechanism and,  hence,  has  no problems of  a d s o r p t i o n  and/or  a b s o r p t i o n .  It 
g i v e s  an i n d i c a t i o n  o f  i n f i l t r a t i o n  r a t e  i n  flow r a t e  p e r  u n i t  t ime ,  which can  
be  used f o r  h e a t  l o s s  c a l c u l a t i o n  wi thou t  e s t i m a t i n g  t h e  n e t  i n t e r n a l  space  
volume a s  f o r  t h e  decay method. The accu racy  i s  dependent  on measurement o f  
t h e  flow r a t e  of  t h e  t r a c e r  gas  and i t s  c o n c e n t r a t i o n .  The d i s a d v a n t a g e s  o f  
t h i s  method a r e  t h a t  t h e  f low c o n t r o l  and i t s  measur ing  a p p a r a t u s  a r e  q u i t e  com- 
p l i c a t e d .  As a number o f  t r a c e r  gas  i n j e c t i o n s  i s  i n v d v e d ,  thorough mixing o f  
t r a c e r  gas  and a i r  can  be more d i f f i c u l t  t o  ach ieve  t h a n  i n  t h e  decay  method 
w i t h  a  s i n g l e  i n j e c t i o n .  Also, t h e  a b s o l u t e  v a l u e  o f  t h e  c o n c e n t r a t i o n  of  
t r a c e r  gas  i n  space  must be known. 

I n  t h e  p r e s e n t  u n i t ,  c o n s t a n t  c o n c e n t r a t i o n  i s  achieved  by c o n t r o l l i n g  
t h e  number of i n j e c t i o n s  of  t r a c e r  gas  of  f i x e d  q u a n t i t y  from t h e  d i s c h a r g e  
u n i t .  The a i r  i s  sampled and t h e  c o n c e n t r a t i o n  i s  measured on a  2-1/2-min. 
c y c l e .  The programmable c a l c u l a t o r  i n  t h e  system can  c a l l  up t o  90 i n j e c t i o n s  
o f  t r a c e r  gas  f o r  t h e  2-1/2-min. p e r i o d .  

C H O I C E  OF A TRACER GAS 

A wide v a r i e t y  of m a t e r i a l s  a r e b e i n g  used a s  t r a c e r  g a s e s .  Of t h e s e ,  s u l p h u r  
h e x a f l u o r i d e  (SFg) i s  ~ a r t i c u l a r l y  s u i t a b l e  f o r  a i r  i n f i l t r a t i o n  s t u d i e s  i n v o l -  
v i n g  cont inuous  measurement and l a r g e  b u i l d i n g s .  The use  o f  SF6 was f i r s t  
r e p o r t e d  a s  a  t r a c e r  gas  i n  1965 ( 3 ) .  It  h a s  a l l  o f  t h e  d e s i r e d  p r o p e r t i e s  of  
a  t r a c e r .  I t  i s  i n e r t ,  r e l a t i v e l y  non- toxic ,  c o l o r l e s s ,  o d o r l e s s ,  t a s t e l e s s ,  
non-flammable, non-cor ros ive  and t h e r m a l l y  s t a b l e .  I t  i s  not  a  normal background 
c o n s t i t u e n t  of a i r .  The s i x  f l u o r i d e  atoms i n  t h e  molecule  make t h e  compound 
ext remely  s e n s i t i v e  t o  a n  e l e c t r o n  c a p t u r e  d e t e c t o r .  

There a r e  c e r t a i n  problems which must be cons ide red  when u s i n g  SF6 a s  a  
t r a c e r .  The d e t e c t o r  u n i t  may r e q u i r e  f r e q u e n t  c a l i b r a t i o n  t o  m a i n t a i n  t h e  
d e s i r e d  accu racy .  Also ,  because  of t h e  h igh  s e n s i t i v i t y  of t h e  d e t e c t o r ,  minor 
l e a k s  i n  r e g u l a t o r s ,  v a l v e s  and c o n n e c t i o n s ,  which would go unno t i ced  i n  o t h e r  
gas  aeasurement  sys tems,  a r e  comple te ly  unaccep tab le  when SF6 i s  used a s  an  
indoor  t r a c e r .  The measurements a r e  i n  t h e  form o f  chromatographic peaks which 
may r e q u i r e  s p e c i a l  equipment f o r  au tomat ion  and d a t a  p r o c e s s i n g .  

A N  AUTOMATED SYSTEM FOR MEASURING A I R  INFILTRATION 

The a i r  i n f i l t r a t i o n  measuring system i s  made up of  t h r e e  subsystems,  a s  f o l -  
lows : 

1) t h e  programmable c a l c u l a t o r ,  
2 )  t h e  SF6 d i s c h a r g e  system, 
3 )  t h e  SF6 measuring sys tem.  

The SF6 d i s c h a r g e  system and t h e  SF6 measuring system a r e  c o n t r o l l e d  by 
t h e  INPUT and OUTPUT i n s t r u c t i o n  o f  t h e  c a l c u l a t o r .  The c o n t r o l  l o g i c  f o r  b o t h  
systems i s  housed i n  t h e  u n i t  named "INTERFACE", developed at t h e  D i v i s i o n  o f  
Bu i ld ing  Research ( F i g . 1 ) .  

( 1 )  The Programmable C a l c u l a t o r  

The Hewlett  Packard 9815A i s  a  desk-top programmable c a l c u l a t o r .  I t  
f e a t u r e s  a  b u i l t - i n ,  h i g h  speed  magnet ic  t a p e  r e c o r d e r  t h a t  u s e s  a  d a t a  c a r t -  
r i d g e ,  a  16 -cha rac t e r  a lphanumeric  t he rma l  p r i n t e r ,  a n  a u t o - s t a r t  s w i t c h ,  p ro-  
gramming keys t h a t  double  a s  s p e c i a l  f u n c t i o n  keys ,  and two o p t i o n a l  1 /0  
channe l s .  

The 9815A i s  used wi th  a  Hewlett  Packard (HP) 98133A Binary-Coded Decimal 



(B.C.D.) and a n  HP 9 8 1 3 5 ~  I n t e r f a c e  Bus ' I D ) .  The R . C . D .  i n t e r f a c e  c o n n e c t s  t h e  
c a l c u l a t o r  t o  t h e  DBR "INTERFACE" and t h e  1 B  i n t e r f a c e  c o n n e c t s  t h e  c a l c ~ ~ l a t o r  
t o  t h e  HP59309A ASCII d i g i t a l  c l o c k .  

( 2 )  The SF6 D i s c h a r g e  Sys tem 

The d i s c h a r g e  o f  SF6 i s  c o n t r o l l e d  by two s o l e n o i d  o p e r a t e d  g a s  v a l v e s  
c o n n e c t e d  i n  s e r i e s ,  as shown i n  F i g .  2. These  two v a l v e s  a r e  n o r m a l l y  c l o s e d .  
The volume o f  SF6 t o  b e  d i s c h a r g e d  i s  t r a p p e d  be tween  two v a l v e s ,  D l  and D2. 
When t h e  c a l c u l a t o r  r e q u e s t s  a  d i s c h a r g e ,  Va lve  D l  opens  f o r  0 . 1  s e c ,  a l l o w i n g  
t h e  SF6 be tween  D l  and D2 t o  e s c a p e .  A f t e r  0 . 1  s e c ,  v a l v e  D l  i s  c l o s e d ,  a n d  
b o t h  v a l v e s  r e m a i n  c l o s e d  f o r  t h e  n e x t  0 . 1  s e c o n d .  Valve  D2 i s  t h e n  opened  f o r  
0 . 1  s e e .  T h i s  a l l o w s  SF6 t o  f i l l  t h e  volume be tween  v a l v e s  D l  and  D2. The 
d i s c h a r g e  s y s t e m  i s  now r e c h a r g e d  a n d  i s  r e a d y  f o r  t h e  n e x t  d i s c h a r g e  r e q u e s t .  

The t i m i n g  o f  t h e  d i s c h a r g e  s e q u e n c e  i s  c o n t r o l l e d  by a  s i m p l e  c i r c u i t .  
The SF6 d i s c h a r g e  s e q u e n c e  i s  a l w a y s  u n d e r  c o n t r o l  o f  t h e  c a l c u l a t o r  OUTPUT 
i n s t r u c t i o n  which  c a n  b e  t r i g g e r e d  by t h e  o p e r a t o r  t h r o u g h  t h e  c a l c u l a t o r  key- 
b o a r d  o r  by t h e  OUTPUT i n s t r u c t i o n  i t s e l f .  

T h e r e  a r e  two modes of  c o n t r o l .  One mode t r i g g e r s  t h e  d i s c h a r g e  s e q u e n c e  
d i r e c t l y  by o u t p u t t i n g  two c o n t r o l  words  i n  s e q u e n c e .  Each t i m e  t h e  two o u t p u t  
words  a r e  u s e d ,  one  volume o f  SF6 i s  d i s c h a r g e d .  T h i s  d i s c h a r g e  can  b e  r e p e a t e d  
e v e r y  0 . 9  s e c .  T h i s  mode can  b e  u s e d  e i t h e r  f o r  t h e  c o n s t a n t  c o n c e n t r a t i o n  o r  
t h e  decay  method.  

The s e c o n d  mode c o n t r o l s  t h e  t i m e  i n t e r v a l  between t h e  a u t o m a t i c  d i s -  
c h a r g e  o f  one volume o f  SF6. T h i s  mode u s e s  t h e  c a l c u l a t o r  o u t n u t  word t o  
p rogram a n  i n t e r v a l  t i m e r ,  which t r i g g e r s  t h e  d i s c h a r g e  s e q u e n c e  c i r c u i t .  The 
b a s i c  t i m e  i n t e r v a l  i s  s e l e c t e d  by t h e  o p e r a t o r .  The c a l c u l a t o r  o u t p u t  word 
c a n  t h e n  m u l t i p l y  t h i s  t i m e  i n t e r v a l  f rom 1 t o  31 t i m e s ,  o r  s t o p  t h e  d i s c h a r g e  
a l t o g e t h e r .  T h i s  mode c a n  be  u s e d  f o r  t h e  d e c a y  method o n l y .  

( 3 )  The SF6 M e a s u r i n g  Sys tem 

a )  G e n e r a l  D e s c r i n ~ i o n  o f  t h e  Sys tem.  The SF6 m e a s u r i n g  s y s t e m  i s  made 
up o f  f o u r  ma jor  componen t s ,  a s  f o l l o w s :  

i )  The I o n  T r a c k  I n s t r u m e n t s  I n c o r p o r a t e d  SF6-Detec to r /  
Chromatograph ,  u s e d  as a  g a s  chromatograph  and d e t e c t o r  
u n i t ;  

i i )  A Newport 2000B/S-1 D i g i t a l  P a n e l  Meter  w i t h  a v o l t a g e  
o f  1 .9999  VDC;  

i i i)  P a r t  o f  t h e  "TNTERFACE"; 
i v )  An e l e c t r o - p n e u m a t i c  o p e r a t e d  sample  v a l v e  which 

r e p l a c e s  t h e  sample  v a l v e  o f  t h e  chromatograph .  

The SF6 m e a s u r i n g  s y s t e m  h a s  two modes o f  o p e r a t i o n .  One mode used t h e  
c a l c u l a t o r  OUTPUT i n s t r u c t i o n  t o  t a k e  a  r e a d i n g  o f  t h e  SF6 c o n c e n t r a t i o n .  T h i s  
mode c a n  be  u s e d  e i t h e r  f o r  t h e  c o n s t a n t  c o n c e n t r a t i o n  o r  t h e  decay  method.  The 
o t h e r  mode i s  n o t  u n d e r  t h e  c o n t r o l  o f  t h e  c a l c u l a t o r .  An i n t e r v a l  t i m e r  i n  t h e  
"INTERFACE" i s  u s e d  t o  t r i g g e r  t h e  SF6 m e a s u r i n g  s v s t e m .  Time i n t e r v a l s  f rom 1 
t o  15 min a r e  a v a i l a b l e  i n  1-min s t e p s .  T h i s  mode can  o n l y  b e  u s e d  f o r  t h e  
d e c a y  method.  

. b )  O p e r a t i o n  o f  SF6 Measur ing  Sys tem.  The o n e r a t i o n  o f  t h e  SF6 m e a s u r i n g  
s y s t e m  i s  d e s c r i b e d ,  w i t h  r e f e r e n c e  t o  F i g .  3 .  The d e t e c t o r / c h r o r n a t o g r a ~ h ,  a s  
s u p p l i e d ,  i s  m a n u a l l y  o p e r a t e d .  The s y s t e m  i s  a u t o m a t e d  by r e p l a c i n g  t h e  manu- 
a l l y  o p e r a t e d  s a m ~ l e  v a l v e  by a n  e l e c t r o - n n e u m a t i c a l l y  o p e r a t e d  v a l v e .  

When t h e  SF6 m e a s u r i n g  s y s t e m  i s  t r i g g e r e d  by a  c a l c u l a t o r  OUTPUT i n s t r u c  
t i o n ,  o r  by  t h e  i n t e r n a l  i n t e r v a l  t i m e r ,  t h e  sample  v a l v e  c o n t r o l  c i r c u i t  o p e r -  
a t e s  t h e  sample  v a l v e  f o r  5 s e c .  The a n a l o g u e  o u t n u t  o f  t h e  c h r o m a t o g r a p h ,  
a f t e r  t h e  sample  v a l v e  i s  o p e r a t e d ,  i s  shown i n  F i g .  4 .  The f i r s t  peak r e p r e -  
s e n t s  t h e  02 c o n c e n t r a t i o n  r e a d i n g  and  t h e  s e c o n d  peak  r e p r e s e n t s  t h e  SF6 con- 
c e n t r a t i o n .  



The a n a l o g u e  o u t n u t  i s  d i g i t i z e d  b *  a  Newport d i g i t a l  p a n e l  m e t e r .  T h i s  
d i g i t i z e d  c h r o m a t o g r a p h  o u t p u t  i s  made a v a i l a b l e  t o  t h e  c a l c u l a t o r  by t h e  u s e  o f  
a  READ i n s t r u c t i o n  i n  t h e  c a l c u l a t o r .  

The d i g i t i z e d  c h r o m a t o g r a p h  o u t p u t  i s  a l s o  made a v a i l a b l e  t o  t h e  a u t o  SF6 
peak f i n d i n g  c i r u i t .  T h i s  c i r c u i t  a l l o w s  t h e  c a l c u l a t o r  program t o  i d e n t i f y  02 
o r  SF6 o u t p u t s  o f  t h e  c h r o m a t o g r a p h .  T h i s  i s  done by c h a n g i n g  t h e  p o l a r i t y  o f  
t h e  d a t a  a s  s e e n  by t h e  c a l c u l a t o r .  A l l  t h e  d i g i t i z e d  r e a d i n g s ,  f rom t h e  t i m e  
o f  t h e  sample  v a l v e  o p e r a t i o n  u n t i l  t h e  s t a r t  o f  t h e  SF6 p e a k ,  a r e  made t o  h a v e  
a  n e g a t i v e  p o l a r i t y .  The s t a r t  o f  t h e  SF6 p e a k  c h a n g e s  t h e  p o l a r i t y  o f  t h e  
r e a d i n g s ,  a s  s e e n  by t h e  c a l c u l a t o r ,  t o  a  p o s i t i v e  v a l u e .  The c a l c u l a t o r  c a n  b e  
programmed t o  l o o k  f o r  p o s i t i v e  r e a d i n g s  a n d ,  i n  t h i s  way, c a n  i d e n t i f y  t h e  SF6 
d a t a .  

The s y s t e m  i s  i n t e n d e d  t o  b e  u s e d  f o r  u n a t t e n d e d  o p e r a t i o n .  I n  t h e  c a s e  
o f  a power i n t e r r u p t i o n ,  a l l  t h e  AC o u t p u t  c o n t r o l  c i r c u i t s  a r e  d e a c t i v a t e d  a n d  
must b e  m a n u a l l y  r e s e t  t o  b r i n g  them b a c k  i n t o  o p e r a t i o n .  

INSTRUMENT CALIBRATION 

( 1 )  L a b o r a t o r y  T e s t  

To d e t e r m i n e  t h e  a c c u r a c v  o f  t h e  SFg-detector/chromatograph, as employed 
i n  t h e  t r a c e r  g a s  t e c h n i q u e ,  t e s t s  were  c o n d u c t e d  w i t h  a  g l a s s  t a n k  h a v i n g  a 
volume o f  0 .0177 m3. A small f a n  was p r o v i d e d  i n s i d e  t h e  t a n k  f o r  m i x i n g  a i r  
a n d  t r a c e r  g a s .  A c o n t r o l l e d  r a t e  o f  a i r ,  f rom a  s e r v i c e  l i n e ,  was p i p e d  t o  a n  
o p e n i n g  i n  t h e  t a n k  t o  o b t a i n  a n r e d e t e r m i n e d  r a t e  o f  a i r  i n p u t  t o  t h e  e n c l o -  
s u r e .  S F 6 / a i r  m i x t u r e  i n  t h e  t a n k  was a l l o w e d  t o  l e a k  o u t  t h r o u g h  a  r u b b e r  
t u b e  c o n n e c t e d  t o  t h e  t a n k .  Both  t h e  c o n s t a n t  c o ~ c e n t r a t i o n  arid d e c a y  methods  
were  checked  by t h i s  s y s t e m .  The s c h e m a t i c  d i a g r a m  o f  t h e  e x p e r i m e n t a l  s e t - u p  
i s  shown i n  F i g .  5 .  

T e s t s  were  c o n d u c t e d  w i t h  d i f f e r e n t  a i r  f low r a t e s  o f  0 . 2  t o  9  a i r  
c h a n g e s / h r .  The r e s u l t s  o f  t h e s e  t e s t s  a r e  shown i n  F i g .  6 .  The c o e f f i c i e n t  
a f  c o r r e l a t i o n  was found  t o  b e  0.99742 f o r  t h e  decay  method,  and 0 . 9 9 6 7 1  f o r  
t h e  c o n s t a n t  c o n c e n t r a t i o n  method.  The a v e r a g e  e r r o r  was found t o  b e  o n l y  1 . 5 %  
f o r  b o t h  methods .  

It  was e v i d e n t  f rom t h e  t e s t s  t h a t  c a r e  s h o u l d  b e  t a k e n  how b e s t  t o  p r o -  
c e s s  f i e l d  d a t a .  T e s t s  have  shown t h a t  c h a n g e s  i n  t h e  s e n s i t i v i t y  o f  t h e  
d e t e c t o r  t o  SF6 c o n c e n t r a t i o n s  do o c c u r .  T h i s  i s  e s p e c i a l l y  t r u e  i n  t h e  warm- 
up p e r i o d  o f  t h e  SF6-detector/chromatogra~h. I t  c a n  b e  a v o i d e d  by s t a r t i n g  
t h e  equ ipment  h a l f  a n  h o u r  b e f o r e  t h e  t e s t .  

The t e s t s  h a v e  shown t h a t  t h e  SF6-detector/chromatograph, a s  u s e d  i n  t h e  
a u t o m a t e d  s y s t e m ,  g i v e s  r e l i a b l e  r e s u l t s .  

( 2 )  F i e l d  T e s t  

The a i r  i n f i l t r a t i o n  measurement s y s t e m  was t e s t e d  i n  a  3-bedroom, 
e x p e r i m e n t a l  e n e r g y  c o n s e r v a t i o n  house  i n  R e g i n a ,  Canada,  u s i n g  b o t h  t h e  d e c a y  
and  t h e  c o n s t a n t  c o n c e n t r a t i o n  methods .  

F o r  t h e  decay  method,  SF6 was i n t r o d u c e d  a u t o m a t i c a l l y  i n t o  t h e  f u r n a c e  
a i r  r e c i r c u l a t i o n  f a n  a t  a  s e l e c t e d  SF6 c o n c e n t r a t i o n  l e v e l ,  and t h e  b u i l d - u p  
and d e c a y  o f  t r a c e r  i n  t h e  h o u s e  was measured from t h e  s a m ~ l e  e x t r a c t e d  f rom 
t h e  r e t u r n  a i r  d u c t .  F o r  t h e  c o n s t a n t  c o n c e n t r a t i o n  method,  t r a c e r  g a s  was 
i n j e c t e d  downstream o f  t h e  f u r n a c e  f a n ,  a n d  t h e  s a m n l i n g  was done ahead  o f  t h e  
f a n .  Tn b o t h  t e s t s ,  t h e  d a t a  were  r e c o r d e d  on t h e  m a g n e t i c  t a p e  c a s s e t t e  o f  ' 

t h e  HP9815 c a l c u l a t o r ,  a n d  p l a y e d  back o r  p r i n t e d  o n  t h e r m a l  p r i n t e r  p a p e r .  

The f u r n a c e  f a n  was o p e r a t e d  c o n t i n u o u s l y  d u r i n g  t h e  e x p e r i m e n t  t o  a c h i e v e  
good mix ing .  Samples  were  t a k e n  from t h e  r e t u r n  d u c t  e v e r y  2  min.  S e v e r a l  
t e s t s  were  c o n d u c t e d  t o  check  t h e  r e l i a b i l i t y  o f  t h e  s y s t e m .  The r e s u l t s  o f  one  
2-hr t e s t  o f  t h e  d e c a y  and c o n s t a n t  c o n c e n t r a t i o n  methods  a r e  p l o t t e d  i n  F i g .  7 .  
The agreement  be tween  t h e s e  two methods i s  w i t h i n  normal  e x p e r i m e n t a l  e r r o r .  
The computed v a l u e s  o f  a i r  change  r a t e  p e r  h o u r  f o r  t h e  decay  and c o n s t a n t  



c o n c e n t r a t i o n  methods  were  found  t o  b e  0 . 6 1 5  and 0 .608 ,  r e s p e c t i v e l y .  I n  s e v e r a l  
o t h e r  t es t s ,  t h e  r e s u l t s  o f  t h e  two methods  a g r e e d  w i t h i n  2 % .  

T e s t s  were  a l s o  c o n d u c t e d  u s i n g  t h e  p r e s s u r i z a t i o n  method,  a l o n g  w i t h  t h e  
decay  method i n  a 2 - s t o r y ,  3-bedroom house'  l o c a t e d  i n  Ot tawa,  Canada.  

F o r  t h e  p r e s s u r i z a t i o n  method, t h e  a i r  was e x h a u s t e d  f r o m  t h e  house  w i t h  
a c e n t r i f u g a l  f a n  a n d  t h e  d r o p  i n  t h e  i n s i d e  p r e s s u r e  and ,  s i m u l t a n e o u s l y ,  t h e  
a i r  f low r a t e  t h r o u g h  t h e  f a n  d u c t w e y e  measured w i t h  a  l a m i n a r  f l o w  e l e m e n t .  A 
d e t a i l e d  d e s c r i p t i o n  o f  t h e  e x p e r i m e n t a l  p r o c e d u r e  i s  r e p o r t e d  by Tamura ( 5 ) .  
S e v e r a l  t r a c e r  g a s  t e s t s  u s i n g  t h e  c o n s t a n t  c o n c e n t r a t i o n  and d e c a y  methods  
were  c o n d u c t e d  a t  d i f f e r e n t  a i r  f low rates o f  0 . 5  t o  1 . 6  a i r  c h a n g e s / h r .  The 
l e v e l  o f  t r a c e r  g a s  c o n c e n t r a t i o n  d u r i n g  t h e  t e s t s  u s i n g  t h e  c o n s t a n t  c o n c e n t r a -  
t i o n  method was m a i n t a i n e d  between 5  ppb t o  20 ppb. P r e s s u r e  d i f f e r e n c e  a c r o s s  
t h e  w a l l s  o f  t h e  h o u s e  w a s  a l s o  measured a t  2  l o c a t i o n s  on e a c h  w a l l  and a c r o s s  
t h e  ce i l ing  o f  t h e  2nd f l o o r  t o  e n s u r e  t h a t  t h e  d i r e c t i o n  o f  f l o w  t h r o u g h  t h e  
h o u s e  e n c l o s u r e  was t h e  same everywhere  d u r i n g  t h e  t e s t  c o n d u c t e d  u n d e r  m o d e r a t e  
wind.  

The f u r n a c e  f a n ,  o f  0 .436  m3/sec (4 a i r  c h a n g e s / h r )  c a p a c i t y ,  was o p e r a t e d  
c o n t i n u o u s l y  d u r i n g  t h e  e x p e r i m e n t  t o  a c h i e v e  good m i x i n g .  The r e s u l t s  o f  p r e s -  
s u r i z a t i o n  and c o n s t a n t  c o n c e n t r a t i o n  measurements  a r e  p l o t t e d  i n  F i g .  8 ,  and  
t h e  r e s u l t s  of p r e s s u r i z a t i o n  and decay  measurements  a r e  p l o t t e d  i n  F i g .  9 .  The 
a v e r a g e  e r r o r  was f o u n d  t o  b e  o n l y  5% f o r  b o t h  methods .  

The s y s t e m  o p e r a t e d  s a t i s f a c t o r i l y  f o r  a b o u t  6  h r ,  b u t  beyond t h i s  p e r i o d  
a s l i g h t  z e r o  s h i f t  o f  t h e  i n s t r u m e n t  o c c u r r e d  ( l e s s  t h a n  4 % )  which c a n  b e  c o r -  
r e c t e d  s i m p l y  by r e s e t t i n g  t h e  z e r o  a d j u s t m e n t  knob o f  t h e  SF6-de tec to r /chroma-  
t o g r a p h .  T h i s  p rob lem h a s  s i n c e  been  overcome by a change i n  t h e  program t o  
r e a d  and c o r r e c t  f o r  t h e  z e r o  s h i f t .  

1 CONCLUSIONS 

An au tomated  s y s t e m  t o  measure  a i r  i n f i l t r a t i o n  r a t e s  i n  b u i l d i n g s ,  u s i n g  SF6 
as a  t r a c e r  g a s ,  was d e v e l o p e d  and c h e c k e d  b o t h  i n  t h e  l a b o r a t o r y  and i n  t h e  
f i e l d .  It  i s  made up o f  3  main s u b s y s t e m s  - t h e  programmable c a l c u l a t o r ,  t h e  
SF6 d i s c h a r g e  s y s t e m ,  and  t h e  SF6 m e a s u r i n g  s y s t e m .  C o n c e n t r a t i o n  l e v e l s  o f  
SF6 a r e  m a i n t a i n e d  a t  t h e  p a r t s  p e r  b i l l i o n  l e v e l  i n  t h e  b u i l d i n g s ,  and  a r e  
measured by a  s e n s i t i v e  e l e c t r o n  c a p t u r e  d e t e c t o r  i n  c o n j u n c t i o n  w i t h  a  g a s  
chromatograph .  

The s y s t e m  c a n  be  o p e r a t e d  u s i n g  e i t h e r  t h e  decay  o r  t h e  c o n s t a n t  concen-  
t r a t i o n  method. A i r  i n f i l t r a t i o n  measurements  i n  t h e  l a b o r a t o r y  and  t h e  f i e l d  
by b o t h  methods showed t h a t  t h e  a v e r a g e  e r r o r  i s  o n l y  1 . 5 % .  R e p e a t e d  6 -hr - long ,  
u n a t t e n d e d  o p e r a t i o n  h a s  been  a c h i e v e d  by b o t h  methods .  F i e l d  t e s t s  i n  a h o u s e  
w i t h  t h e  p r e s s u r i z a t i o n  and  t r a c e r  methods  showed o n l y  5% e r r o r  i n  t h e  a i r  
i n f i l t r a t i o n  measurement r e s u l t s .  

I 
$ The c o n c l u s i o n s  on t h e  a u t o m a t e d  a i r  i n f i l t r a t i o n  m e a s u r i n g  sys tem,  

I l a b o r a t o r y  and  f i e l d  c a l i b r a t i o n  and  o p e r a t i o n  f rom a n  i n s t r u m e n t  s t a n d p o i n t ,  
1 have  been  f a v o r a b l e .  
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Abstract 

In th is  paper we describe an automatic measurement system for a i r  i n f i l t r a t ion  

and relevant influence factors ,  which is appl icable to measurements in single 

rooms or in a group of connected rooms. This system works on the decay rate 

method and i s  controlled by a purpose-designed controller.  The t e s t  data are 

evaluated by computer, but off-1 ine. Recommendations in connection with 

different  detai ls  of t h i s  system will be valid fo r  t e s t s  in similar, relatively 
t ight  rooms. 

In the l a s t  section, t e s t  data of long-term a i r  i n f i l t r a t ion  measurements, 
correlations of th i s  data with wind- and temperature-di fference-data and 
f ina l ly  a comparison w i t h  pressurization-test-data are given. 

1. Introduction, Conditions for  the Measurement System 

After a period of different  short-term-tests in Swiss buildings, there was a 
need to  develop an automated a i r - inf i l t ra t ion  measurement system which would 
a1 low long-term measurements without intensive manual control. A relatively 
t ight  budget imposed a tendency to cheap b u t  well-adapted solutions fo r  the 

different parts of the system. 

A real lack of another Central-European ins t i tu t e  w i t h  some experience in 

th is  f ie ld ,  forced us to  evaluate many de ta i l s  in connection with the system 

by various small experiments. 

The system should be able to  do measurements in single rooms or  in groups 

of some connected rooms (6 in maximum). 

In connection with the t e s t  programme, some ambitious plans to  simulate the 

buildings in comparison with intensive flow and pressure measurements could 
f inal ly  not be treated, b u t  we were able to  instal  1 a large number of sensors 

to  measure necessary influence factors for  the in f i l t r a t ion .  



The planned in f i  1 t ra t ion measurement-system i s  adapted to  typical Central - 
European bu i  1 dings, which generally have the following characteristics:  

- larger buildings are usually of solid-wall construction . 
- single family houses are bu i l t  as solid-wall or  light-weight 

construction. 
- windows, especially in new buildings, are  relatively t ight .  

- additional ventilation systems are instal  led in internal t o i l e t s  
and sometimes i n  kitchens; otherwise they are  ventilated by window- 
opening . 

- open fireplaces in houses or apartments are  uncommon. 
- water-heati ng systems are very common (radiators,  under-fl oor heating 

occur less  frequently). 

2. Concept of Measurement-System 

The f i r s t  two choices i n  connection with the system had to  be the principle 
measurement-procedure and the type of tracer-gas to  be used. A t  the planning 
stage we considered tha t  we were not able to introduce a reasonable constant- 
concentration-control , so we decided to  choose the decay method. 

The choice of the tracer-gas type was influenced by our good experience w i t h  

N20 which we had gained i n  ea r l i e r  years (see Ref 2).  Usual test-concentrations 
for  the available American type of analyser (Infra-red type, "Miran") are i n  
the range of 10 to  20 ppm. Rather than employing systems with a very refined 
injection system (see Ref 12),  or  using on-line computer evaluation of data, 

we developed a relat ively simple system w i t h  a purpose-designed controller for  

the injection and logging systems. A refined computer program fo r  the 
evaluation of data avoids a l o t  of time-consuming work. 

The system i s  presented i n  Figure 1 with i t s  main parts: 

controller,  supply-system, analyser w i t h  scanner, data logging system 
for  recording both gas concentration values and a large number of 
influence factors.  

Figure 2 shows the instruments on a photograph, the analyser i n  the centre on 
the table, the controller a t  i t s  l e f t  side,  the scanner below the table. 



Measurement procedure: 

The procedure i s  not extraordinary b u t  the method of choosing the different 
sequences may be of interest:  

- The controller stops the analysis below a level of about 15% of 
the start-concentration. 

- Adjusted volumes of t e s t  gas are injected i n  the different rooms 
and mixed by fans fo r  about 10-15 minutes. 

- Afterwards, the scanning and analysing procedure s t a r t s  again i n  
sequences of 5-10 minutes per sample. 

- An analogue printer gives a visual display of the concentrations 
in different rooms; also the resulting concentration of each 
sequence i s  stored on a tape. 

Eva1 uation of the data: 

In connection with the design of this evaluation program, we spent some 
time devising a certain variety of evaluation procedures, making a comparison 
of the corresponding resul ts .  This program i s  able to  calculate the following 
inf i l t ra t ion  rates: 

- of every sample location during the whole r u n  o r  during a desired 
period. 

- of a mean in f i l t r a t ion  rate ,  taking into account a l l  samples for  
a desired period. 

- of a mean value including a weighting procedure, i f  the samples 
are selected from rooms with a certain variety of sizes. 

The timing of evaluation and measurement procedure i s  chosen in such a way 
that  a l l  relevant data are printed a short period before the automated change 
to the next sample position. 

Figure 3 shows an analogue print of a t e s t  r u n  (notice the unusual direction 
of the time axis I). I t  i s  clearly visible that ,  although there is relatively 
good mixing a t  the beginning, there i s  quite a spread of concentrations in 
the different rooms of th i s  house during the t e s t  period of some hours. 
Except for  some special t e s t s ,  which did not give a significant difference, 
we do not run the fans d u r i n g  normal t e s t s ,  b u t  evaluate the overall 
inf i l t ra t ion  rate  by weighting the values of the different  rooms. 



I t  may be of in te res t  t ha t  manual evaluations and these automated evaluations 
of the data d i f fe r  by a very small percentage, which i s ,  i n  any case, in the 
range of other errors.  Maximum deviations for  single values of a test-run 
show 6%; mean deviations for  a whole r u n  are smaller than 2%. 

During t e s t s  i n  the same house over a period of some months, the system 
worked quite well i n  nearly a l l  conditions. I f  wind direction and wind 
velocity changed very much, the i n i t i a l  mixing was not good enough without 
some manual assistance. 

3. Detail-evaluations i n  connection w i t h  the instrumentation s e t  

This section seems to  be reasonable in the context of a seminar on 
measurement technique; we hope to  del iver some hints to  other ins t i tu tes  
s tar t ing similar experiments i n  the near future,  especially i n  Central Europe. 
I t  will conclude w i t h  some general recommendations. 

(a )  Test gas character is t ics  

We d i d  not find any indications of adsorption o r  absorption characteristics 
of usual building surface materials fo r  our favoured t e s t  gas, NpO. Therefore, 
we executed a certain number of long-term exposure t e s t s  of materials in 
closed-test-loop ( for  de ta i l s ,  see Ref 2 , p43). Test specimen included 
woodboard, gypsum-board, wall paper, carpet, paint and plast ic  surfaces of 
different kinds. There i s  no evidence of adsorption/absorption for  test-gas 
concentrations i n  the same range, as they are used in our experiments. 
Similar experiments are  conducted w i t h  extremely long plast ic  tubes, which 

we used for sampling purposes. 

Although we observed very small losses of gas per hour, they seemed to be 
generally due to  f i t t i n g s  and valves (about 1%).  These experiments 
nevertheless indicated the danger of leakages, especially for  tubes w i t h  

high concentrations of tracer-gas coming out of the pressure reservoir. 

(b) Checking of the analyser 

The manufacturer of the analyser recommends a t e s t  procedure in a closed 
c i r cu i t  with a defined amount of t e s t  gas. Besides the procedure, which 
needs a l o t  of care, we developed another relat ively simple laboratory 
procedure : 

3 We were able to  vary the in f i l t r a t ion  rate  in a 3 m t e s t  box i n  a range of 

1 to 10 a.c. per hour and to measure the a i r  flow accurately (+ - 1%).  By 
measuring these inf i l t ra t ion  rates a second time using the analyser, we 



obtained a good t e s t  of i t s  function (Figure 4 ) .  This checking procedure 
avoided any problems of temperature dr i f t ,  which has to be considered when 
measuring in very small circuits.  

(c) Injection system 

Figure 5 i l lustrates an injection tube end. Each contains a s l i t ,  which 

i s  adjusted according to the volume of the room and closes i t se l f  very 
tightly as soon as the overpressure disappears. For the t e s t  gas we used 
only one magnetic valve with an adjustable opening-duration with a 
controlled small overpressure; a l l  tubes to the injection ends had the 
same length. 

A1 though this system i s  very much less refined than systems used by other 
institutes, i t  works reasonably under "normal" wind situations, as we 

mentioned before. 

Recommendations 

( i )  Applicability of the system to different purposes: 

Without contradicting the various discussions about advantages of a measurement 
system with constant level (see, e.g. Ref 3 ,  Ref 7 ,  e t  a l ) ,  which seem to have 
been proven- recently, 

our system delivered, for a limited budget: 

- accurate results for single rooms 
- results with reasonable accuracy, e.g, repeatability, for groups 

of connected rooms w i t h  l i t t l e  internal resistances (usual in Swiss 
homes and apartments) 

- indications of mean ventilation rates in bui ldings/flats with 
singular openings (may be one or two windows) ; refined measurements 
on these effects would need, e.g. a multiple-gas-system to detect 
internal flows. 

( i i )  The infra-red analyser as we use i t  does not need much recalibration 
(which seems to cause problems for other instruments), but i t  does need a 
"warming-up" time of more than one hour. 



( i i i )  Painstaking attention t o  a l l  possibi l i t ies  of leakage i s  seen to  be 
very important, especi a1 ly  for  tubes w i t h  h i g h  tracer-gas concentrations, 
maybe under pressure. Such leaks may occur a f t e r  a longer period of t ight  
runn ing  of the system, e.g. by ageing of tubes. As a consequence of some 
problems i n  this connection, we avoided placing injection tubes o r  gas 
reservoirs w i t h i n  the t e s t  rooms as much as possible and also paid attention 
to an eventual mixture of tracer leakage gas and in le t  a i r  of any room. 

(iv) Evaluation system: 

I t  i s  recommended to  ins ta l l  a simple analogue registration device for  the 

test-gas concentration i n  addition t o  any refined evaluation system. The 
displays provide the best way of supervising the performance of the system. 

Test Results on Long Term Tests in a Single Swiss One-Family-House 

Although t e s t  resul ts  have only secondary in teres t  in th is  seminar, some resul ts  
from our t e s t s  l a s t  winter would well f i t  into the data collections of other 
authors, where Central-European resul ts  are scarce. 

A vertical section (Figure 6) shows the principle design of th i s  building, 
which is nearly ,square. The surroundings of the building are relatively free;  
only i ts  north facade is protected i n  the lower half by a slope a t  the back 
of the house. Prevailing winds are from the west-side/southwest-side, which 
have, as usual, some large windows. The building is a wooden, lightweight 
construction but protected on i t s  outside by an overall styrofoam-insulation. 
The wooden windows have rubber gaskets (round form) and may be protected 
ei ther  by shutters o r  by ro l l e r  blinds. 

The following table gives a selection of main t e s t  resul t s ,  which will be 
commented upon afterwards . 
Results: 

Variable 

Leakage of 
bui 1 dings 

Leakage of 
elements 

- whole building, measured under 
overpressure and underpressure 
(similar resul ts)  

- whole building a t  50 Pa 
calculated from a l l  known 
window gaps and leakages 

Conditions Numbers 

- windows (measured on s i t e )  
- window (example, i n  lab. ) 
- balcony doors 
- entrance door 

0.02 - 0.05 m3/m h Pazi3 
0.03 - 
0.03 - 0.1 II 

0.5 - II 



chimney always completely sealed; 
t e s t  period - winter 1979/1980 

- m i n i m u m  value (v % 0.5 - 1 m/s) 

- maximum value (v 10 - 11 m/s) 

0.25 - 0.3 h- 

Mean - night condition, typical winter 
i nf i 1 t r a t i  on day; building closed except two 
rate  with windows i n  sleeping rooms 
singular s l ight ly  open, shutter closed 0.6 h-' 
openings 

- typical winter day; one window 
on f i r s t  and second floor,  i n  
same facade, s l ight ly  open 0.8 h-' 

Additional to  the above table,  Figure 7 describes the correlation between 
wind-speed, temperature, difference and in f i l t r a t ion  rate  in the closed 

t e s t  building. This correlation follows one of the more simple attempts t o  

relate  to  the physical background of the flows, which i s  given i n  Ref 4: 

- Inf = A + B . a t  + C. Vel 2 

The corresponding coefficients are indicated in the figure. 

Comments : 

The overall tightness of t h i s  building i s  excel lent .  The results of 

pressurization t e s t s  show tha t  a i r  leakage is  f a r  less  than that  s e t  by Swedish 

Standards as i t  is  in the same range as t igh t  buildings reported by Dumont 

(Ref 12). Other Swiss buildings with sol id,  heavy construction will show 

similar, probably lower, 1 eakage rates. 

Natural infi  1 t rat ion rates i n  usual winter periods are  1 ess than recommended 

values. The l a s t  resul ts  show well tha t  user influence will probably double 

or t r ip l e  the values measured i n  the closed building, a t  least  i n  warmer and 

low-wind situations.  



A1 though t h i s  experimental house (with same construct ion a s  series bui 1 dings 
of the manufacturer) was b u i l t  w i t h  specia l  a t t e n t i o n ,  about 80% of  
i n f i l t r a t i o n  happens through "unknown" gaps. Maybe another 20% of the a i r  
flows through gaps just around windows'and doors. This f a c t  shows how poorly 
the usual simple ca lcu la t ion  rules., based on window gap lengths and leakage, 
work. Nevertheless, these  ru les  a r e  introduced i n  thousands of  Central - 
European building laws. We hope t h a t  our  Air I n f i l t r a t i o n  Centre will be 
ab le  t o  provide ref ined new methods on such da ta  sets. 
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Fig. 1:System for automated decay-rate-tracer-gas-measurements 

Fig.2 : Instruments for automated infiltration measurements 
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Fig.3 : Analogue p r i n t  of  t r a c e r - g a s  c o n c e n t r a . t i o n  ( 6  d i f f e r e n t ,  
a u t o m a t i c a l l y  changed samples )  and o f  t h e  p r e s s u r e  d i f f e r e n c e  
o v e r  t h e  main, wind opposed f a c a d e  

F i g .  4 : Checking equipment f o r  g a s  a n a l y s e r  
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F i g .  5 : I n j e c t i o n  t u b e  w i t h  v a r i a b l e  s l i t  l e n g t h ,  i n  o r d e r  t o  
a d j u s t  t h e  i n j e c t i o n  f low t o  t h e  volume of  t h e  cor respon-  
d i n g  room ( d e t a i l  A i n  F i g .  1) 

F i g .  6 Schem a t i c v e r t i c a l  s e c t i o n  through t h e  t e s t - b u i l d i n g ,  i n c l u -  
d i n g  t h e  main ? a r t s  of t h e  i n f i l t r a t i o n - i n s t r u m e n t a t i o n  
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ABSTRACT 

An automated a i r  i n f i l t r a t i o n  measurement system f o r  large buildings i s  

described. The system consists of a micro-computer, electron capture gas 

chromatograph, a ten po r t  sampling manifold, and f i v e  tracer gas i n jec t i on  

units. The system controls the i n jec t i on  and sampling o f  t racer gas i n  a 

multi-zone building, calculates the a i r  i n f i l t r a t i o n  rates o f  each zone, and 

measures the on-time o f  events such as HVAC fan operation, exhaust fan oper- 

ation, and door/window openings. The measurements a1 so i n c l  ude such analog 

variables as i n t e r i o r  and exter ior  temperatures, wind speed, wind d i rec t ion  

and pressure d i f f e r e n t i a l s  across the bui ld ing envelope. The data col lected 

using the automated a i r  i n f i l t r a t i o n  system i n  large buildings w i l l  allow 

the determination o f  the r e l a t i v e  importance o f  a i r  leakage and forced vent i la-  

t i o n  on the energy requirements of the building, as wel l  as evaluating the 

influence o f  meteorological conditions, HVAC fan operation, exhaust fan 

operation and ex ter io r  bu i ld ing pressure on the a i r  leakage. 



INTRODUCTION 

It is generally assumed that the air exchange rate for large buildings 

is dominated by the requirements for ventilation of the building and that 

the air leakage into such buildings is only a small component of the total 

air exchange of the building. However, 1 i ttle data have been collected to 

verify that the air leakage in large buildings is indeed small, and that the 

ventilation rates that the building is experiencing under actual usage is 

that intended by the designersof the building and the designers of its HVAC 

system. Also, a1 though the air leakage rate of a large building may be 

small compared to the ventilation requirements of the building, the energy 

requirements on the heating and cooling system imposed by air leakage in 

large buildings may be significant since such air leakage is uncontrollable 

and offers no opportunity for recovery of the energy lost. The parameters 

that influence air leakage in large buildings are also not well understood. 

It is not certain whether the air leakage is driven by the pressures induced 

by the operation of the mechanical system or by the natural driving forces 

of wind and temperature. 

In an attempt to answer these questions, a project was started at the 

National Bureau of Standards under sponsorship of the U.S. Department of 

Energy to investigate the nature and causes of air infiltration in large 

buildings. The first building studied in this project was the 11-story 

administration bui Kding at the National Bureau of Standards in Gai thersburg, 

Mary1 and [I 1. 



The air infiltration measurements initially made in the NBS administra- 

tion building were accompl ished using a semi-automated air infiltration 

measurement system [2-31. The tracer gas was injected manually into the build- 

ing. Tracer concentrations were measured using an electron capture gas 

chromatograph with the output recorded on a strip-chart. This system required 

large amounts of manual data reduction and required the frequent presence of 

technicians during the periods when measurements were being made. As part 

of the U.S. contribution to the International Energy Agency project to 

study the heating and cooling requirements of a large building near Glasgow, 

Scotland, the National Bureau of Standards was requested by the U.S. Depart- 

ment of Energy to provide the investigators of the Building Services Research 
* 

Unit of the University of Glasgow with an automated air infiltration measure- 

ment system and to assist them in the operation and analysis of the data 

col 1 ected using the system. 

The building being studied in the I.E. A. project is a four story, 

approximately 2.4 mill ion cubic foot structure called the Collins Building 

and is located is Bishopbriggs, an outlying area of Glasgow. It is occupied 

by the Collins Publishing Company. It stands on open terrain with no immed- 

iately surrounding buildings, no external shielding, and on a grade so that 

there is one more exposed floor on the north side, than on the south. The 

building is serviced by four mechanical systems: one handling the basement, 

ground, first and second floors; a second handling the third floor; a third 

* 
This investigation is being conducted by Dr. Jeremy Cockcroft, now with 
Honeywell, Inc., and Neale Veech of the Building Services Research Unit 
of the University of Glasgow. 



dedicated to the computer room; and the fourth used for the sports area. 

The U.S, Department of Energy also requested that NBS provide a second 

air infiltration measurement system to be installed in a 26-story building 

called the Park Plaza Building in Newark, N.J. This building is occupied 

by Pub1 ic Service Electric and Gas Company of New Jersey and is located in 

an urban environment. 

It was decided that the automated air infiltration systems for applica- 

tion to these studies of energy usage in large buildings should be based on 

the automated air infiltration system previously developed and used in resi- 

dences by Princeton University and NBS [3-41. However, the new requirements 

on the measurement system @ue to the complexity of the air hand1 ing system 

and multi-zone nature of large buildings) necessitated a more sophisticated 

design. It was decided that the most feasible approach was to incorporate 

a micro-computer in the measurement system, capable of being programmed to 

make the many decisions needed to properly handle the injection and sampling 

from several zones. This paper wi 1 1  describe this micro-computer based 

automated air infiltration measurement system. 



Description of the Automated Air Infiltration System 

The automated air infiltration system for large buildings is shown 

schematically in Figure 1. The system consists of a S-100 Buss micro-computer 

with two 5 114 inch dual-sided floppy disc drives, a 100,000 day real-time 

clock, a CRT terminal, a parallel printer, an electron capture gas chromato- 

graph, a ten-port sampling manifold, five injection units, and an analog 

interface. The interfacing of the gas chromatograph, the sampling manifold 

and the injection units is accomplished through two specially designed S-100 

interface cards: the 5-100 air infiltration interface card,and the 5-100 

Buss octal A-C relay card. Figure 2 shows a block diagram of the interfacing 

of each component with the micro-computer. The micro-computer has a 2-80 

based CPU (which operates at 4 MHz), 64K of RAM memory, a disc controller 

and a dual seriallparallel I/O interface. It is programmable in Fortran, 

2-80 assembly language, and Basic. Disc drive "A" of the computer is used 

for storage of the air infiltration programs and for "booting" the system. 

Disc drive "B" is used for data storage. Each has a capacity for storing 

173k bytes of data. The resident disc operating system (on a PROM located 

on the disc controller card) was modified to allow for the automatic booting 

of the system and for the initialization of the air infiltration interface. 

Drivers for the real-time clock were added to the disc operating system so 

that the clock could be used through system calls. 

The 5-100 Buss air infiltration board controlled the capturing of the 

tracer gas peak and thus allowed the determination of the tracer gas concen- 

tration. A block design for this interface is given in Figure 3. This 



interface board between the gas chromatograph and the S-100 Buss permits 

both software and hardware determination of the tracer gas concentration 

peak. The advantage of this flexibility is that in a system configuation 

where the computer is busy monitoring other variables, it is possible to 

output a short series of commands to the S-100 Buss air infiltration board. 

The peak detector will determine the tracer peak automatically, indicating 

to the computer when it has found the peak (usually about 25 seconds after 

initialization of the sequence). In a configuration in which the compiler 

is not busy with other functions, the peak can be detected by software. 

The software mode is more re1 iable and 1 ess sensitive to noise and adjust- 

ments to the gas chromatograph. The air infiltration board also has two 

8-bit parallel output ports and can automatically control the activation 

of the rotary sample value on the gas chromotograph,although in the configur- 

ation for large buildings this function is accomplished by a S-100 octal A-C 

relay card. The system has two 5-100 Buss octal A-C relay cards. The block 

diagram for this card is given in Figure 4. These two cards control the 

sample value manifold, the injection units and the rotary sample valve on 

the gas chromatograph. They also serve as input ports for events data. 

In the Collins Building, flow switches were installed in the HVAC 

and the exhaust fan systems. The output from these flow switches were 

connected to the event status ports on the S-100 Buss octal A-C relay cards. 

The interrupt service routine of the monitoring program would check the 

status ports each second to determine which HVAC system was operating and 

which exhaust fans were on. If the HVAC system of a zone was not operating, 

no injection of tracer into the zone was permitted. 



The tracer gas selected for the study of air exchange in large build- 

ings is sulfur hexafluoride. A1 though there are several suitable tracer 

gases for residential buildings, practical constraints 1 imit the choice when 

dealing with volumes of one million cubic feet and more. One cannot W,uck 

in large quantities of tracer gas, rather the choice is to use a tracer 

which can be detected in concentrations as low as several parts per billion. 

For example, in a one million cubic foot building, the largest available 

cyl inder of Nitrous Oxide would produce only 10 seedings of the building. 

The corresponding cyl inder of sulfur hexafl uori de would produce 10,000 seedings. 

To minimize the size of the air infiltration measurement system, maximum 

use was made of the micro-computer cabinet. For example, the election capture 

gas chromatograph was removed from its standard cabinet, and the pneumatic 

rotary actuator was connected to the sample valve (Figure 5). The unit was 

then installed in the redesigned front panel in the micro-computer cabinet. 

The units power supply, in turn, was placed in the power supply section at the 

rear of the cabinet. In this way no additional space was required. 

The 10 port sample manifold is shown in the photograph in Figure 6. 

It was designed so that it would fit in the rear of the computer cabinet, 

thus fully utilizing the cabinet space. The solenoids of the 10 port sample 

valve manifold were connected to the first octal A-C relay card and to the 

first two relays of the second octal A-C relay card. In any appl ication 

in large buildings, auxiliary pumps must be added to the sampling system 

since the pump of the gas chromatograph is not designed to pull samples 

through the long lengths of tubing required by the building sampling network. 



The injection units for a large building vary according to the size 
3 of the zone being seeded by the unit. For zones in excess of 300,000 ft , 

the injection unit consists of an appropriately sized cylinder of tracer gas 

with a pressure regulator and leak-tight solenoid, For volumes less than 

3 300,000 ft a specially designed injection unit consisting of a low pressure 

tank, a low pressure regulator and a zero leakage solenoid valve is required 

(see Figure 7). The maximum size of the tracer gas container is based upon 

maximum safe concentration of the tracer gas to which the occupant of the 

building could be subjected without harmful effects. That is 

where Qt is the quantity of gas contained in the injection unit tank, Vz is 

the volune of the zone served by the injection unit and Cma, is the maximum 

safe tracer concentration, usually taken to be a factor of three or more 

lower than the OSHA eight hour maximum concentration (i .e., 1000 ppm for 

Equation (1) is based on the assumption that the tank of tracer gas 

exhausted its contents instantly. In practice, the most likely mode of 

failure is a leaking injection valve. In that case, the flow controlling 

orifice would spread the leakage over an extensive period of time further 

1 imiting concentration build-up. Table 1 gives the parameters pertinent in 

the selection of the injection unit tank size for the four injection zones 

of the Collins Building. The estimated duration of each reservoir was 





derived by assuming an injection of 100 ppb of tracer every three hours, 24 

hours a day, seven days a week. 

The 16-channel analog A/D interface card a1 so deserves special mention. 

This card monitors such interior and exterior parameters as temperature, wind 

speed, wind direction and exterior building envelope pressure differential s. 



Description of Software of Operating the Automated Air Infiltration Unit 

A group of-programs was developed for operating the automated air in- 

filtration unit in l arge buildings. TWO general subroutine 1 i braries were 

written. The first library contained the interrupt related subroutines that 

.were needed for controlling the injection of tracer gas, the determination 

of the status events, and the control of the sampling manifold. Although 

these subroutines were written in assembly language, they are all Fortran 

callable and thus allow the development of programs by those familiar with 

Fortran. The second library consisted of subroutines which did not depend 

on the interrupt feature of the micro-computer. Several diagnostic programs 

for testing the functioning of the major components of the hardware were also 

written and the program for the calibration of the electron capture detector 

was developed so that air sample bags of known tracer concentration could be 

used to obtain the coefficients C, and $ of the equation: 

where S is the standing current P is the peak current, C is the concentration 

in ppb. For the gas chromatograph used in the systems installed in the 

Collins Buildingsthe coefficients Co and $ are approximately 80 ppb and 

0.95 respectively. 

Figure 8 shows a block diagram of the monitoring program for the 

Collins Building. Initially the program determines the parameters of the 

bui 1 ding, and then measures the ini ti a1 concentration and injects tracer gas 

into the zones of the building. 



The in jec t ion  o f  t racer  gas i s  contro l led by the fol lowing considera- 

tions. I n  a large bui ld ing w i th  several in te res t ing  zones, i t  i s  desirable 

t o  keep the tracer gas concentrations o f  each zone approximately equal i n  

order t o  minimize the e r ro r  caused by the interchange of t racer between the 

zones. Also, i n  large buildings i t  i s  prudent t o  i n j e c t  the t racer  slowly 

i n to  the ducts i n  order t o  ensure proper mixing. It was decided t o  design 

f o r  an in jec t ion  time o f  5 minutes (about 4 times tha t  used by the automated 

a i r  i n f i l t r a t i o n  system used i n  homes) and al low for possible i n jec t i on  times 

of up t o  10 minutes. I n  order t o  insure tha t  a l l  zones a t  leas t  started 

a t  approximately the same concentration level  the i n jec t i on  time each hour 

was calculated from the fol lowing equations: 

dC - = A I C  + F d t  during i n jec t i on  (0 < t < t o )  (3)  

dC - = - A I C  d t  during mixing (to < t) (4) 

where A1 i s  the a i r  i n f i l t r a t i o n  rate, C the t racer  concentration and F the 

in jec t ion  flow ra te  per u n i t  volume. 

The mixing period was specif ied as T = 20 minutes a f te r . t he  s t a r t  o f  

in ject ion. 

Equation (3) and (4) can be solved t o  y i e l d  the expressions: 



If C1 is the concentration at the end of the mixing period then: 

The concentration C1 is chosen so that it lies in the linear range of 

the gas chromatograph as determined by the calibration curve of the electron 

capture detector. In the case of the system installed in the Collins building 

C1 120 ppb. The initial concentration Co was chosen as the last measured con- 

centration of the previous sample period. The injection time for each zone was 

then calculated by the following equation: 

The system then samples the zones once each ten minutes for the next 40 

minutes. The air infiltration rates are determined by statistically fitting 

a semi-log curve 

C = C' exp ( - A I ~ )  (9) 

to each history of tracer concentration for each of the zones. 

These data are then outputted to the discs and printer. Then the hourly 

cycle is repeated until the operator aborts the system. 



Summary 

The automated air infiltration measurement system described in this 

paper has proven to be capable of performing the complex tasks necessary 

for determining the air exchange rates in large buildings. Key components 

of the measurement system incl ude: the micro-computer, the electron capture 

gas chromatograph, a ten port sampling manifold and five tracer gas injection 

units. How these components interact and the function each is performing 

have been discussed here in considerable detail. The programmed micro- 

computer is used: to control the injection of tracer gasthus maintaining 

the building zones within chosen concentration limits; to selectively 

sample from the zones, thus accurately tracking the tracer gas concentra- 

tion decay; and to store the resulting air exchange rate data on a floppy 

disc. The capacity of the micro computer allows storage of the event data 

(e. g. HVAC, fan operation and doorlwindow openings), internal and external 

temperatures and the local weather data. With this vital information the 

air exchange rate measurements have that much more meaning, and thereby 

provide the basis for advancements in the understanding of the role of air 

infiltration in large buildings. 

A1 though the initial application of this air infiltration measurement 

system has been in large multi-story commercial buildings, the built-in 

versatility a1 lows wider appl ication. For example, housing blocks with 

horizontal zoning and even tightly compartmental i zed sing1 e-fami ly houses 

often require air infiltration measurement systems with the capabilities 

described here. The compactness of the measurement system as i llustrated 

in Figure 9 further aids its application potential in both large and small 

buildings. 
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Summary 

Research has been carried out on the problems and consequences o f - a  
measuring method for  the determination of the a i r  leakage of houses. 
From the research i t  has appeared that  the pressurization t e s t  for  the 
a i r  leakage of houses can be used to  compare houses on a i r  leakage. 
Additional measurements on the distribution of a i r  leakage over the 
building components are sometimes necessary. The relation between a i r  
leakage and inf i l t ra t ion  and hence also the relation between a i r  leakage 
and energy losses due to inf i l t ra t ion  i s  not clear.  

1. Introduction 

Fan pressurization, blower door system, a i r  leakage t e s t ,  e tc . ,  a l l  
these are words to describe a t e s t  method for  the a i r  tightness of 
houses (see Refs. 1 ,  2 ,  3 ,  4 and 5).  Inf i l t ra t ion  losses become more 
important as houses are better insulated. One wishes to  have a simple 
and less time-consuming method to quantify the a i r  tightness of the 
building envelope. The important question ar ises  whether the fan 
pressurization t e s t  i s  a rel iable  method in relation to occurring 
inf i l t ra t ion  rates and energy losses due to th is  inf i l t ra t ion .  This 
paper t r i e s  to  give an overview on the problems and consequences of the 
pressurization t e s t  on houses. 



2. Description of the method 

A fan fixed in or on a "dummy door" pressurizes or depressurizes a house, 
in which all internal doors are open. The nominal value of this pressure 
is about 50 Pa. The pressure difference between inside and outside will 
be measured as a function of the air flow rate through the house (see 
Fig. 1). 

Figure 1 

In general this can be written as: 

ap=f(q) ...... (1) 
or more specifically: 

A~=(~/c)" .... (2)  

in which: 

p=pressure difference 
q=air flow rate 
C=air leakage coefficient 
n=f 1 ow exponent 

The air leakage coefficient is a function of a representative open area. 

3. Problems 

The following problems are associated with pressure tests: 

3.1 There is a difference between the homogeneous pressure distribution 
over the building envelope during the test and the pressure distribution 
in reality. Also the pressure difference levels have an order of 
magnitude difference (see Fig. 2). 



3.2 Where i s  the pressure difference measured ? More specifically: 

Figure 2 

Figure 3 

Where should the outside pressure tap be placed during the measurements ? 

As one can imagine, due to wind and thermal forces, there i s  a difference 

in pressure between windward or  leeward wall and roof (see Fig. 3). 

This i s  one of the reasons to  pressurize a house to about 50 Pa because, 

a t  that level,  th is  influence i s  relatively small. But,even w i t h  50 Pa 

pressure difference i n  a windy climate, there are  enough circumstances 

under which accurate pressurization measurements are  impossible. 

3.3 The resul t  of the pressurization t e s t  i s  an a i r  flow rate  a t  a certain 

pressure difference level. There i s  no quantitative information about 

the distribution of the leakages. Leakages to adjacent houses can play 

an important role (see Fig. 4) .  

3.4 In real i ty ,  the flow through cracks, caps, e tc .  can be laminar a t  some 

moments, a t  leas t  a t  very low pressures, d u r i n g  the pressurization t e s t  

a t  50 Pa the flow will be more turbulent (see F ig .  5).  



Figure 4 

Figure 5 

Figure 6 

3.5 The p o s s i b i l i t y  o f  changing a i r  leakages by pressing open o r  sucking 

t i g h t  a window i n  i t s  frame must be considered (see Fig.  6) .  

3.6 Replacing a door by a dumny changes the outs ide  envelope of the  house 

and so i t s  a i r  t igh tness  a l i t t l e .  

To study these problems f o r  the  Dutch s i t u a t i o n  some measurements and 

ca lcu la t i ons  have been c a r r i e d  o u t  (paragraph 5 ) .  



4. Measurements 

4.1 The air leakage value of houses in the Netherlands. 

Figure 7 

A bui 1 ding co-operation carried out 130 (de)pressurization tests (see Ref. 6). 
A number of 130 cannot be statistically representative for 4.4 millibn houses, 
but a1 1 130 can be qua1 ified as typical houses for the Netherlands, normal 
price, size, building practice, etc. The results can be seen in Fig. 7. The 
mean air leakage value is 0.1 m3/s at 1 Pa with a standard deviation of 38%. 
These values are measured with a1 1 ventilation ducts open. 

For comparison, Fig. 8 shows values of houses in other countries (see Refs. 
7, 8 and 9). 

The following remarks can be made: 

- In Sweden some ventilation openings are blocked off during the test. 

- The number of houses measured is too small to be representative for the 

total number of houses in other countries. 

4.2 Distribution of air leakages over the building envelope. 

In four houses the leakage of all components in the envelope were measured 
separately. Table 1 shows the results. 



Table 1 : D i s t r i b u t i o n  o f  a i r  leakages over the  envelope of houses. 

- not determined 
x not relevant 

Houses 

Apartments 
(concrete) 

1 

2 

S ing le  f a m i l y  
houses 
(masonry) 

1 

2 

The unknown a i r  leakages may be t h e  ground f l o o r  leakages, leakages t o  
adjacent houses, e t c  . 

Figure 8 

1 

Components 

Facades 

42% 

17% 

1 0% 

25% 

Ducts 

58% 

7 6% 

27% 

27% 

Unknown 

- 
7% 

21 % 

5% 

Roof and 
wa l l  / roo f  
connection 

x 

x 

42% 

43% 

Tota l  
dm3/s 
a t  1 Pa 

2 2 

2 5 

125 

140 



5. Relation between pressurization resul ts  and inf i l t ra t ion  rates 

A direct  relation cannot ex is t  due t o  the following reasons: 

- Two houses with the same total  a i r  leakage can have different 

i inf i l t ra t ion  rates caused by: 

I 
I - another distribution of a i r  leakages 

- another wind-environment 

- Another problem i s  that  the r a t io  between the a i r  leakage co-efficient 

and the in f i l t r a t ion  ra t e  i s  not constant (see Fig. 9) 

Figure 9 

CJIQD 
R=C/aZ#C/a5#C/alO . . . . ( 3 )  

5 
I ~ C C O C ~ ~ T Y  

0 3- 40 m/s in which: 

1 R=ratio 
I C=air leakage coefficient 

a ( i )= in f i l t r a t ion  ra te  a t  i m/s 

i wind velocity 

6. Relation between a i r  leakage and energy losses due to inf i l t ra t ion  

With a calculation model (see Ref. 10) i n  which a l l  leakages can be 

simulated, calculations have been made t o  show an example of the influence 

of: 

- the distribution of a i r  leakages (see Fig. 10) 
- the temperature distribution in the house (see Fig. 11) 

- the wind climate or wind distribution (see Fig. 12) 



From these f igures i t  can be seen that: 

- another d i s t r i bu t i on  o f  a i r  leakages can change the i n f i l t r a t i o n  
heat losses by up t o  15% 

- another temperature d i s t r i bu t i on  can change the i n f i l t r a t i o n  heat 
losses up t o  about 20% 

- another wind climate can change the i n f i l t r a t i o n  heat losses up t o  
about 30% 

These calculations have been carr ied out without changing parameters 

t o  any great extent. 

Figure 10 



Figure 11 

Figure 12 



7. Concl usi ons 

7.1 The pressurization t e s t  i s  a suitable method to compare houses 

on a i r  leakage. 

7.2 If the a i r  leakage of a house does not meet a certain cr i ter ion,  
careful measurements on the distribution of a i r  leakage are  
necessary to: 

- make a final judgement 
- know where to  s t a r t  with improvements 

7 . 3  In some cases pressurization a t  the same time of adjacent houses 

can be necessary. 

7.4 In single family houses i n  the Netherlands, the main important 

1 eakages are: 

- the connection between walls and roof c o n s t r u c ~ ~ o n  

- the ventilation- and flue-ducts 

7.5 More industrial  constructed houses with concrete elements seem 
to have less  a i r  leakage than traditional masonry houses. 

7.6 Relations of a i r  leakages with inf i l t ra t ion  rates and energy 
losses due t o  in f i l t r a t ion  are  not c lear .  
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1. BACKGROUND 

The problem of tightness in buildings is currently a very topical 

and important problem area. When people began to try and improve 

the energy status of houses they perhaps took too much notice of 

k values. More recently it has been seen that uncontrolled air- 

leakage is equally important - sometimes more so. One problem 

with such air-leakage is the difficulty in measuring quantity. 

Probably the most accessible method is to base the quantitative 

determinations of air-leakage on values achieved through tightness 

testing of the building shell and its sub-areas. In the case of 

small houses there is a method available today for carrying out such 

tightness testing on the whole house by using a separate test fan. 

However, for larger houses there is no method. During the last year, 

large office blocks have been tested in much the same way as small 

houses by using the existing fans. This method demands a considerable 

amount of work and is not always possible to carry out. 

Invariably it is not possible to measure the tightness of a section 

of the facade by subjecting a room, or a limited section of the building, 

to a positive pressure, The large amount of leakage which thus occurs 

between dividing walls and joist structures is often too great to 

allow an acceptable result to be achieved. 

The idea of applying the theory of reciprocity was developed in the 

work concerned with tightness testing of large office blocks, by 

deciding how the leaks are distributed throughout the sub-sections 

of the outer shell, irrespective of the size of the building. 

The first measurement indicated that it was theoretically possible to 

use the reciprocity theorem in conjunction with refined tightness 

testing. The thesis was published in a paper "Draughts or ventilation" 



i n  Byggmgstaren 1977 no. 7-8. To quote an example, t he  method means 

t ha t  each room is pressurised i n  turn  and the  sum of the  leakages is  

then measured thus indicat ing the  t r ue  air leakage through the  outer  

s h e l l  of the  building, 

After carrying out  theore t ica l  s tudies ,  an  experimental study 

w a s  carr ied out i n  a laboratory. The experimental work w a s  

carr ied out by Sven Strand and published i n  a d i s s e r t a t i on  "Application 

of a reciproci ty  theorem i n  the t ightness  t e s t i ng  of buildings". 

Sven Strand Division of Building Technology, Royal I n s t i t u t e  of 

Technology, Stockholm 1979, This repor t  discusses the  basic theory 

and an example of i ts  application.  



2. THEOWTICAL derivation 

The perviousness of a building's outer she l l  can be expressed i n  

the form of a relationship between the flow through the outer 

she l l  and the pressure difference across the  shell.  I n  the case 

of a house, t h i s  relationship has the basic form of a function, 

q = f ( Ap) , i.e. the  a i r  flow is a function of the pressure 

diEerence and t h i s  function can be wri t ten a s  q = k (A~)', where 

k is a constant,Ap i s  the pressure difference a n d B  is an 

exponential constant. For pure laminar a i r  flow, f l =  1.0 and i n  

the case of pure turbulent flow, B =  0.5. The theoret ical  basis 

for  the method i s  given below. 

Laminar a i r  flow, 8 =  1.0 

F i r s t  measurement ----------------- I Assume tha t  the room 

i n  the figure is completely 

t igh t  apart  from three 

(1, 2 and 3) leakages. 

Leakage 1 is  subjected - 
P -w pressure p, The pressure 

across 1 is then p - Ap',, 

where bp' i s  the pressure which occurs i n  the room. hp ' r  i s  also the r 
pressure drop across leakages 2 and 3. The flows through the respective 

leakages can be wri t ten a s  follows: 



The flow i n  through 1 is equal t o  the t o t a l  flow out through 

2 and 3. 

The equilibrium pressure i n  the room i s  then 

and the flows 

Second measuremeng ----------------- Leakage 2 i s  now 

subjected t o  p and using 

the analogy of the above: 

k2(P - AP;) = 

= kl AP: + k3 A P; 

The equilibrium pressure i n  the room i s  then 



and the  flows 

kl k2 
It can thus be seen tha t  q i  = q; = gl + k2 + k3 

...................... 

The flow out through leakage 2 i n  the f i r s t  t e s t ,  as a r e s u l t  of - 
the ,external  load pressure p, i s  therefore equal t o  the flow out 

through the leakage 1 i n  the  second t e s t  fo r  the same 6. This 

means t ha t  the  flow through 3 i n  the f i r s t  t e s t  i s  the difference 

between the  measured flows through 1 in  the f i r s t  t e s t  and second 

t e s t .  

Turbulent a i r  flow, = 0,5 

In the same way a s  before we ge t  the following: 







3. AN APPLICATION EXAMPLE 

On the  bas i s  of t h e  previous derivations,  t h e  rec iproci ty  theorem's 

appl ica t ion i n  p rac t i ce  can be i l l u s t r a t e d  i n  the  following manner. 

I n  t h i s  s i t u a t i o n  w e  assume a row of o f f i c e s  with o f f i c e s  1, 2, 

3, etc,  and a corridor.  For s impl ic i ty ' s  sake we s h a l l  l i m i t  t he  

example t o  one f loor .  The t igh tness  of the  external  walls is  t o  be 

calculated,  i .e.  t h e  re la t ionship  between flow - pressure difference.  

The following procedure describes the  method 

primary pressure load, B + 'I; 
secondary pressure increase,  B + hpr 

barometric pressure, B 

A is  a ca l ib ra ted  flowmeter. This is  subjected t o  pressure p, 
wherein the  pressure i n  room 2 assumes the  value of Ap'. Flow qA r 
through meter A is  regis tered ,  There a r e  th ree  leakages, one t o  



room 1, one t o  room 3 and one t o  the  corridor.  The flow through 

the  shell t o  be ca lcula ted  is 

I f  w e  subject  room 1 t o  p and measure p'; we ge t  from the  c a l i b r a t i o n  

curve f o r  the  flowmeter A a value of q i  which, according t o  the  

derivations,  is  approximately q;. 

I n  the  same way as above, room 3 is subjected t o  pos i t ive  pressure - 
p, ~ p ; "  is measured and we get  qr'= 

4; 



I n  order t o  determine t h e  f i n a l  leakage, the  cor r idor  i s  subjected 

t o  p, ~ p ; "  i s  measured and we g e t  q"" n q;. I n  t h i s  case A has A 
been connected t o  a tube  which, f o r  t h e  purposes of the  test, has a 

negl ig ib le  flow res is tance ,  and which is  connected t o  room 1. From 

t h i s  we ge t  t h e  pressure drop across  A a s  Ap"" r 

5. Equation (1) now gives the  load t o  be calculated 

When t ightness  t e s t i n g  large  houses i t  is best  t o  use the  ex i s t ing  

ven t i l a t ion  fans  and subject  the  whole building t o  pos i t ive  o r  

negative pressure. The pressure d i f ference  across  the  external  

wal ls  and the  flow i n  the  main ducts  is  regis tered .  

When i t  i s  not  possible t o  ca r ry  out  such measurement - the  

ven t i l a t ion  system may be a self-exhausting system fo r  example - 
it i s  possible t o  use the  method described and work through room 

by room i n  order  t o  ge t  a measurement of the building's  t o t a l  

t ightness.  Of course, t h e  method i s  equally applicable fo r  severa l  

leakages, i.e, on severa l  f loors.  The method above is applied i n  

order t o  correc t  f o r  these  leakages, It is bes t  t o  regard the  

method a s  a means of carrying out random t ightness  checks of 

local ised  external  wal l  sect ions,  preferably i n  combination with 

a t o t a l  t e s t  using t h e  "exist ing fan system". 





PAPER 9 

TIGHTNESS AND ITS TESTING I N  

SINGLE AND TERRACED HOUSES 

~yrgns 
Stockholm 
Sweden 





TYRENS 

TECHNICAL MEMORANDUM 

1979:5 

TIGHTNESS AND ITS TESTING IN 

SINGLE AND TERRACED HOUSES 

PER OLOF N n U N D  

Special Reprint From "'ByggmHstaren 5, 1979" 

159 



SUMMARY 

TIGHTNESS AND ITS TESTING I N  SINGLE 
AND TERRACED HOUSES 

By Per Olof Nylund 

The Swedish regula t ions  give recommended t ightness  values f o r  buildings of 

3 changes pe r  hour f o r  s ingle  houses, 2 changes f o r  other housing with 

not more than two s t o r i e s  and 1 change per hour f o r  taller buildings. 

These values a r e  measured a t  a pressure d i f f e r e n t i a l  between outs ide  and 

ins ide  of 50 Pa. 

Houses a r e  tes&ed by seal ing v e n t i l a t i o n  ducts  and the l i k e  and replacing 

the  door with a panel having a revers ib le  fan and a manometer connected 

t o  the  outside by a hose through the panel. The house i s  t e s ted  fo r  a i r  

flow through the  fan at  d i f fe r ing  pos i t ive  and negative pressure 

d i f f e r e n t i a l s .  

For t e r race  houses the  a i r  leaks  through walls  facing &be outs ide  o r  

c a v i t i e s  leading t o  t h e  outside a s  wel l  a s  through walls par t i t ioning 

spaces with a i r  a t  the  same temperature. Because t h i s  leakage does not 

waste energy the  a u t h o r i t i e s  al low leakage of 3 changes per hour i n  terraced 

houses having par ty  w a l l s  of a timber s t ructure .  

The leakage t o  o r  from terraced houses can be measured and allowed for  

i f  the houses adjoining the one being measured a r e  sealed and the  

pressure d i f f e r e n t i a l s  i n  them regis tered  a t  the  same t i m e  a s  i n  the  

house being tes ted .  I f  the  houses a r e  very s imi la r ,  correc t ion can be 

made a f t e r  t e s t i n g  one of them. I f  d i s s imi la r  a l l  three must be measured 

a s  t e s t  houses. 

The tube leading t o  the  outer  a i r  from the  manometer can be passed through 

an elbow bend from a wash basin o r  bath. The fan  can be connected t o  a 

v e n t i l a t i o n  duct thus obviating replacing the  f ron t  door with a specia l  

board and measuring the  f ront  door together with the  r e s t  of the  house. 

This method could be used general ly.  From energy and v e n t i l a t i o n  

viewpoints i t  would seem t h a t  the  a i r  change fac to r s  f o r  terraced houses 

ought t o  be the same as f o r  s ing le  houses. 



TIGHTNESS AND ITS TESTING I N  SINGLE AND TERRACED HOUSES 

The comments i n  the  Swedish Building Regulations give recommended values 

f o r  t ightness  i n  buildings.  The values r e f e r  to  r e s u l t s  achieved during 

t ightness  t e s t ing  i n  accordance with pressure test method SP 1977:1, 

The following a i r  change r a t e s  a r e  given: 

small detached houses and linked houses, 3.0 changes/h 

other dwelling houses with a maximum of two f loors ,  2.0 changeslh 

dwelling houses with th ree  o r  more f loors ,  1.0 changeslh 

These values, o r  perviousness fac to r s ,  r e l a t e  t o  an a i r  change r a t e  a t  a 

pressure d i f ference  of 50 Pa between i n t e r n a l  and external  a i r  pressure. 

The values can be regarded a s  standards which, i n d i r e c t l y ,  can form the  

bas is  fo r  ca lcula t ing the  v e n t i l a t i o n  and a i r  leakage through the s t ructure .  

The corresponding energy losses  comprise the energy consumed t o  heat  the  

incoming cold air t o  room temperature which i s  l a t e r  l o s t  with the  

outgoing a i r .  It i s  therefore  important that the  standard obtained during 

pressure tes t ing  r e f e r s  t o  the  a i r  which goes from t h e  ins ide  t o  the  

outside o r  from t h e  outside t o  the ins ide  a s  a r e s u l t  of pos i t ive  a i r  pressure 

and negative a i r  pressure t e s t i n g  respectively.  

F i r s t  a r ecap i tu la t ion  of t ightness  t e s t i n g  of small detached houses. 

TESTING SMALL DETACHED HOUSES 

Figure 1 g i ~ e s  a schematic i l l u s t r a t i o n  of how pos i t ive  pressure t e s t i n g  

i s  carr ied  out i n  a detached house. This i s  done by using a test fan,  

connected i n  s e r i e s  with a flowmeter, which supplies a i r  a t  pos i t ive  

pressure t o  the building through an opening, normally i n  sheet mater ia l ,  which 

temporarily replaces the door during pressure tes t ing .  A l l  the  a i r  which 

passes through, pas t  the fan  and through the  flowmeter, a l s o  passes out  

through the s t ruc tu re .  While the flow i s  being measured the pressure i s  

a l s o  registered on a manometer which i s  affec ted  on one s ide  by the  

in te rna l  a i r  pressure and on the o ther  s i d e  by the external  a i r  pressure 

v i a  a tube which is  passed through the  panel i n  the door. By varying the  



speed of the  f a n  and measuring the  flow a t  d i f f e r e n t  pressures, a leakage 

curve is  obtained which ind ica tes  t h e  r e l a t ionsh ip  between the  pressure 

d i f ference  and the- flow. Then by reversing the  f a n  and evacuating the  

building a leakage curve which r e l a t e s  t o  negative pressure t e s t i n g  of the  

building i s  obtained i n  the  same way. The values f o r  the  leakages, both 

i n  and out  respect ive ly ,  a t  a pressure d i f ference  of 50 Pa a r e  noted a s  is  

the  mean value, the  l a t t e r  being the  value t o  be compared with the  standard 

requirement. ( I f  the  ex te rna l  temperature d i f f e r s  s i g n i f i c a n t l y  from room 

temperature during t e s t i n g ,  a correc t ion  is  made on the  bas is  of t h e  

difference i n  densi ty.)  

TESTING TERRACED HOUSES 

Figure 2 i l l u s t r a t e s  t e s t i n g  i n  th ree  adjacent  te r raced house f l a t s  A, B 

and C. Let us  assume t h a t  w e  a r e  carrying out a pos i t ive  pressure t e s t  on 

the  middle f l a t  (B). Pa r t  of the a i r  pumped i n  l eaks  out  d i r e c t l y  through 

the  external  envelope, i.e. walls  and roof. A f u r t h e r  amount l eaks  out through 

the  party wal ls  and out  i n t o  the  open i f  there  a r e  gaps ins ide  the  party walls .  

These two types of leakages have been designated with a 1 i n  the  diagram. 

More a i r  leaks  through the  party wa l l s  and i n t o  the  adjacent f l a t s  - flow 

routes,  number 2 i n  the  diagram. The leakage measured during t e s t i n g  is  

therefore comprised of leakage type 1 i n  the  diagram, which must be counted i n  

the  r e s u l t  f o r  t h e  building's t ightness  and leakage of type 2,  which must 

not be counted. 

The requirement f o r  t igh tness  i n  te r raced houses has therefore  been 

recent ly  modified i n  r e l a t i o n  t o  the  f i g u r e  of 2.0 changes/h given i n  

the  introduction.  The following i s  an ex t rac t  from Planverkets 38:aktuellt  

4-1978 (Newsletter No. 38, 4-1978 published by the  National Swedish Board 

of Physical Planning and Building): 

It should be observed t h a t  i n  the  r e s u l t  obtained from t e s t i n g  

a i r  leakage, i n  accordance with t e s t  method SP 1977:1, the  r e s u l t  

a l s o  comprises the  proportion of a i r  leakage which can be 

re l a t ed  t o  p a r t s  of buildings adjacent t o  areas  with the  same 

temperature unless p a r t i c u l a r  correc t ion  f o r  the  values obtained 

i s  ca r r i ed  out.  This leakage cannot normally be considered t o  

c o n s t i t u t e  any r e a l  energy loss .  In  te r raced houses t h i s  can 

apply t o  the  par ty  walls.  



i n  ca ses  where p a r t y  w a l l s  have a cons t ruc t ion  which is 

somewhat pervious,  f o r  example c e r t a i n  types of framework 

w a l l s ,  and c o r r e c t i o n  f o r  leakage through t h e s e  is not  

ca r r i ed  o u t ,  i t  can  be considered acceptab le  f o r  the  time 

being t h a t  t he  a i r  leakage can amount t o  3.0 changeslh i n  

f l a t s  i n  t h e  group "Other dwell ing houses wi th  a maximum 

of 2 f loors" .  

I n  r e a l i t y  t h e  modi f ica t ion  means t h a t  t h e  requirement of 2.0 changeslh 

i s  r e t a ined  f o r  t e r r aced  houses wi th  p a r t y  wa l l s  of s tone  m a t e r i a l  and 

i s  increased t o  3.0 changes/h when t h e  w a l l s  a r e  of wood. The va lues  

r e l a t e  t o  r e s u l t s  from pressure  t e s t i n g  without t h e  e l imina t ion  o f ,  o r  

c o r r e c t i o n  f o r ,  leakage through pa r ty  w a l l s .  

There a r e ,  however, ways of approaching t h e  problem of obtaining a 

r e l evan t  f i g u r e  during pressure  t e s t i n g ,  i.e. a perviousness f a c t o r  which 

does not inc lude  leakage through p a r t y  w a l l s .  

ELIMINATION OF LEAKAGE BETWEEN PARTY WALLS 

One method of e l imina t ing  leakage rou te s  ( 2 )  i s  t o  provide the  f l a t s  on 

e i t h e r  s i d e  wi th  fans  which maintain t h e  same pressure  a s  t he  a i r  i n  the  

f l a t  being t e s t e d .  This method is ,  however, very  complicated. Even i f  

we can assume t h a t  we have access  t o  t h r e e  fans  and rep lace  the  doors  i n  

a l l  t h r e e  f l a t s  wi th  shee t  m a t e r i a l ,  i t  would be necessary t o  synchronise 

a l l  t h r e e  fans  s o  t h a t  t h e  pressures  i n  t he  f l a t s  were i d e n t i c a l  f o r  a 

s e r i e s  of i n l o u t  pressure  d i f f e r ence  measurements c a r r i e d  out a t  t h e  given 

flow r a t e  suppl ied t o  t he  middle f l a t .  

This measurement procedure is  hard ly  acceptab le  f o r  p r a c t i c a l  p ressure  

t e s t i n g  purposes. 

Ins tead  of e l imina t ing  t h e  leakage between the  pa r ty  w a l l s ,  it is  poss ib le  

t o  make an appropr ia te  co r r ec t ion .  

CORRECTION FOR LEAKAGE BETWEEN PARTY WALLS 

The p r i n c i p l e  is q u i t e  simple, It has been v e r i f i e d  through s c a l e  t e s t s  

i n  t h e  l abo ra to ry ,  t e s t e d  i n  p r a c t i c e  and is  a t  p resent  being s tandardized 

i n  Sweden. 



Let u s  assume t h a t  we are car ry ing  ou t  a p o s i t i v e  pressure  test on middle 

f l a t  ( B )  using t h e  same procedure a s  f o r  a detached house. W e  ob t a in  a leakage 

curve a t  varying pressure  drops and t a k e  p a r t i c u l a r  no te  of t h e  leakage va lue  

a t  a p o s i t i v e  p re s su re  of  50 Pa. The f a n  is then  switched o f f  and t h e  pressure  

allowed t o  drop t o  equi l ibr ium wi th  t h e  e x t e r n a l  a i r  pressure.  One of t h e  

two people engaged i n  p re s su re  t e s t i n g  goes i n t o  t h e  ad jacent  f l a t  (A)  which 

has been prepared i n  t he  s a m e  way a s  t h e  measurement f l a t ,  i.e. by taping- 

up o r  c los ing  t h e  v e n t i l a t i o n  ducts .  I n  f l a t  A, a manometer i s  used t o  

measure t h e  magnitude of  t h e  r e s u l t i n g  pressure  d i f f e r ence  when t h e  pressure  

i n  t h e  measurement f l a t  ( B )  i s  r a i s e d  from zero (o r  equi l ibr ium pressure  

equal  t o  t he  o u t s i d e  a i r  p ressure)  t o  an  excess pressure  of 50 Pa. What 

needs t o  be done i n  f l a t  A  i s  t o  zero  t h e  manometer, when t h e  f an  i s  switched 

of f  i n  measurement f l a t  B, and then  t o  read of f  t h e  pressure  i nc rease  obtained 

i n  A when t h e  p re s su re  i n  measurement f l a t  B amounts t o  50 Pa. Communication 

by telephone o r  walk ie- ta lk ie  is  necessary between the  two f l a t s  f o r  t h i s  

task .  The same procedure i s  repea ted ,  t h i s  time by r e g i s t e r i n g  t h e  pressure  

i nc rease  i n  f l a t  C,  when t h e  pressure  i s  increased from 0 t o  50 Pa i n  measure- 

ment f l a t  B. 

I n  order  t o  s imp l i fy  t h e  d e s c r i p t i o n  of t h e  c o r r e c t i o n  method we s h a l l  

assume t h a t  t h e  t h r e e  f l a t s  a r e  equa l ly  a i r t i g h t .  I n  t h i s  case no more 

measurement o r  r e g i s t r a t i o n  than t h a t  previously discussed is  necessary. 

t h e r e  i s  nothing t o  prevent t he  use  of t h e  same co r rec t ion  method even 

i f  t h e  t i gh tnes s  i n  t h e  f l a t s  d i f f e r s .  It i s  however necessary t o  repea t  

t h e  procedure discussed f i r s t  wi th  f l a t  A a s  t h e  measurement f l a t ,  and 

then  with f l a t  C as t h e  measurement f l a t .  I n  both cases  the  r i s e  i n  pressure  

i n  t h e  adjacent  f l a t s  i s  recorded when t h e  pressure  i s  increased from 0 

t o  50 Pa i n  t h e  measurement f l a t s .  

It i s  assumed t h a t  diagram 3 shows t h e  leakage curve 
Qneasured which was 

r eg i s t e r ed  during p re s su re  t e s t i n g  of f l a t  B. From t h e  curve we can 

obta in  a value f o r  the  t o t a l  measured leakage a t  50 Pa pos i t i ve  pressure,  

This  leakage is  designated Q We assume t h a t  we have 
50, measured. 

measured the  pressure  i nc rease  P when we measured the  pressure change i n  
A 

t he  adjacent  f l a t .  From t h e  measured leakage curve we can obta in  the 

necessary c o r r e c t i o n  term Q 
PA- 



The cor rec ted  va lue  f o r  t he  leakage can be derived and expressed as 

follows : 

- - - - 
'PA Q P ~  

+ remainder. 
'50, cor rec ted  ' 50 ,  measured 

The remainder can  be ca l cu la t ed  from t h e  measurement values obtained.  

I n  a l l  p r o b a b i l i t y  i t  w i l l  be poss ib l e  t o  c a r r y  out  sample r igh tnes s  

t e s t s  i n  detached houses by s e l e c t i n g  a f l a t  a t  random and merely 

r e g i s t e r i n g  the  pressure  changes i n  ad jacent  f l a t s .  However, t h e  

r e l a t i o n s h i p  must be s tudied  i n  more d e t a i l  by sys temat ic  f i e l d  

i nves t iga t ions  before  the method can be accepted a s  a complement t o  

t h e  pressure  t e s t i n g  methods f o r  measuring t i g h t n e s s  i n  te r raced  

f l a t s  drawn up by the  National  Swedish I n s t i t u t e  f o r  Mater ia l s  Test ing.  

The most s i g n i f i c a n t  disadvantage of t he  method descr ibed i s  t h a t  i t  

includes the measurement of small  p ressure  d i f f e r ences  - between the  

measurement f l a t  and ad jacent  f l a t s  - and i t  may be necessary t o  l i m i t  

t h e  method t o  occasions when the p reva i l i ng  wind i s  s l i g h t  o r  non-existent.  

EXANPLES OF THE MAGNITUDE OF LEAKAGE THROUGH PARTY WALLS 

As an  example of  t he  magnitude of leakage, t he  r e s u l t s  from pressure  

t e s t i n g  of te r raced  houses administered by AB Folkhems i n  Sol lentuna 

a r e  given. 

I n  the  middle f l a t  a change r a t e  of 2.0 changes/h a t  50 Pa was 

measured. The cor rec ted  va lue  was 1.5 changeslh. I n  an  end-of- 

t e r r a c e  f l a t ,  t h e  corresponding va lues  were 1.8 and 1.5 changeslh 

respec t ive ly .  

SLWLIFIED PROCEDURES FOR REGISTERING INTERNAL/EXTERNAL PRESSURE 

DIFFERENCES 

In  the  in t roduc t ion  i t  was noted t h a t  t he  r e g i s t r a t i o n  of t he  

d i f fe rence  between e x t e r n a l  and i n t e r n a l  a i r  p ressure  is  c a r r i e d  out  

with manometers which, on one s i d e ,  a r e  connected t o  the  i n t e r n a l  a i r  

pressure and t h e  o the r  v i a  a tube which i s  i n se r t ed  through a temporary 

panel i n  the  ex t e rna l  envelope and which i s  i n  contac t  with the  ex t e rna l  

a i r  pressure,  



When i t  is necessary t o  r e g i s t e r  t h e  pressure change i n  adjacent  f l a t s  i t  

i s  obviously inconvenient t o  have t o  p lace  an e x t r a  panel i n  the  door opening 

purely t o  introduce a tube connected t o  a manometer. There is  a n  easy way 

of avoiding t h i s  complication by passing a tube through the  water t r a p  of 

a s i n k  o r  t o i l e t  t o  achieve contact  wi th  the  ex te rna l  a i r  pressure through 

the  v e n t i l a t i o n  opening. (This i s  assuming t h a t  the  ven t i l a t ed  pipe is  

not f i t t e d  wi th  a non-return valve.) 

Using t h e  method discussed f o r  r e g i s t e r i n g  pressure  i n  t h e  building i n  r e l a t i o n  

t o  a v e n t i l a t i o n  pressure  reference ,  it is  poss ib le  t o  e l iminate  shee t s  

i n  t h e  ex te rna l  doors completely, even i n  the  measure ment f l a t .  This 

i s  assuming t h a t  we connect the  fan ,  wi th  which we e x t r a c t  o r  supply a i r  

t o  one of the  house's v e n t i l a t i o n  ducts .  This i s  p a r t i c u l a r l y  simple when 

t e s t i n g  during a production stage.  I n  t h i s  way the re  i s  the  minor advantage 

of having ex te rna l  doors with t h e i r  inherent  perviousness a s  p a r t  of the  

house' s t o t a l  t ightness .  

PERVIOUSNESS FACTORS FOR SINGLE AND TERRACED HOUSES 

I n  the  in t roduct ion  it was noted t h a t  t h e  standard - perviousness f a c t o r  

obtained from re levant  t i gh tness  t e s t s  i n  accordance with the  pressure 

t e s t  method - can form a bas i s  f o r  ca l cu la t ing  v e n t i l a t i o n  and a i r  leakage. 

The perviousness f a c t o r  is  - one of the  parameters which, i n  a q u i t e  complicated 

in t e rac t ion ,  i s  dec i s ive  f o r  v e n t i l a t i o n  and n a t u r a l  v e n t i l a t i o n  and thus 

the  associated energy los ses .  (Natural  v e n t i l a t i o n  means the  a i r  leakage 

i n  and out  through the  building s t r u c t u r e ,  i.e. t h e  a i r  change which does 

not go through t h e  v e n t i l a t i o n  system.) 

Even i f  the  i n t e r a c t i o n  between the  s t r u c t u r e 9  s perviousness, t h e  e f f e c t s  

of wind and temperature, and t h e  v e n t i l a t i o n  system i s  complicated, it  

i s  s t i l l  poss ib le  t o  consider  i n  p r i n c i p l e  t h a t  

the  amount of n a t u r a l  v e n t i l a t i o n  i n  a push-pull system is  

l i n e a r l y  dependent on the perviousness f a c t o r  

the  t o t a l  v e n t i l a t i o n  f o r  a supply a i r  system i s  l i n e a r l y  

dependent on the  perviousness f a c t o r  

t h e  n a t u r a l  v e n t i l a t i o n  f o r  an  exhaust a i r  system increases  i n  

proport ion t o  the  perviousness f a c t o r ,  but no t  l i n e a r l y ,  

I n  the  long term i t  is necessary t o  r e l a t e  the  t igh tness  requirements f o r  

detached houses t o  the  type of v e n t i l a t i o n  system. I n  order  t o  do t h i s ,  

i t  i s  necessary t o  expand the  b a s i s  of knowledge from p r a c t i c a l  and 

theore t i ca l  development work, 



A t  t h e  moment i t  i s  important t h a t  t h e r e  should be a balance between the  

requirements f o r  both detached houses and te r raced  houses on t h e  b a s i s  

of cu r r en t  knowledge. The way i n  which perviousness  f a c t o r s  f o r  t h e  two 

ca t egor i e s  r e l a t e  t o  each o t h e r  so  t h a t  " j u s t i c e  is  done" depends on the  

c r i t e r i a  we have. For example: 

On the  b a s i s  of  product ion condit ions.  

On the  b a s i s  of  s p e c i f i c  energy consumption. 

On t h e  b a s i s  of v e n t i l a t i o n  requirements.  

The b a s i s  f o r  t h i s  argument is t h a t  t h e  air change rate of  3.0 f o r  

small detached houses can  be considered reasonable a t  t h e  moment. 

PERVIOUSNESS I N  TERRACED HOUSES - PRODUCTION CONDITIONS 

Terraced houses w i th  framework w a l l s  between f l a t s  provide roughly the  

same, o r  somewhat b e t t e r ,  condi t ions  a s  f o r  detached houses wi th  t h e  

same design technology i n  r e l a t i o n  t o  achieving t i g h t n e s s ,  measured 

without c o r r e c t i o n  f o r  leakage between p a r t y  walls .  

Terraced houses w i th  pa r ty  w a l l s  of s t o n e  ma te r i a l  provide somewhat b e t t e r  

condi t ions and should mean a lower va lue  f o r  t he  perviousness f a c t o r .  

Using t h i s  argument we a r r i v e  a t  va lues  which ag ree  q u i t e  wel l  wi th  

those recommended by t h e  National  Swedish Board of Physical  Planning and 

Building and t h e  news le t t e r  r e f e r r ed  t o  above, 

PERVIOUSNESS I N  TERRACED HOUSES - FROM AN ENERGY POINT OF VIEW 

Another bas i s  f o r  achieving balance is  t h a t  the  s p e c i f i c  energy 
3 

consumption, i . e ,  t h e  energy consumption per  m of bu i ld ing  volume, 

should be the  same f o r  both house types.  This provides t he  mot iva t ion  

f o r  having t h e  perviousness  f a c t o r  f o r  te r raced 'houses ,  a f t e r  c o r r e c t i o n  

f o r  leakage through p a r t y  wa l l s ,  equa l  t o  t h a t  of detached houses, i , e .  

3.0 changes/h. This  should a l s o  l ead  t o  a higher  va lue  f o r  t e r r aced  

houses than f o r  detached houses i f  t h e  t i g h t n e s s  t e s t i n g  and perviousness 

f a c t o r  is  ind ica t ed  without  c o r r e c t i o n  f o r  leakage t o  ad jacent  f l a t s .  

PERVIOUSNESS I N  TERRACD HOUSES - FROM A VENTILATION POINT OF VIEW 

Natural  v e n t i l a t i o n  i s  permiss ib le  i n  bo th  detached houses and t e r r aced  

houses. Such houses must n o t  be too  a i r t i g h t .  



I f  we make allowance f o r  t h i s  and assume t h a t  the  conditions f o r  

v e n t i l a t i o n  should be the  same f o r  both categories of houses, we 

a r r i v e  a t  the  same r e s u l t  a s  w a s  the  case of the energy aspect.  The 

perviousness f a c t o r  f o r  terraced houses, without correc t ion f o r  leakage 

t o  adjacent f l a t s ,  should be set higher than f o r  detached houses. 

SUMMARY 

The test method described f o r  correc t ing f o r  leakage through par ty  w a l l s  

i n  terraced houses could be developed r e l a t i v e l y  soon t o  a rout ine  which i s  

manageable f o r  measurement technicians. Perviousness fac to r s  f o r  terraced 

houses, a f t e r  correc t ion f o r  s i d e  leakage through par ty  w a l l s ,  should be set 

t o  the same l e v e l  as f o r  small detached houses. 



nomet er 

Figure 1. Tightness 

testing of small 

detached houses. 

i 
Figure 2, Tightness testing i n  terraced houses. Pressure 

measurement for correction with reference to leakage flows 

2 i n  the figure. 
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Fig. 3, Leakage curve and magnitude of correction term. 

This terraced house area in Sollentuna has been tightness tested 
in accordance with the method described in the article. 
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AII leakage into and out of a building occurs mainly 
through cracks formed at the mating surfaces of the various 
exterior wall components. It contributes t o  the heating, 
cooling, and moisture loads of a building and is therefore of 
interest to  the designer for calculating the energy require- 
ments of air conditioning systems. Also, air movement 
inside a building resulting from air leakage through the 
exterior walls not only spreads odors but, in the event of 
fire, contributes to  the spread of smoke and toxic gases.' 
The design of buildings and air handling systems to prevent 
undesirable air movement requires knowledge of the air 
leakage characteristics of exterior walls as well as those of 
various interior separations. 

The conventional methods of estimating the rate of air 
infiltration are described in Chapter 25 of the ASHRAE 
Handbook of Fundamentals.* They are the air change and 
the crack methods, both of which depend t o  a great extent 
on the judgment and the experience of the designer. Air 
leakage data for windows, doors, and simple frame and 
brick walls are given in Ref. 2; these data are based on 
laboratory studies. There is no information on the air 
leakage characteristics of contemporary wall constructions 
such as curtain walls and spandrel panels with fixed glazing. 
It is difficult, therefore, for a designer t o  make a reliable 
estimate of the infiltration heat loss and gain, which con- 
tinue t6 be the 1,rost uncertain component of the calculated 
total heating and cooling loads. 

C. Y. Show is Asst Research Officer, and D.M. Sander and G.T. 
Tamwa are Research Officers, all with National Research Council, 
Or taw,  C ~ M & .  This paper was prepared for presentation at the 
ASflRA E Spnpnng Conference, Minnenpolis MN. May 3-5, 1973. 

Air tightness of exterior walls depends not only on the 
wall design and materials used, but'also on the workman- 
ship and condition of various joints after weathering, both 
of which are difficult t o  duplicate in the laboratory. Only a 
relatively small section of an exterior wall can be tested in 
the laboratory, consequently a more realistic indication of 
the air tightness values of exterior walls would be obtained 
from tests performed on whole buildings. A test method 
was developed, therefore, to  measure the air leakage charac- 
teristics of the exterior walls of existing buildings; four tall 
buildings in the Ottawa area were selected for this study. 
This paper describes the test method used and presents the 
results of air tightness measurements obtained for these 
buildings. 

APPROACH 
The air leakage characteristics of a building enclosure as a 
whole can be obtained by pressurizing the building with the 
supply air system and recording the supply air flow rate and 
the resultant pressure differentials across the enclosure. To 
obtain the air leakage characteristics of the typical wall 
area, however, it is necessary to  isolate it from the non- 
typical wall areas such as those of the mechanical, ground 
and basement floors. This could be accomplished by sealing 
all leakage openings other than the exterior walls but, 
because of the number, size, and location of openings 
involved, this method of isolation is impractical for most 
buildings. An alternative method was developed, therefore, 
to  determine the air leakage characteristics of a typical wall 
area. 

Consider the idealized building enclosure shown in Fig. 
1. The enclosure consists of three parts: the part enclosed 
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by the typical wall area of floors 1 to n; the top separation; 
and, the bottom separation. If outside air is introduced into 
the building proper, pressures inside are increased and 
hence, air flows out through the exterior walls and the 
bottom and top separations. 

Under steady state conditions the total outside supply 
rate equals the air leakage rate through exterior walls plus 
air leakage rate through bottom separation plus air leakage 
rate through top separation. 

thus 
Q =  A, 

Xb 
+ w ~ p ~ )  + A, ~A)JX'  (1) 

where 
Q = the total fresh air supply rate 
X = flow exponent 
A = flow coefficient 
CUP = pressure difference 
p = air density 
n = the total number of floors with typical wall con- 

struction 

and subscript 
w = exterior wall 
b = bottom separation 
t = top separation 

The values,of Q, CUP,, APb and APE can be measured. 
By obtaining several sets of these measured values it is 
possible to evaluate the coefficients A,, Ab and At and the 
exponents X,, Xb and Xt in Eq (1). 

APPUCATION 
So far only a simple model of a building has been consid- 
ered. The building proper. i.e., the part enclosed by the 
typical wall area, is usually connected to the ground, base- 
ment, and top mechanicad floors by a number of vertical 

shafts, e.g., elevator, stair and service shafts, and air ducts. 
Because of these interconnections, the pressure differentials 
across the top and bottom separations must be defined 
carefully. 

A typical building of about twenty-five stories is otten 
served by an air conditioning system located on the top 
mechanical floor. The return and exhaust ducts are usually 
connected directly to the outside at the top. Elevator and 
service shafts may also have leakage openings connected 
directly to the outside at the top. Air can flow, therefore, 
from the building proper directly to  the outside at the top 
through these shafts as well as into the mechanical floor 
and from there to outside. The pressure differential across 
the top separation has been defined as the difference in 
pressure between the top typical floor (the floor below the 
top mechanical floor) and the outside at mid-height of the 
top mechanical floor. 

The basement and ground floor areas are usually served 
by an air conditioning system located in the basement, in 
which case no air ducts would connect the building proper 
to these areas. The only inter-connections would be the 
stair wells, and the elevator and service shafts that termi- 
nate either at the ground or basement floors. There is no 
direct connection from the building proper to the outside 
at the bottom. Therefore, the pressure differential across 
the bottom separation is defined as the difference in pres- 
sure between the first typical floor (the floor above the 
ground floor) and the average of the ground floor and 
basement pressures. 

CALCULATION TECHNIQUE 
Eq (1) is a nonlinear equation in six unknowns. These six 
unknowns can be estimated by a trial and error technique 
used in conjunction with the method of least squares. The 
calculation procedure is as follows: 

1 Choose combinations of flow exponents with val- 
ues between 0.5 and 1 (as this is the range of 
accepted  value^.)^,^ 

2 Use the method of least squares to obtain the flow 
coefficients and calculate the standard error of 
estimate for each combination of the flow ex- 
ponents. 

3 Select the values of the flow exponents and asso- 
ciated flow coefficients that give the lowest value 
of the standard error of estimate. These values are 
taken as the solution to  Eq (1). 

The rate of air leakage through the exterior wall for a 
given pressure differential can then be estimated by the 
following equations: 



where, 
Q, = the total wall air leakage rate in cfm 
q, = the wall air leakage rate per unit area in cfmlsq 

ft 
D = the total exterior wall area per story in sq ft  
p = the air density in lblcu ft  
hP, = the pressure difference across the wall in in. of 

water 

Eq (1 ) shows that the division of the total air leakage 
rate into three components depends upon the values of 
pressure differentials across each separation. If those values 
are the same, the rate of air leakage through the exterior 
wall cannot be separated from the air leakage through the 
top and bottom. One way to  ensure that they will be 
different is to conduct the tests when the outside tempera- 
ture is lower than the inside temperature, thus producing 
stack action which will result in pressure differentials across 
the walls that will vary from the bottom to  the top of the 
building. They can then be superimposed on those caused 
by the outside air supply into the building. Also, to ensure 
that stable pressure readings are obtained, measurements 
should be made during calm wind conditions. 

VALIDATION OF THE METHOD 
An ideal method of testing the accuracy of the proposed 
method would be to  apply it to  a building that has a known 
air leakage characteristic; this is not possible because air 
leakage characteristics are not known. A building with 
specified air leakage characteristics can, however, be simu- 
lated by using a digital ~ o m p u t e r . ~  Simulated test data can 
thus be obtained and the proposed method applied and 
verified. 

The model selected for test is that of a twenty-story 
building, shown in Fig. 2, which includes a basement and a 
top mechanical floor. It contains three vertical shafts repre- 
senting the return and exhaust air mains of the air handling 
system and an elevator shaft. Specific values of air leakage 
characteristics were used for the model and, with the aid of 
a digital computer, pressure differential and air leakage rate 
across each separation were computed. 

O U T S I D E  
A I R  S U P P L Y  

1 

RETURN A I R  1 ELEVATOR 

PROPER 

Fig. 2 Comptcter-simulated building 

Three conditions were considered: 

The flow exponents for the exterior walls, floor and 
shafts were 0.5. Computations were carried out with 
fresh air supply rates of 0 to 70,000 cfm in 10,000 cfm 
increments with an outside temp of 25F and an inside 
temp of 75F. - II 
Same conditions as Case I except that all leakage open- 
ings in the top separations were sealed off. 

ase III 
Again, same conditions as Case I except that the flow 
exponent for the exterior walls was 0.66. 
The proposed method permits selection of the com- 

bination of flow exponents and their associated flow c e  
efficients that give the best estimate of the overall leakage 
characteristics of the building enclosure as a whole. The 
minimum standard errors of estimates were found t o  be 
146, 696 and 164 cfm for Cases I, II and 111, respectively, 
indicating that the selected combination of flow exponents 
gave a close estimate of the specified overall leakage charac- 
teristics. 

Flow exponents and coefficients of the exterior walls 
obtained from the proposed method were found to  dve a 
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good estimate of  the air leakage characteristics of the ex- 
z 800 terior walls. The calculated wall air leakage rates were 
0 plotted against the specified wall air leakage rates as shown 
W + in Fig. 3a. The results show that the calculated wall air 

100 5 leakage rates lie within f 10% of the specified wall air 
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wall air leakage rate. To  investigate this, wall exponents 
e 
P were plotted against the standard error of estimate for 
2 400 
V) 

different combinations of exponents for the bottom and 
top separations. A graph for Case I I I  is shown in Fig. 3b, 
with flow exponents in the top  separation of 0.5.0.55 and 

300 0.60 and in the bottom separation of 0.5 and 0.55. The 
graph indicates that, with fixed values of flow exponents 

200 
for the bottom and top separations, the standard error of 
estimates for different combinations of flow exponents 
shown in Fig. 3a varies from 164 t o  21 5 cfm, with variation 

100 in the exterior wall flow exponent of from 0.6 t o  0.7. The 
0.4 0-5 0.6 0 - 5  ' 0 ' 8  minimum standard error of estimate is obtained with flow 

x w WALL X w exponent of 0.50 for the bottom separation, 0.50 for the 
top separation and 0.70 for the exterior wall. The assigned 

Fig. 31, Standard error o f  estimate vs flow exponent for wall value of flow exponent for Case 111 is 0.66. 



DESCRIPTIONS OF TEST BUILDIN53 

Building A Building B Building C Buildin& D 

He imt  151 220 247 253 

NO. of f l oo r s  above ground 
(excluding lobby and mech. 
r i oo r )  9 

Ploor dimensions ( f t  ) 166 x 210 88 x 140 126 x 146 75 x 93  

Typical Ploor height ( I t )  13  11 10.6 10.5 

Volume above ground (cu r t )  5,095.000 2.859.000 4,509.000 1.704.000 

Outside wall a r ea  e r  
t yp ica l  f l o o r  ( ~ t g )  

Typloal window s i r e  ( r t )  8.5 x 7.9 3.8 x 6.9 2.6 x 6.5 4.7 1 4 . 5  

NO. of windows per  t y p i c a l  
f l o o r  

Roof area/net outs ide  wa l l  
area  .61 

Total  outs ide  wal l  a r e a  
above ground l eve l  uncluding 
a rea  of t he  ex te r io r  wal ls  of 
t h e  top mech. f l oo r )  112.700 

wall construction 

Plxed double Openable double Pixed double Fixed double 
glazing i n  g l a r ine  i n  g l a s ing  g l a r ing  
aluminum aluminum 

(nornully 
locked) 

5-in. PEAC panel 
8-in. T i l e  
2-111. Rigid 

in su la t ion  
wlth vapour 
b a r r i e r  

A i r  space 
6-in. T l l e  
3/9-in. P l a s t e r  

Precast  concrete 
panel  backed 
with 2-111. r i g i d  
in su la t ion  

Precast  concrete (1) Wall 
panel 2-in. Hollow s t e e l  

A i r  space 
1-in. Rigid 

in su la t ion  
1/2-in. Cemant 

rendering 
6-in. Block wall 
3/4-m. Plaster 

panel 
A i r  space 
Rigid in su la t ion  
20-in. Concrete 

(2) Corners 
4-in. Pace br ick 
2-in. Ricid - -.-. 

insulaZGn 
12-in. Poured 

concrete 

The exterior wall air leakage rates calculated with flow 1 All auxiliary air handling systems were shut down. 
exponents and their associated flow coefficients corre- 2 All fans of the return and exhaust systems were 
sponding to the minimum standard error of estimates given shut down. 
in Fig. 3b are plotted against the specified air leakage rates 3 To obtain uniform pressurization in the building 
in Fig. 3c. The graph shows that the flow exponent and proper, stair doors were kept open except for 
associated flow coefficient corresponding to  the minimum those on the basement, ground and mechanical 
standard error of estimate of 164 cfm does not give the best floors. 
estimate of the specified wall leakage rates. The best esti- 
mate is obtained with standard error of estimate of 215 
cfm. Although the flow exponents corresponding to  the 
minimum standard error of estimate do not necessarily give 
the best estimate of the wall air leakage rates, as shown in 
Fig. 3a and 3c, they do give an adequate estimate. Also, 
where the wall leakage characteristics are not known, as in 
the case of real buildings, the use of minimum standard 
error of estimate serves as a criterion for the selection of 
the flow exponents and coefficients. 

FIELD MEASUREMENTS 

Air leakage characterist~cs of the exterior walls of four tall 
buildings designated as Buildings A, B, C and D (Figs. 4, 5, 
6 and 7) were determined using the proposed method. 
These buildings all have a full basement below grade and a 
mechanical floor at the top. Descriptions of the building are 
given in Table I. Pressure differentials across the exterior 
walls and bottom and top separations were measured for 
various rates of fresh air supplied under the following 
conditions: Fig. 4 Building A 



Fig. 5 Building B Fig. 6 Bugding C 

4 Main entrance doors and elevator and stair doors 
at the basement, ground floors, and the top me- 
chanical floors were kept closed during the test. 

5 To minimize the effect of wind pressures on the 
buildings all tests were conducted during relatively 
calm conditions. 

6 AU tests were conducted when the outside temper- 
ature was at least 20 F below the inside temp. 

7 AU tests were conducted during unoccupied 
periods. 

Fresh air supply rates were measured using total pressure 
averaging tubesS and their associated static pressure taps 
installed in the main supply air ducts at positions as far 
away from the duct bends as practicable. Based on labora- 
tory testsSs the accuracy of this flow rate measuring device 
was found to  be better than +6.5% of the actual flow rate 
for air velocities of from 600 to 1400 fpm. Pressure differ- 
entials were measured with a pressure recording instrument 
located on the top mechanical floor. One side of the meter 
was connected to  the roof top pressure tap which served as 
a reference pressure; the other side of the meter was con- 
nected to a pressure selector switch. From the pressure 
selector switch, 3/16 in. plastic tubes were installed vertical- 
ly in a stair shaft terminating at various floor spaces and 
also to  the outside at ground level. The sensitivity of the 

pressure transducer is 0.002 in. of water. The schematic 
diagram of the installation is shown in Fig. $a. 

Pressure differences across the various separations can 
be calculated from the pressure meter readings as follows: 

(a) Pressure difference across the exterior wall at the jth 
level (Fig. 8b) 

where 

Pi, PO = inside and outside gauge pressures 
APUb APMo = meter readings associated with Pi and Po 

respectively. 
A P ~ o g  = meter reading associated with outside 

pressure at the ground level. 
h and hi = vertical distances as shown in Figs. 8a. 8b. 

(b) Ressure difference across the bottom separation 



(c) Pressure difference across the top separation. 

where 
N = the distance between the centers of the n& 

and the mechanical floors (n+lth) floor. 

Subscripts 
1, n = first and.top typical floors, 
b 1 and b2 = the ground floor and basement, 
M = meter reading. 

RESULTS AND DlSCUSSlONS 
The flow coefficients and flow exponents that describe the 
air leakage characteristics of the various separations were 
obtained for the four buildings and are given in Table 11. 
Also given in this Table are values of the standard error of 
estimate that indicate that the measured and estimated 
overall air leakage rates are in good agreement. This does 
not imply that the same degree of accuracy in the estimates 
of the exterior wall air leakage rates was obtained. It has 
been shown, however, that the proposed method estimates 
the wall air leakage rate to within +lo% for the computer- 
simulated building. It would be expected, therefore, that if 
the standard error of estimate is small, reasonable accuracy 
of the estimate of wall leakage characteristics would be 
obtained. 

The total air leakage rates for the test buildings are 
given in Fig. 9. The total air leakage rates are expressed in Fig. 7 Building D 

TABLE I1 

P U B  COEFPICIENTS AND EXPOWENTS 

Test Bui lding A B C D 

Building p m w r  ": 
XW 

Bottom separation 

=b 
Top separation A 

Xt 
Total outaide wall area 

PTOm gmund t o  the 
roof levels  (sq Ct) 

(Dl) 

Exterior wall area per 
typical f loor (sq R) 

(Dl 

Standard error o f  estirtate 8900 1310 
( c h )  for for  

130000 95000 

1190 1130 
for  for  

160000 47500 

Governing Equations 

Over-all a i r  leakage rate 
( c h / s q  I t )  

Wall a i r  leakage rate % - A  A, I ~ ~ P I ~  

( c h / s q  r t )  

Standard error of estimate 
( c h )  



PRESSURE METER] 

Fig. Ba Arrangement of resf equipmenl 

cfm/sq ft of outside wall area above ground level and 
include the area of the exterior walls of the top mechanical 
floor. The air leakage rates for the test buildings ranged 
from 0.5 t o  1.1 cfm/sq ft of outside wall area at pressure 
difference of 0.3 in. of water. 

Fig. 9 shows that the overall air leakage rate of Build- 
ing A is considerably higher than that of the other build- 
ings. This building differs from the other buildings in that it 
has two conveyor shafts with large openings to  each floor 
which serve as an additional interconnection between the 
building proper and the basement as well as the mechanical 
floor. Also, there is a large tunnel to  a nearby building from 
the basement. It is t o  be expected that these interconnec- 
tions contributed t o  the high value of overall leakage rate 
for this building. 

The measurements of overall leakage characteristics for 
three tall bhildings including Building B were reported in 
1967 by Tamura and W i l ~ o n . ~  The overall air leakage rates 
of these buildings varied from 0.5 t o  0.8 cfm/sq ft of 
outside wall area at 0.3 in. of water and are within the 
range of those given in Fig. 9. This figure also shows the 
overall air leakage characteristics of Building B obtained 
prior to  1967. During the time between the two tests, an 
attempt was made to  improve the exterior wall tightness of 
Building B by sealing the cracks and openings in the cor- 
ners, behind the induction units and other locations. This 

I 

PRESSURE 

Fig. 8b Pressure difference across an exterior wall 

partly explains the lower value of air leakage rate for the 
recent test 

The air leakage characteristics of the exterior wall of 
the four test buildings are given in Fig. 10 in terms of 
cfm/sq ft of the total typical wall area. The exterior wall air 
leakage rates of these buildings varied from 0.25 t o  0.48 
cfm/sq ft at a pressure difference of 0.3 in. of water. The 
exterior wall air leakage rates of the four buildings were 
found t o  be from 3 0  to  55% of the overall air leakage rates. 
The air leakage characteristics of a 13 in. unplastered brick 
wall given in Ref. 2 is also plotted in Fig. 10. It appears that 
the exterior walls of the test buildings have about the same 
permeability to air as an unplastered brick wall. 

It is difficult to identify all the leakage openings in the 
exterior wall of a building from either inspection of the 
wall construction or the architectural drawings. Also, air 
tightness of a wall section depends on the quality of work- 
manship as much as on the wall design and is therefore 
difficult t o  predict. The test results presented in this paper 
give some indication of the wall air leakage characteristics 
that can be expected for modern high-rise buildings. 

SUMMARY 

A test method was developed t o  determine the  air leakage 
characteristics of the exterior walls of a building. The 



AMOUNT OF P R E S S U R I Z A T I O N .  I N .  O F  WATER 

Fig. 9 Overall air leakuge rate per unit area us building pressrrr- 
izution 

validity of the method was checked using a computer+imu- 
lated building with specified air leakage characteristics. 
Good agreement was obtained between the calculated and 
specified wall air leakage rates. Using this method the 
exterior wall air leakage characteristics of the four test 
buildings were obtained. The test results indicate that the 
exterior walls of these buildings allow relatively high air 
leakage, their air leakage characteristics being similar to 
those obtained from laboratory tests of a 13 in. unplastered 
brick wall. 
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One of  the functions of the  e x t e r i o r  walls of buildings is t o  separate outdoor elements from the  
ins ide  environment. Building envelopes a re  not normally completely a i r  t i g h t  and they permit 
some flow of a i r  in to  and out  of them through jo in t s  and cracks i n  the wall fabr ic .  This leakage 
of  a i r  contributes t o  heating and cooling loads and must be taken i n t o  account i n  any energy 
analys is  of  buildings 'and design of  HVAC systems. 

I n f i l t r a t i o n  r a t e s  depend primarily on the a i r  leakage charac te r i s t i c s  of ex te r io r  walls and 
t o  a l e s se r  extent  on those of  i n t e r i o r  separations such as f loor  construction, i n t e r i o r  p a r t i -  
t ions  and various service sha f t s .  A r e l i a b l e  predict ion of the  i n f i l t r a t i o n  r a t e s  ofimulti- 
s torey buildings i s  hampered, a t  present ,  by the sca rc i ty  of information on the ac tual  a i r  leak- 
age charac te r i s t i c s  of e x t e r i o r  walls. 

The National Research Council o f  Canada has taken measurements of  the  a i r  leakage character- 
i s t i c s  of the  ex te r io r  walls  o f  e ight  multi-storey o f f i c e  buildings located i n  Ottawa, Canada. 
Varying in  height from 11 t o  2 2  s t o r i e s ,  with cur ta in  wall construction and fixed glazing, they 
were b u i l t  during the s i x t i e s  and ea r ly  seventies.  The r e s u l t s  of  the measurements a r e  reported 
i n  t h i s  paper. A method f o r  ca lcula t ing i n f i l t r a t i o n  r a t e s  caused by stack act ion has been 
developed and i s  applied t o  heat  loss  ca lcula t ions  using the  measured wall leakage values. 

EXTERIOR WALL MEASUREMENTS 

The r e s u l t s  of  a i r  leakage measurements of  the  e x t e r i o r  walls of four multi-storey buildings were 
reported by Shaw, Sander and ~&.ura  . l  This project  was subsequently expanded t o  include four 
addit ional  buildings, using the same t e s t  method (Table 1 ) .  Briefly, i t  involved pressur iz ing 
a l l  typical  f loor  spaces between the  g r ~ u n d  f l o o r  and the  top mechanical f loor ,  using 100% out- 
s i d e  a i r  f o r  the centra l  supply a i r  systems with re turn  and exhaust systems shut down. Supply 
a i r  r a t e s  were varied and the  concomitant pressure d i f ferences  across the pressurized enclosure 
recorded. To ensure s t a b l e  pressure differences across the building enclosure,the t e s t s  were 
conducted during unoccupied periods and when there  was l i t t l e  o r  no wind. 

Under steady-state condition the r a t e  of  supply of outside a i r  equals the sum of  the a i r  leak- 
age r a t e s  through the e x t e r i o r  walls o f  typical  f loors ,  bottom and top separations (Fig. 1). I t  
can be expressed a s  follows: 

G.T. Tamura, Division of Building Research, National Research Council of Canada, Ottawa, Canada. 
C.Y.  Shaw, Division of Building Research, Natio-nal Research Council of Canada, Ottawa, Canada. 



where 

Qs = t o t a l  o u t d o o r - a i r  supply r a t e ,  cfm 

n = flow exponent 

C = flow c o e f f i c i e n t ,  cfm/(sq f t )  ( i n .  of water)"  

AP = p r e s s u r e  d i f f e r e n c e ,  Pi - Po, i n .  o f  wa te r  

Pi = i n s i d e  p r e s s u r e ,  i n .  of wa te r  

Po = o u t s i d e  p r e s s u r e ,  i n .  of wa te r  

A = a r e a ,  s q f t  

N = t o t a l  number o f  f l o o r s  w i t h  t y p i c a l  w a l l  c o n s t r u c t i o n  

s u b s c r i p t s  

w = e x t e r i o r  w a l l  

b  = bottom s e p a r a t i o n  

t = t o p  s e p a r a t i ~ n  

The v a l u e s  o f  Qs, APw, AP and Apt can  b e  measured. By q b t a i n i n g  s e v e r a l  sets o f  t h e s e  v a l u e s  
b  

it is  p o s s i b l e  t o  determine t h e  v a l u e s  o f  flow c o e f f i c i e n t s  Cw, C and C and t h e  flow exponents  b  t 
n % and n d e f i n i n g  a i r  leakage c h a r a c t e r i s t i c s  o f  t h e  t h r e e  s e p a r a t i o n s .  D e t a i l s  o f  test 

w ' t ' 
methods and d a t a  a n a l y s i s  a r e  given i n  Ref 1. 

TEST RESULTS 

The v a l u e s  o f  flow c o e f f i c i e n t  and exponent,  as d e f i n e d  i n  Eq 1 f o r  t h e  e i g h t  t e s t  b u i l d i n g s ,  
a r e  g iven  i n  Table  2. Using t h e s e  v a l u e s ,  t h e  o v e r - a l l  a i r  leakage rates i n  terms o f  cfm p e r  
s q  f t  o f  o u t s i d e  w a l l  a r e a  vs  p r e s s u r e  d i f f e r e n c e  were p l o t t e d  on Fig. 2.  These values ,  which 
i n c l u d e  t h e  a i r  l eakage  rates through t h e  t o p  and bottom a s  well a s  through t h e  e x t e r i o r  w a l l s ,  
a r e  u s e f u l  i n  e s t i m a t i n g  t h e  supply a i r  r a t e s  r e q u i r e d  f o r  p r e s s u r i z i n g  a  b u i l d i n g .  I t  shou ld  be 
n o t e d  t h a t  leakage v a l u e s  o f  t h e  t o p  s e p a r a t i o n , g i v e n  i n  Tab le  2, inc lude  leakage flows through 
t h e  c l o s e d  exhaust  dampers a t  t h e  t o p  o f  t h e  r e t u r n  and exhaust  systems ( s h u t  down d u r i n g  t h e  
t e s t s ) .  

The dependence o f  t h e  e x t e r i o r  wa l l  a i r  leakage r a t e s  on p r e s s u r e  d i f f e r e n c e  i s  shown i n  Fig.  
3.  These a i r  leakage r a t e s  v a r i e d  from 0.12 t o  0.48 cfm p e r  s q  f t  o f  w a l l  a r e a  a t  a  p r e s s u r e  
d i f f e r e n c e  o f  0.30 i n .  o f  wa te r  p r e s s u r e  and c o n s t i t u t e d  from 20 t o  55% o f  t h e  o v e r - a l l  a i r  Leak- 
a g e  r a t e s  o f  t h e  test  b u i l d i n g s .  These v a l u e s  a r e  well above t h e  s t a n d a r d  * s p e c i f i e d  by t h e  
N a t i o n a l  Assoc ia t ion  o f  A r c h i t e c t u r a l  Metal Manufacturers  (NAAMM): 0.06 cfm p e r  s q  f t  o f  w a l l  
a r e a  a t  t h e  same p r e s s u r e  d i f f e r e n c e .  The e x t e r i o r  facades  o f  t h r e e  o f  t h e  test b u i l d i n g s ,  D, E 
and H,  were c o n s t r u c t e d  o f  metal pane l s ;  t h o s e  o f  t h e  remaining t e s t  b u i l d i n g s  were o f  p r e c a s t  
c o n c r e t e  pane l s .  A s  t h e  wall m a t e r i a l s  a r e  r e l a t i v e l y  impermeable t o  a i r ,  i t  is  probab le  t h a t  
t h e  a i r  leakage r a t e s  depended mainly on t h e  des ign  o f  w a l l  j o i n t s  and t h e  way they  were p u t  to -  
g e t h e r .  Bui ldings  F and H ,  which were c o n s t r u c t e d  w i t h  c l o s e  s u p e r v i s i o n  o f  workmanship on wal l  
j o i n t i n g  t o  minimize a ir  i n f i l t r a t i o n ,  gave t h e  lowest leakage r a t e s ;  and where j o i n t  s e a l s  
appeared  inadequa te ,  remedial  measures were taken.  

CALCULATION OF INFILTRATION RATE CAUSED BY STACK ACTION 

A i r  i n f i l t r a t i o n  i n  a  b u i l d i n g  i s  caused by both wind and s t a c k  a c t i o n .  The c a l c u l a t i o n  o f  i n f i l -  
t r a t i o n  r a t e s  caused by wind is  q u i t e  complex, f o r  t h e  wind p r e s s u r e  d i s t r i b u t i o n  over  t h e  s u r -  
fa-ce o f  a  b u i l d i n g  depends on wind speed and d i r e c t i o n ,  b u i l d i n g  shape and t h e  na ture  o f  t h e  
s u r r o u n d i n g  t e r r a i n ,  i n c l u d i n g  ad jacen t  b u i l d i n g s .  The l i t e r a t u r e  on wind pressures  on a c t u a l  
and  model b u i l d i n g s  i n  boundary-layer wind t u n n e l s  i s  e x t e n s i v e .  P r e s s u r e  measurements have been 
made p r i m a r i l y  t o  develop d a t a  f o r  s t r u c t u r a l  load c a l c u l a t i o n s  and no t  f o r  i n f i l t r a t i o n  c a l c u l a -  
t i o n s ,  which r e q u i r e  more d e t a i l e d  d a t a  on wind p r e s s u r e s  both h o r i z o n t a l l y  and v e r t i c a l l y .  I f  
wind p r e s s u r e  d a t a  f o r  a  b u i l d i n g  a r e  a v a i l a b l e ,  i n f i l t r a t i o n  r a t e s  caused by both wind and s t a c k  



a c t i o n  can be  ca l cu l a t ed  wi th  t h e  a i d  of  a d i g i t a l  computer and an appropr ia te  mathematical 
m ~ d e l . ~ * ~ * ~  

The i n f i l t r a t i o n  r a t e s  caused by s t ack  ac t ion  alone,  which tends t o  govern t h e  i n f i l t r a t i o n  
r a t e  o f  a mul t i - s torey  bu i ld ing  dur ing  co ld  weather,  can be ca l cu l a t ed  r e l a t i v e l y  e a s i l y .  The 
d e r i v a t i o n  o f  t h e  equat ion is a s  follows: 
Theore t i ca l  p ressure  d i f f e r ence  ac ros s  e x t e r i o r  w a l l s  caused by s t ack  e f f e c t  is given by 

where 

p = barometr ic  pressure ,  lb/sq i n .  

h = v e r t i c a l  d i s t ance  from n e u t r a l  zone, f t  

p o s i t i v e  s ign  above n e u t r a l  zone 

negat ive  s ign  below n e u t r a l  zone 

AT = temperature d i f f e r ence ,  Ti - To, F 

Ti 
= absolu te  temperature i n s ide ,  R 

T = absolu te  temperature ou t s ide ,  R . 
0 

The n e u t r a l  zone is t h e  l eve l  a t  which i n s i d e  and ou t s ide  p re s su re s  a r e  equal .  Eq 2 i n d i -  
c a t e s  t h a t  hP and AT have t h e  same s igns  f o r  a l l  l oca t ions  above t h e  n e u t r a l  zone and, conversely,  
oppos i te  s igns  below t h e  n e u t r a l  zone. Thus t h e r e  w i l l  be i n f i l t r a t i o n  through the  walls  o f  t h e  
lower s to reys  and e x f i l t r a t i o n  through t h e  wa l l s  o f  t h e  upper s t o r e y s  when the  temperature i n -  
s i d e  t h e  bu i ld ing  i s  h igher  than  t h e  a i r  temperature outs ide .  This  means t h a t  a i r  flows upward 
wi th in  t h e  bu i ld ing  dur ing  t h e  w in t e r  months. The flow p a t t e r n  is reversed  dur ing  t h e  summer 
months when t h e  a i r  temperature ou t s ide  i s  h igher  than t h a t  i n s i d e .  

Actual pressure  d i f f e r ence  depends on t h e  r e s i s t a n c e s  t o  flow o f  both t he  e x t e r i o r  and i n t e -  
r i o r  separa t ions .  I t  i s  less than t h e  t h e o r e t i c a l  p ressure  d i f f e r ence  ind i ca t ed  by Eq 2 
because o f  t h e  r e s i s t a n c e  t o  a i r  movement a s soc i a t ed  wi th  i n t e r i o r  components such a s  p a r t i t i o n s ,  
f l o o r  cons t ruc t ions  and wa l l s  o f  v e r t i c a l  s h a f t s .  The upward flow caused by s t ack  ac t ion  dur ing  
c o l d  weather t akes  p lace  from f l o o r  t o  f l o o r  through openings i n  t h e  f l o o r  cons t ruc t ion  and 
through v e r t i c a l  s h a f t s .  I t  can be  expected t h a t  most upward flow w i l l  occur i n  t h e  v e r t i c a l  
s h a f t s  because t h e i r  r e s i s t a n c e  ( f r i c t i o n  lo s se s )  w i l l  be considerably l e s s  than t h a t  a s soc i a t ed  
wi th  f l oo r s ,  which a c t  a s  r e s i s t a n c e s  i n  s e r i e s .  For t h i s  d i scuss ion ,  t he re fo re ,  t he  f l o o r  con- 
s t r u c t i o n  i s  considered t o  be a i r  t i g h t .  

With t h i s  assumption, t h e  t h e o r e t i c a l  p ressure  d i f f e r e n c e  given by Eq 2 is  t h a t  between out-  
s i d e  t h e  bu i ld ing  arid i n s i d e  a s h a f t  a t  t h e  same l eve l .  I t  i s  d i s t r i b u t e d  across  the e x t e r i o r  
walls, i n t e r i o r  p a r t i t i o n s  and t h e  wal l s  o f  v e r t i c a l  s h a f t s .  The manner o f  d i s t r i b u t i o n  depends 
upon t h e  r e s i s t a n c e  o f  each o f  t he se  separa t ions  i n  r e l a t i o n  t o  t h a t  o f  t h e  combined r e s i s t a n c e s  
a t  t h e  same l eve l .  I f  t h e  r e s i s t a n c e s  o f  t h e  e x t e r i o r  and i n t e r i o r  separa t ions  a r e  uniform from 
f l o o r  t o  f l oo r ,  t h e  r a t i o  o f  a c t u a l  ( e x t e r i o r  wal l s )  t o  t h e o r e t i c a l  p ressure  d i f f e r ences  w i l l  be 
cons t an t  f o r  t h e  whole he igh t  o f  a bui lding.  

Eq 2 can be modified t o  take  t h i s  i n t o  account 

where 

y = r a t i o  o f  a c t u a l  t o  t h e o r e t i c a l  pressure d i f fe rence .  

T i '  t h e  exeeriar  walJ. a s  much t i g h t e r  than t h e  i n t e r i o r  separat ions,  t h e  valrle o f  y w i l l  
apL~~-odcla iani ty;  i i  a t  it; rnuch looser ,  the  v a l u e  o f  y w i l l  approach zero. 'fhc valucti  Tor y d e t e r -  
~ a l i t t d  zxper in~enta l  i y  Tor a few inulz h-s torey of rice bui ld ings  rznged from 0.63 tn 0.88 



The rate o f  a i r f l ow  through an  in f in i t e s ima l  a r e a  of t h e  e x t e r i o r  wal l  is given by 
n 

4 = CwdAw (AP) 

where 

d% = a i r  leakage r a t e  through an area dAw of t he  e x t e r i o r  wal l ,  cfm 

Cw = flow c o e f f i c i e n t ,  cfm/(sq f t )  ( i n .  o f  water) "w 

n  = flow exponent 
W 

Combining Eq 3 and 4 g ives  

"w 
dQw = Cw 10-52 Y P h [ 1 sdh 

where . 
S = perimeter  o f  t h e  bu i ld ing ,  f t .  

For a bui ld ing  with a cons tan t  c ros s - sec t iona l  a r e a  and a uniform d i s t r i b u t i o n  of  leakage 
openings with he igh t ,  an equat ion  f o r  t h e  t o t a l  a i r  i n f i l t r a t i o n  r a t e  can be obtained by in tegra-  
t i n g  Eq 5 from t h e  ground l e v e l  t o  t h e  n e u t r a l  zone. The n e u t r a l  zone l e v e l  can be expressed 
a s  f3H where f3 is t h e  r a t i o  o f  t h e  he ight  o f  t he  n e u t r a l  zone and t h e  bui ld ing  he ight  H i n  f t .  

Thus, 

where 

\ i s  the  t o t a l  r a t e  o f  i n f i l t r a t i o n  f o r  t h e  whole bui ld ing .  

A s  t h i s  equat ion assumes a w a l l  with a  uniform a i r  leakage c h a r a c t e r i s t i c ,  a  separa te  
i n f i l t r a t i o n  hea t  l o s s  c a l c u l a t i o n  us ing  Eq 3 and 4 should be made f o r  t h e  e x t e r i o r  walls of 
t h e  ground f l o o r  s i n c e  t h e i r  a i r  leakage values tend  t o  be higher  than those  o f  o t h e r  f l o o r s .  

INFILTRATION HEAT LOSSES CAWED BY STACK ACTION 

From Fig. 3, a i r  leakage va lues  f o r  a  t i g h t ,  average and loose wal l  were asgigned a r b i t r a r i l y  f o r  
hea t  l o s s  ca l cu l a t i on .  A flow exponent, nw, o f  0.65 was assumed f o r  t he se  wal l s  ( i t  va r i ed  from 

0.50 t o  0.75 f o r  t he  t e s t  bu i ld ings) .  m e  flow c o e f f i c i e n t s  were assumed a s  follows: 

A i r  Leakage Rate, Flow Coeff ic ien t ,  Cw 
Wall cfm/sq f t  

Tightness a t  0.3 in .  water cfm/ (sq f t )  ( i n .  water) 0.65 

NAAMM 0.06 

t i g h t  0.10 

average 

loose 

These values w i l l  probably apply t o  e x t e r i o r  walls of  c u r t a i n  wall cons t ruc t ion  with f i xed  g laz ing  
but  not t o  e x t e r i o r  wal l s  of  masonry cons t ruc t ion .  Mcasurements on one bui ld ing  8 of  t h e  l a t t e r  
cons t ruc t ion  ind ica ted  t h a t  i t s  leakage r a t e s  a r e  considerably higher  than those shown on Fig. 3. 

The equat ion f o r  i n f i l t r a t i o n  r a t e ,  Eq 6 ,  can be s imp l i f i ed  fo r  p r a c t i c a l  purposes by 
assuming the  following: y = 0.80, p = 14.7 ps ia ,  T .  = 530R, nw =.0 .65 ,  B = 0.50. Subs t i t u t i ng  

1 
these values i n  Eq 6 



The sens ib l e  heat  load due t o  i n f i l t r a t i o n  is given by 

Y = 1.08 QwAT 

where 

Y = sens ib l e  heat  l o s s ,  Btulhr  

S u b s t i t u t i n g  Eq 7 i n  Eq 8 g ives  

The l a t e n t  hea t  l o s s  when indoor humidity r a t i o  is  t o  be maintained a t  a cons tant  l eve l  i s  
given by 

where 

Z = heat  required t o  increase  moisture content  o f  i n f i l t r a t i o n  a ir  from W t o  Wi, Btu/hr 
0 

Wi = 
humidity r a t i o  of  indoor a i r ,  pounds of water  per  pound o f  dry  a i r  

W = humidity r a t i o  o f  outdoor a i r ,  pounds of  water  per  pound o f  dry  a i r  
0 

Subs t i t u t ing  Eq 7 i n  Eq 10 g ives  

I n f i l t r a t i o n  r a t e s  were ca lcula ted  f o r  t he  four a i r  leakage values and various bui ld ing  
he igh t s  using Eq 7, expressed i n  a i r  changes pe r  hour and assuming a f l o o r  plan 150 f t  sq. A 
temperature d i f ference  o f  70 F was assumed between indoor and outdoor a i r .  The r e s u l t s  of  these  
ca l cu la t ions  (Fig. 4)  ind ica ted  t h a t  a i r  change r a t e s  increase  with bui ld ing  height  as well  a s  
wi th  increas ing  wall leakage values. 

These values may be compared with the  outdoor a i r  requirement f o r  ven t i l a t i on .  ASHRAE 
STANDARD 62-73 O gives the  minim* requi red  v e n t i l a t i o n  a i r  withouk temperin'g o r  f i l t e r i n g  
a s  15 cfm pe r  person f o r  general  o f f i c e  space (0.15 cfm pe r  sq f t ,  based on 10 persons per  1000 
s q  f t  of  f l o o r  a rea) .  This  r ep resen t s  0.9 a i r  change pe r  hour. A s  t h i s  value is much higher 
than the  values shown on Fig. 4,  it appears t h a t  a i r  i n f i l t r a t i o n  by i t s e l f  w i l l  not usual ly  
s a t i s f y  the  v e n t i l a t i o n  requirement. 

The sens ib l e  and l a t e n t  i n f i l t r a t i o n  heat  l o s ses  were ca l cu la t ed  using Eq 9 and 11, assum- 
ing  an indoor-outdoor temperature d i f f e rence  o f  70 F, a humidity r a t i o  f o r  indoors o f  0.0047 l b  
o f  water per  l b  o f  dry a i r  (70 F, 30% RH) and one f o r  outdoors o f  0.0006 l b  o f  water  per l b  o f  
dry  a i r  (0 F, 80% RH). The r e s u l t s  o f  t he  ca l cu la t ion  given i n  Btu per  hour pe r  square foot  o f  
wall a rea  a r e  shown i n  Fig. 5 f o r  various bui ld ing  heights .  For t h i s  example, t h e  l a t e n t  hea t  
l o s s e s  a r e  28% of  the s e n s i b l e  hea t  losses .  

I n  Fig. 6, the i n f i l t r a t i o n  hea t  l o s ses  ( sens ib le  plus l a t e n t )  a r e  compared wi th  the t o t a l  hea t  
l o s ses  through the e x t e r i o r  walls  ( i n f i l t r a t i o n  p lus  t ransmission).  The ove r -a l l  U value was 
assumed t o  be 0.30, with values o f  0.15 f o r  t he  in su la t ed  wa l l s  and 0.55 f o r  double-glazed win- 
dows, which cons t i t u t ed  40% of  the  t o t a l  wall  a rea .  Transmission heat  l o s s  was 21.0 Btu/(hr) 
(sq f t )  a t  a temperature d i f f e rence  o f  70 F. For a bui ld ing  with an average wall  leakage value, 
the  percentage o f  t o t a l  hea t  l o s s  cont r ibuted  by a i r  i n f i l t r a t i o n  var ied  from 22 t o  46% f o r  
bui ld ing  heights  o f  200 t o  1000 f t ,  respec t ive ly ;  these  values a r e  reduced t o  9 t o  22% fo r  
bui ld ings  with r e l a t i v e l y  a i r - t i g h t  walls .  A s  i n f i l t r a t i o n  hea t  losses  increase  with bu i ld ing  
he ight ,  t he  s igni f icance  of  a i r  t i gh tnes s  f o r  wal l s  o f  t a l l  bu i ld ings  is apparent .  

The ven t i l a t i on  requirement f o r  general o f f i c e  space o f  15 cfm of outdoor a i r  pe r  person 
demands an outdoor a i r  supply o f  0.56 cfm pe r  sq f t  o f  outs ide  wall area,assuming a f l o o r  
dimension o f  150 by 150 f t  and f l o o r  height  o f  10 f t .  Using Eq 8 and 10, the  heat  l o s s  
( s ens ib l e  plus l a t e n t )  was 53.6 Btu/(hr) (sq f t )  o f  wal l  a r ea  a t  a temperature d i f f e rence  of 70 F 



and humidity ratio, indoors, of 0~0047 lb of water per lb of dry.air and, outdoors, of 0.0006 lb 
of water per lb of dry air. This heating load imposed by ventilation air has been compared with 
those of transmission and infiltration through a wall of average air tightness in Fig, 7. It 
may be seen that the ventilation heating load is the largest component of the total heating load 
(infiltration plus transmission plus ventilation). For a 200-ft high building it constitutes 
67% of the total heating load, whereas infiltration heating load is only 7%. PSHRAE Standard 
62-73 permits reduction in the ventilation air to 5 cfm per person (0.05 cfm per sq ft of floor 
area) if the air is tempered and filtered. This reduction in ventilation air results in heat 
losses due to ventilation and infiltration of 40 andl2% of the total heat loss, respectively. 
During unoccupied periods with no ventilation air, the infiltration heat loss is 22% of the total 
for walls of average air tightness and 9% for tight walls. 

These calculations recognized stack action alone at a given inside-outside temperature dif- 
ference. It is probable that infiltration rates of tall buildings depend primarily on stack 
action during cold weather and average wind velocity. The infiltration rates calculated in the 
previous examples would have been somewhat higher if wind action had also been considered. A 
complete analysis would involve integration of heat losses over the seasons, taking into account 
both wind and stack action. 

HEAT LOSSES CAUSED BY BUILDING PRESSURIZATION 

HVAC systems are sometimes designed and operated to minimize air infiltration, particularly at 
the entrance level, by means of building pressurization. Its effect is to increase the inside 
pressures and thereby lower the level of the neutral zone. If the neutral zone is lowered to 
ground level, air infiltration is eliminated but air exfiltration is increased. The required 
rate of supply of outside air to achieve this can be calculated from Eq 6 ; for this, the value 
of 8, thi: ratio of the neutral zone height to building height, is taken as unity. The ratio of 
total exfiltration rate with pressurization (B = 1.0) to infiltration rate without pressurization 
(8 = 0.5) is about 3.2; i.e., the outside supply air rate required to pressurize a building fully 
is 3.2 times the infiltration rate. This value would be greater if the exfiltration rate through 
the top of the building were also considered. Reducing infiltration rate by pressurization in- 
curs a high heating cost penalty. It is more economical to pressurize the ground floor only, 
provided the ground floor enclosure is reasonably air tight. 

CONCLUSIONS 

1. The air leakage rates of the exterior walls of eight test buildings varied considerably, 
with values of 0.12 to 0.48 cfm per sq ft of wall area at a pressure difference of 0.30 in. of 
water. They were much above that specified by an industry standard of 0.06 cfm per sq ft of wall 
area at the same pressure difference. 

2. For a wall with average air tightness and U value of 0.30 Btu/(hr)(sq ft)(F),the percentage 
of total heat loss through the Malls contributed by infiltration during cold weather varied from 
22 to 46% for building heights of 200 to 1000 ft, respectively; these values are reduced to 9 to 
22% for buildings with relatively air-tight walls. They indicate the necessity of assuring re- 
latively air-tight walls for tall buildings. 

3. Air infiltration alone cannot be relied upon to provide an adequate amount of outdoor air 
for ventilation of buildings with curtain wall construction and fixed glazing. The heating load 
caused by ventilation air was found to be a major component of the total heating load. 

4. Reducing air infiltration by mechanically pressurizing a building can mean a high heating 
cost penalty. 
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TABLE 1 

Descript ion o f  Tes t  Buildings 

Building 

Year constructed 

Year t e s t e d  

No. of  t y p i c a l  f l oo r s  

Floor plan ( f t  x f t )  

Floor height  ( f t )  

Wall area per f l o o r  
(sq f t )  
Window area  
(% wall a r ea )  

Window type Fixed 
sealed 
double 
glazing 

Openab 1 e Fixed Fixed 
sealed sea led  sea led  
doub 1 e double double 
glazing g laz ing  glazing 
(key 
locked) 

Fixed 
sea led  
double 
glazing 

Fixed 
sea led  
double 
glazing 

Fixed 
sea led  
double 
glazing 

Fixed 
sea led  
double 
g laz ing  

Wall cons t ruc t ion  Precas t  
concrete  
8- in .  t i l e  
2- in.  
i n su l a t i on  
a i r  space 
6 - in .  t i l e  
p l a s t e r  

Precast  Precast  Metal 
concrete  concrete  pane 1 
pane 1 panel a i r  space 
2- in.  a i r  space 2- in.  I 

i n su l a t i on  1- in .  i n su l a t i on  
i n su l a t i on  20-in. 
1/2- in.  concrete  
cement 
6- i n .  
concre te  
block 
p l a s t e r  

Metal 
pane 1 
2-in. 
i n su l a t i on  

Precast  
concrete  
panel 
1- in.  
i n su l a t i on  

Precast  
concrete  
pane 1 
1- in.  
i n su l a t i on  

Metal 
panel 
2-in. 
a i r  
space 
3.5-in. 
i n su l a t i on  



Test 
Building 

TABLE 2 

Flow Coefficients and Exponents of  Test Buildings 

Outside Wall Bottom Separation Top Separation 

Cw n 
Cb ='b ct 

n 
W t 

Cw 
i n  efm/(sq f t  of  wall area) ( in .  of  water)"w 

Cb i n  cfin/(sq f t  of  f l o o r  area) ( in.  o f  water)% 

Ct i n  cfm/(sq f t  o f  f loor  area)( in .  of  water)"t 

S U P P L Y  
A I R  F A N  

E X T E R I O R  W A L L S  \ T Y P I C A L  FLOORS 

B O T T O M  S E P A I A T I O  --- e U - N L  F L O O R  

OB * L E A K A G E  F L O W  T H R O U G H  8 O T T O M  
S B P A R A T I O N  

0,  * L E A K A G E  F L O W  T H R O U G H  T O ?  S E P A R A T I O N  

Fig. 1  F l o w  b a l a n c e  u n d e r  w a l l  leakage 
t e s t s  
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DAVID T. HARRJE, Senior  Research Engineer and Lec tu re r ,  P r ince ton  Univ., 
P r i n c e t o n ,  N J :  Has t h e r e  been any a t t e m p t  to use  t h e  c e n t r a l  s h a f t  w i t h  blowing 
downward a t  t h e  n e u t r a l  l i n e  t o  a t t e m p t  to b e n e f i t  b o t h  t h e  upper and lower por-  
t i o n s  of  t h e  b u i l d i n g  through reduced a i r  i n f i l t r a t i o n ?  

TAMURA: Computer s t u d i e s  on t h i s  approach t o  reduce  i n f i l t r a t i o n  a r e  g iven i n  a 
paper  e n t i t l e d  "Bui ld ing P r e s s u r e s  Caused by Chimney Act ion and Mechanical Ven- 
t i l a t i o n "  by A.G. Wilson and myself (ASHRAE TRANSACTIONS, vo l .  73, P a r t  11,. 1967).  
The r e d u c t i o n  o f  p r e s s u r e  d i f f e r e n c e s  a c r o s s  t h e  e x t e r i o r  w a l l s  would depend on 
t h e  r e c i r c u l a t i o n  r a t e  and t h e  i n t e r n a l  r e s i s t e n c e  o f  a bu i ld ing ;  i n s i d e  p r e s s u r e s  
o f  a  b u i l d i n g  wi th  a  low i n t e r n a l  r e s i s t a n c e  w i l l  n o t  be a l t e r e d  s i g n i f i c a n t l y  to  
a f f e c t  t h e  p r e s s u r e  d i f f e r e n c e s  a c r o s s  t h e  e x t e r i o r  w a l l s .  

I t  should be recognized t h a t  i f  bo th  i n f i l t r a t i o n  and e x f i l t r a t i o n  are e l i m -  
i n a t e d  by t h i s  means, then  t h e  p r e s s u r e  d i f f e r e n c e s  caused by s t a c k  a c t i o n  would 
be t r a n s f e r r e d  from t h e  e x t e r i o r  w a l l s  t o  t h e  w a l l s  of v e r t i c a l  s h a f t s  which c a n  
g i v e  rise t o  d i f f i c u l t i e s  i n  o p e r a t i n g  e l e v a t o r  and stair doors.  I t  is  probab le  
t h a t  e f f e c t i v e  o p e r a t i o n  o f  t h i s  system w i t h  changing c o n d i t i o n  of  wind and s t a c k  
a c t i o n  would be d i f f i c u l t .  The p r e f e r r e d  approach t o  minimize i n f i l t r a t i o n  is 
by c o n t r u c t i n g  o u t s i d e  w a l l s  t h a t  a r e  r e l a t i v e l y  a i r  t i g h t  r a t h e r  than  by u s i n g  
v e n t i l a t i o n  f a n s  a s  suggested  o r  f o r  b u i l d i n g  p r e s s u r i z a t i o n .  

RONALD N. JENNER, NASA, Hampton, VA: I n  regards  t o  i n f i l t r a t i o n  due t o  wind on 
low-rise b u i l d i n g ,  what does  your s tudy  show? 

TAMURA: I t  was s t a t e d  t h a t  i n f i l t r a t i o n  r a t e s  of h i g h  rise b u i l d i n g s  depend 
p r i m a r i l y  on s t a c k  a c t i o n  dur ing  c o l d  weather and average  wind v e l o c i t y .  ~t is 
expected t h a t  t h e  e f f e c t  of  wind a c t i o n  compared t o  t h a t  of  s t a c k  a c t i o n  would 
be g r e a t e r  f o r  low-rise b u i l d i n g s  than f o r  h i g h - r i s e  b u i l d i n g s ;  t h a t  due t o  s t a c k  
a c t i o n ,  however, it should  n o t  be n e g l e c t e d  a s  f i e l d  s t u d i e s  i n d i c a t e  t h a t  even 
f o r  houses i t s  e f f e c t  is s i g n i f i c a n t ,  
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INTRODUCTION 

Schools, as a group, are the third largest users of energy in buildings in Canada. The Division 
of Building Research, National Research Council of Canada therefore welcomed the opportunity in 
the autumn of 1975 to participate with the Carleton Board of Education in a program to reduce 
energy use in schools. 

A major problem encountered initially was the lack of data on air infiltration for school 
buildings. A program of air leakage measurements in schools was therefore carried out. Results 
of the measurements were then applied to a simplified model of a school building, from which air 
infiltration and its contribution to tdtal heating consumption could be calculated. 

SELECTION OF TEST SCHOOLS 

Eleven test buildings were selected from a total of 56 elementary schools, based on their 1975 
energy consumption (1). Of the eleven schools, five were considered to have average' consumption, 
three to have high consumption and the remaining three to have low consumption (Fig. 1). A brief 
description of the tested schools is given in Table I .  

TEST METHOD 

The air leakage characteristics of school buildings were measured by means of the pressurization 
method. The fan used was a vane axial type with a variable-pitch blade that can be adjusted 
manually to obtain flow rates between 0 and 23 m3/s (0 to 50,000 cfm). The fan intake was 
connected by several lengths of 0 . 9  m'(3 ft) diameter duct to an entrance door replaced for the 
tests by a plywood panel (Fig. 2). 

Air flow rates were measured upstream of the fan intake using total pressure averaging 
tubes (2) for high air flow rates and an orifice plate for low air flow rates. The pressure 
differences across the exterior walls were measured at the middle of each wall near the ground. 
A portable pressure meter consisting of a diaphragm-type pressure transducer (static error band 
of 5% full scale) and a digital voltmeter were used. To minimize wind influence on the pressure 
measurements all tests were conducted with a meteorological wind speed lower than 15 km/h 
(9.3 mph) (3). 

Most tests were conducted under suction conditions, partly because air infiltration occurs 
with buildings under this condition, but also because of the need to avoid any possible damage 
to furniture and discomfort to occupants. For comparison, two schools were tested under both 
suction and pressurization. 

The buildings were tested with the air-handling system in operation and with it shut down. 
With the system on, an initial reading of pressure difference across the exterior walls was taken 
with the test fan shut down and its intake sealed. This reading, which is the amount of 
pressurization resulting from imbalance between outside air supply and exhaust air rates of the 

1 C.Y. Shaw and L. Jones, Research Officers, Energy and Services Section, Division of Building 
I Research, National Research Council of Canada. KIA OR6 



air-handling systems, was then subtracted algebraically from the pressure difference readings 
obtained with the test fan operating. All schools except School C operated under suction 
pressures ranging from -2 to -35 Pa (-0.008 to -0.14 in. of water). 

The air leakage rates through air intake and exhaust openings, openable windows, and doors 
were obtained by comparing the over-all air leakage rates taken before and after they were 
sealed. Because of difficulties in sealing, only schools with centralized air-handling systems 
were tested. As well, joints between window or door frames and walls were not sealed so that 
any leakage there was considered as part of the air leakage through the walls. 

In addition, air leakage tests were made in School J in both June and December to discover 
whether leakage varied with season. 

EXPERIMENTAL RESULTS 

The over-all air leakage rates per unit area of exterior walls and their corresponding pressure 
difference are shown in Fig. 3 and 4 for air-handling system either operating or shut down. The 
results vary from 0.0024 to 0.006 m3/s.m2 at a pressure difference of 25 Pa, (0.43 to 1.2 cfm/ft2 
at 0.1 in. of water). These figures also show that, in general, the operation of the air- 
handling systems had little effect on over-all air leakage rate when pressure differences were 
lower than 50 Pa (0.2 in. of water). 

Examination of the limited air leakage data (Fig. 3 and 4) indicated that there was no 
meaningful relation between total energy consumption (Fig. 1) and the measured air leakage rate. 
The variation in air leakage from school to school could not be explained by wall construction 
because all were similar in design (see Table I). Investigation of the construction of the 
school with the highest leakage value (School D) revealed, however, a large number of unsealed 
openings around the roof joists at the exterior wall, suggesting that poor workmanship and 
lack of concern for sealing can lead to high air leakage. In addition, the air leakage rate 
measured in June at School J was within 2% of the leakage rate measured there in December, 
suggesting that, for this particular school, crack width did not vary with outside temperature. 

Fig. 5 indicates that with the air-handling systems shut down 15 to 43% of the over-all air 
leakage can be attributed to the air intake and exhaust openings and the remainder to the walls, 
of which openable windows and doors of two schools contributed up to 4 and lG"6, respectively 
(the percentage areas of openable windows and doors to the total wall area are about 2 and 2.5%, 
respectively). 

Tests were conducted on two schools to investigate the difference in air leakage rates with 
a building under suction and pressurization. Comparison of the over-all air leakage rate 
measured under the two conditions was made with the air-handling systems both in operation and 
shut down; in the latter case, with the air intake and exhaust openings sealed and unsealed. 
Fig. 6, which shows the ~esults for School B (the more extreme of the two schools), indicates 
that the difference in over-all air leakage rates between suction and pressurization is 
minimum with the air-handling systems shut down and the duct openings sealed. If the duct 
openings are unsealed, the over-all air leakage rate obtained under suction, with the air- 
handling systems in operation, is about 10% higher than it would be under pressurization; the 
reverse is true with the air-handling system shut down. 

GENERALIZATION OF AIR LEAKAGE DATA 

The air leakage data measured in the eleven schools were used to define three classes of 
building construction: loose, average and tight (Fig. 7). The air leakage characteristics were 
defined using the following equation: 

n 
q = C (AP) 

where 

q = over-all air leakage rate per unit area of exterior walls, m3/s.m2 (cfm/ft2) 
n n 

C = flow coefficient, m3/s.m2- (Pa) (cfm/ft2. (in. of water) ) 

AP = pressure difference across exterior wall, Pa (in. of water) 

n = flow exponent 



The common flow exponent for the three classes was found to be about 0.65 by curve fitting; the 
corresponding flow coefficients were: 

Flow Coefficient, C 

0.65 0.65 
Class m3/s.m2 (Pa) cfm/ft2 (in. of water) 

Tight 3.0 x 2.1 

Average 

Loose 

These flow coefficients are based on the air leakage values for schools with air-handling 
systems off. They can be applied to other conditions (air-handling systems on and building 
under pressurization) for load and energy calculations without introducing significant errors. 

AIR INFILTRATION RESULTING FROM WIND AND STACK EFFECT 

Using the method described in Ref. 4, air infiltration rates for a simplified model of a school 
building were calculated at various combinations of wind speed and ambient air temperature. 
The school model (1) (see Appendix A) consists of two independent parts: a single-storey 
classroom block and a two-storey high open hall (gymnasium) comprising 90 and 10% of the total 
floor area, respectively. The intake and exhaust openings of the air-handling systems were 
assumed to be located at the roof level. 

The air leakage paths in each wall were lumped into five equally-sized openings located at 
equal intervals in the vertical direction. Ventilation openings were represented by a single 
opening located in the roof. The corresponding flow coefficients were calculated from Eq 1 
assuming 70 and 30% o f  the total air leakage value for walls and roof, respectiiely. Wind was 
assumed to act normally to the long wall. The surface pressure coefficients were derived from 
the measurement of pressure distributions on a cubic model in a suburban boundary layer (5). 
These coefficients increase almost linearly with height from 0.46 to 0.64 for the windward wall 
and are approximately constant, with values of -0.25, -0.54 and -0.6 for the leeward wall, the 
two side walls, and the roof, respectively. 

The calculated air infiltration rates are shown in Fig. 8 as a function of wind speed at the 
roof and inside-outside temperature difference. Wind speed at the roof level of an isolated 
school can be approximately related to the meteorological wind speed by the equation (6): 

V is wind speed at roof level, km/h (mph) 

H is building height, m (ft) 

Vs is the wind speed at 10 m (32.8 ft) above the ground measured by the 
Meteorological Service, km/h (mph) 

B is a constant and is equal to 0.142 and 0.211 for Imperial and S.I. units, 
respectively. 

Using Eq 2, the relation between the roof level wind speed and the meteorological wind speed 
thus assumed were: 

V = 0.33 V for classroom block 
S 

V = 0.42 V for hall 
S 

The contribution of stack effect to air infiltration was shown to be quite significant, even 
for a single-level building. This is illustrated by the results for the classroom block (see 
Fig. 8) where the air infiltration resulting from stack effect for an inside-outside temperature 



difference of 55.6"C (lOO°F) is approximately the same as that from a 15 km/h (9.3 mph) wind at 
the roof level (45 km/h or 28 mph meteorological wind speed). 

EFFECTS OF AIR INFILTRATION ON ANNUAL ENERGY CONSUMPTION 

The annual heat consumption for the school model was calculated both with and without air 
infiltration, using the Meriwether Energy Analysis Series. A brief description of the building 
model and the conditions used for heating load calculations is given in Appendix A. The annual 
heating loads were calculated for various combinations of mean annual wind speed acting normally 
on the long wall and ambient air temperature between -17.8"C and 23.g°C (O°F and 75°F). The 
values of air infiltration rates were obtained from Fig. 8, which is based on walls of average 
air tightness. 

The calculated annual heat consumption, using 1974 Ottawa weather data for various mean annual 
wind speeds at roof level, is shown in Fig. 9. The contribution of air infiltration to the total 
annual heat consumption is illustrated in Table 11, assuming a mean annual wind speed of 16 km/h 
(10 mph), the Ottawa average (7). It indicates that the proportion of heat consumption 
attributed to air infiltration is about 29%. 

The use of annual average wind speeds in energy analysis will tend to underestimate heat 
consumption because air infiltration rate varies non-linearly with wind speed (Fig. 8), and 
because wind speed is generally higher in winter than in summer. A separate method of 
calculating the contribution to annual heating load from air infiltration, using three years of 
hourly weather data for Ottawa, resulted in values 4 to 7% higher than those using annual mean 
wind speeds; monthly loads varied from 2 to 13%. 

CONCLUSION 

The calculated flow coefficients for the eleven schools, assuming a flow exponent of 0.65, vary 
from 3.0 to 7.0 x m3/s-m2 ( P ~ ) O - ~ ~  (2.1 to 4.9 cfm/ft2 (in. of ~ater)~.~~). Tests on 
four of the buildings showed that with the air-handling system off, 15 to 45% of over-all air 
leakage could be attributed to flow through the intake and exhaust system openings. 

Tests conducted at pressure differences below 50 Pa (0.2 in. of water) showed no significant 
difference in the air leakage rates when the buildings were tested under either suction or 
pressurization 

The large variation in air leakage values could not be explained by the wall design of the 
schools; it was probably caused by variation in workmanship during construction and by the number 
of openings associated with the air-handling system. 

Air infiltration rates calculated for a model school building indicated that those due to 
stack action are significant even for single-storey buildings. Air infiltration is also shown 
to be a major contributing factor to annual heat consumption. 
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TABLE 1 

Description of Test Schools 

Year tested 

School 

vear constructed 

A B C D 

Floor area, m2 [ft2) I 2694 (29 000) 1858 (20 000) 3771 (40 600) 3.893 (37 600) 

Floor height. m (ft) 4.3 (14.0) 4 (13.0) 3.4 jll) 3.8 (12.5) 

Window typa 

Window areafwall area 

Openable window/wall area 

Typical wall construction 

Number of Vestibule 
exterior 

doors No vestibule 

b. 
Ratio of adjusted door 

area to wall arba 

WAC system 

fixed and openable fixed and openable fixed and openable fixed and openable 

sealed double glazing sealed double glazing sealed double glazing sealed double glazing 

1 15.24 cm autoclaved 10.2 cm face brick 10.2 cm face brick 10.2 cm face brick 

cellular air space air space 5.1 cm foam 

concrete 5.1 cm rigid 5.1 cm rigid insulation 

1.6 cm drywall 
insulation insulation 

20.3 cm concrete 
20.3 cm concrete 20.3 cm concrete block 

block hlock 

2 double 

5 single. 5 double 4 single, 4 double 3 single, 4 double 15 single, 4 double 

N 2  oil, centralized s2 oil, centralized electric, localized a2 oil, centralized 

all-air H/V systems all-air H/V systems roof exhausters and all-air H/V systems 

convectors 

Notes: a. Including Windows; b. A 50% reduction in area is allowed for door with vestibule or similar arranEement. 



TABLE 1 (Contvd) 

Year tested 

School 

Year constructed 

E F G H 

Floor area, m2 (ft2) 

a. 
Exterior wall area, m2 (ft2) 

3689 (39 711) 3093 (33 300) 5388 (58 000) 5156 (55 500) 

Floor height, m (ft) 

Windor type 

3.8 (12.5) 3.7 (12.0) 3.7 (12.0) 4 (13.0) 

Window area/wall area 

Openable window/wall area 

Typical wall construction 

Number o f  Vestibule 
exterior 

doors J No vestibule 

b. 
Ratio of adjusted door 

area to wall area 

WAC system 

fixed sealed double, fixed sealed double, fixed and openable fixed and openable 

openable sealed double openable sealed double sealed double glazing sealed double glazing 

and single glazing and single glazing 

10.2 cm face brick 10.2 cm face brick 10.2 cm concrete 10.2 cm face brick 

2.5 cm air space air space 
block 

2.5 cm air space 

2.5 cm rigid 2.5 cm rigid 2.5 cm air space 3.8 cm rigid 

insulation insulation 2.5 cm rigid insulation 

20.3 cm concrete 20.3 cm concrete insulation 
15.2 cm concrete 

block block 20.3 cm concrete block 

block 

1 single. 1 double 1 single 1 single, 4 double 1 single, 2 double 

7 single. 3 double 2 single, 4 double 2 single. 2 double 1 single. 5 double 

x 2  oil, centralized 12 oil, localized a2 oil, centralized a2 oil, localized 

all-air H/V systems exhausting systems all-air H/V systems all-air H/V systems 

with unit ventilator and hot-water and unit ventilator and hot-water 

in perimeter room convectors in perimeter room convector in 

perimeter room 

Notes: a. Including Windo~s; 

b. A 50% reduction in Area is allowed for door with vest~bule or slmilar arrangement 



TABLE 1 (Cont'd) 

Year tested 

Year constructed 

2 
Floor area, mZ (ft f 

volume, m3 (ft3) 

Floor height. m (ft) 

a. 
Exterzor wall area, mZ (ft2) 

3.8 (12.5) 4 (13.0) 3.8 (12.5) 

Window type 

Window area/wall area 

Openable window/wall area 

Typical wall construction 

Number of I Vestibule 
exterior 

doors I No vestibule 

b. 
Ratio of adjusted door 

area to wall area 

WAC system 

fixed and openable fixed sealed domes. fixed sealed domes. 

sealed double glazing fixed and openable fixed and openable 

sealed double glazing sealed double glazing 

0.104 0.062 0.102 

10.2 cm face brick 10.2 cm split block 10.2 cm face brick 

2 . 5  cm air space 

2.5 cm rigid 

insulation 

20.3 cm concrete 

block 

8 single. 4 double 

face 5.1 cm foamed 

5 . I  cm air space insulation 

15.2 cm concrete 20.3 cm concrete 

block and block 

foamed in 

place 

insulation 

3 single, 2 double 

2 single. 3 double 

14 single, 1 double 

6 single 

0.024 0.016 0.014 

82 oil, localized gas, centralized all- N2 oil and electric 

exhausting systems air H/V systems with centralized all-air 

and hot-water roof-top A.H. units H/V system with 

convectors convector or unit 

ventilator in 

perimeter room 

Notes: a. Including Windows; b. A 50% reductlon in area is allowed for door with vestibule or similar arrangement. 

TABLE 2 

Contribution of Air Infiltration to Annual tleat 

Consumption in Ottawa for V = 16 km/h 
S 

Wind Speed 

at Roof, km/h 

Total = 90% Classroom + 10% Hall I .38 0.49 

2 
Annual Heat Consumption, G J / n l  /Annum 

No I n f ~  ltrat ion Average Infiltration 

Ciossroom 5.3 

Hal 1 6.7 

'a Total Heat Consumption Attributed to Infiltration = 29% 

0.28 

I .  I9 

0.36 

1.69 
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School Model 

Size 
3 2 Over-all area 1800 m (20,000 ft ) 

Dimensions: 

Classroom Block 87 m x 29 m (190 ft x 95 ft), 2.74 m (9 ft) floor to 

ceiling, 3.8 m (12.5 ft) over-all height 

Hall 16.8 m x 11 m (55 ft x 36 ft), 6.4 m (21 ft) floor to ceiling, 

7.9 m (26 ft) over-all height 

Orientation Major axis runs SW to NE 

Construction Over-all Transmittances: 

Wall 1.28 w/m2 K (0.225 Btu/h ft2 F) 

Roof 0.34 w/m2 K (0.06 Btu/h ft2 F) 

Glazing: 

Class - 25% of external wall (as viewed from inside), double-glazed 
with internal blind 

Hall - unglazed 

"Medium Weight Construction" 

Environmental 
Condition Temperature: 

Class - 22.2OC (72OF) 
Hall - 20°C (6B°F) 

5.S°C (lO°F) set-back during unoccupied period 

Ventilation: 

2.36 (dm)'/s person (5 cfm) equivalent to: 
3 2 2 Class - 0.0072 (dm) /s m (0.085 cfm/ft ) 
3 2 2 Ilall - 0.0211 (dm) /s m (0.25 cfm/ft ) 

Lighting: 
2 2 

Electrical load: class - 12 W/m (1.12 W/ft ) 
2 hall - 19 w/m2 (1.77 W/ft ) 

HVAC System Class - terminal re-heat with scheduled supply air temperature 
Hall - constant volume variable temperature 
No mechanical cooling 

Operat ion School assumed to be used through an academic year for normal school use 
plus evening school. Plant operated 6 a.m. to 10 p.m. weekdays; lighting 
and occupancy rates reduced by G O %  in the evenings. 



SCUSS 

JAMES E. WOODS, Assoc. P r o f , ,  Iowa S t a t e  Univ., Arnes ,  I A :  You have r e p o r t e d  t h a t  
i n f i l t r a t i o n  may account  f o r  abou t  30% o f  t h e  annua l  e n e r g y  consumption, based on 
your  computer modell ing.  Have you v e r i f i e d  t h e s e  r e s u l t s  w i t h  a c t u a l  annua l  f u e l  
d a t a  (energy consumption) ? What w a s  t h e  a c t u a l  f u e l  consumption (annual )  ? 

I,. JONES, C.Y. SHAW: N o ,  w e  have n o t  been able to  v e r i f y  o u r  computer c a l c u l a -  
t i o n s  w i t h  f i e l d  d a t a .  W e  doubt  ve ry  much i f  s u c h - v e r i f i c a t i o n  can b e  made. 

DAVID T. HARRJE, S r .  Resch. Engr.,  P r i n c e n t o n  Univ., P r i n c e t o n ,  N J :  S i n c e  t h e s e  
tests i n  s c h o o l s  covered a wide range of c o n s t r u c t i o n  and v e n t i l a t i o n  sys tems,  
w a s  there any a t t empt  t o  use  t r a c e r  gas  t o  e v a l u a t e  r e l a t i v e  c o n t r i b u t i o n s ?  

JONES, SHAIi: No. However, w e  hope t o  b e  a b l e  t o  u s e  a tracer gas  technique  t o  
* m a s u r e  t h e  a i r  i n f i l t r a t i o n  r a t e  f o r  s c h o o l s  i n  t h e  f u t u r e .  

WILLIAM RUDOY, P ro f .  , Univ. o f  Pi t t sburgh, ,  Dept. o f  Mech. Engr. , P i t t s b u r g h ,  PA: 
~ o u l d  you comment on t h e  comparable i n f i l t r a t i o n  when i n d i v i d u a l  u n i t  v e n t i l a t o r s  
a r e  used i n  each c lassroom compared t o  a c e n t r a l  YVAC system. 

JONES, SHAW: Based on t h e  r e s u l t s  p r e s e n t e d  i n  t h e  p a p e r ,  w e  cou ld  f i n d  no mean- 
i n g f u l  r e l a t i o n s h i p  between a i r  l eakage  and HVAC systems.  

MARTIN ALTSCHUL, Energy Conservat ion  Eng., U n i v e r s i t y  o f  V i r g i n i a ,  C h a r l o t t e s v i l l e ,  
VA: S i n c e  you found no c o r r e l a t i o n  between a i r  leakage  and window a r e a ,  w e r e  you 
a b l e  t o  c o r r e l a t e  t h e  i n f i l t r a t i o n  t o  o t h e r  f a c t o r s  (i.e., type  o f  c o n s t r u c t i o n ,  
b u i l d i n g  age ,  type of  HVAC system) ? 

JONES, SHAW: No, w e  w e r e  n o t  a b l e  t o  d i s c e r n  any d e f i n i t e  c o r r e l a t i o n s .  

CLAYTON A. MORRISON, Assoc. P r o f . ,  Univ. o f  F l o r i d a ,  Kech. Eng. Dept . ,  G a i n e s v i l l e ,  
FL: P l e a s e  use Engl ish  u n i t s  a s  an a l t e r n a t i v e  s o  t h a t  p r a c t i c i n g  eng inee r s  w i l l  
r e a d i l y  have a f e e l  f o r  what you wish t o  communicate. 

JONES, SHAW: Both S I  and Eng inee r ing  U n i t s  w e r e  used i n  t h e  paFer.  

G.H.  GREEN, P ro f .  o f  Mech. Eng., Univ. o f  Saskatchewan, Saskatoon,  Sask . ,  Canada: 
Can you c l a r i f y  how you d i s t i n g u i s h e d  between energy l o s s e s  due t o  i n f i l t r a t i o n  
and those  due t o  mechanical  v e n t i l a t i o n  i n  your  y e a r l y  s t u d i e s  bf energy  consump- 
t i o n ?  

JONES, SHAW: V e n t i l a t i o n  and i n f i l t r a t i o n  r a t e s  f o r  t h e  c a l c u l a t i o n  of  energy 
consumption a r e  e n t e r e d  as s e p a r a t e  v a l u e s  i n  t h e  M e r i w e  t h e r  Program--hence , by 
c a l c u l a t i n g  energy consumption f i r s t  w i t h  an i n f i l t r a t i o n  r a t e  a s  desc r ibed  and 
then  wi th  zero  i n f i l t r a t i o n ,  w e  were a b l e  to  say  t h a t  i n f i l t r a t i o n  was respon- 
s i b l e  f o r  about  29% o f  t h e  h e a t i n g  consumption f o r  t h e  example quoted .  

GREEN: Where there have been r e d u c t i o n s  i n  t h e  q u a n t i t y  of  v e n t i l a t i o n  a i r  i n  
s c h o o l s  ( i . e . ,  the C a r l t o n  School  Board),  t h e  r e d u c t i o n  i n  energy consumption i n  
b u i l d i n g s  has  been abou t  30% o r  more. Could you comment on t h i s ?  

JONES, SHAW : Reduction i n  energy consump t i o n  w i  11 undoubtedly accompany lower 
v e n t i l a t i o n  r a t e s ,  a l though t h e  pe rcen tage  s a v i n g s  w i l l  obvious ly  vary  from b u i l d -  
i n g  t o  b u i l d i n g .  
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METHODS FOR CONDUCTING 
SMALL-SCALE PRESSUR ON TESTS 

R LEAKAGE DATA 
OF MULT -STOREY APARTMENT BU LDINGS 
DR. G.Y. SHAW, P.Eng. 

ABSTRACT 

~n experimental study has been made to develop methods for conducting small-scale pressurization 
tests to determine the air leakage characteristic of multi-storey apattment buildings where a 
full-scale air leakage measurement cannot always be performed. These methods require the use of 
a portable fan for developing a suction or pressure inside a test chamber which is sealed around 
the perimeter of a test area such as the exterior wall of a room or a window. To minimize the 
lateral air leakage due to air movement in the cavities of a wall construction, the pressure in 
the test chamber is balanced with those in the surrounding rooms. 

Applying these methods, ,the air leakage rates through-the exterior walls were measured in 
five buildings ranging from 5 to 20 storeys high. Air leakage rates through major leakage 
sources were also measured in selected buildings to determine their contribution to the total 
leakage of wall assemblies. In addition, the overall air leakage rate was measured in a 5-sto~y 
building with the entrance door to each apartment unit open and closed to investigate the 
influence of corridor walls on the overall building air leakage characteristic. 

INTRODUCTION 

High-rise apartments represent a large group of buildings whose heating demands make up a major 
part of their annual energy consumption and where substantial savings can be achieved by 
applying appropriate energy conservation measures. Without exception, however, a major problem 
encountered in evaluating various conservation measures is the lack of air leakage character- 
istics of these buildings for heating load prediction. Therefore, the Division of Building 
Research, National Research Council of Canada, initiated a program in the spring of 1978 to 
conduct air leakage measurements for this type of building. The results are presented in this 
paper. 

A high-rise apartment is different from other types of tall buildings in that it is divided 
into small units connected by a common corridor on each floor, and it is normally serviced by a 
common ventilation system for supply of fresh air into the corridors and exhaust air from each 
unit. Owing to the limited cappcity of the ventilation system and the large building volume, 
the usual pressurization method for measuring the overall air leakage rate cannot be applied. 
Thus, there is a need for methods that can be applied to measure the air leakage rate through 
part of a building shel1,such as the exterior wall of a room or a window. Field studies were 
conducted to develop such methods and, applying these methods, air leakage data for five apart- 
ment buildings (see Table 1) were obtained. In addition, the overall air leakage rate of a 
5-storey building was measured using a large fan mounted on a trailer. 

TEST METlDD 

Fig, I(a) shows the experimental set-up for measuring the air leakage rate through an entire 
wall assembly of a room (Direct Method). As shown, a portable fan with a maximum capacity of 
200 2/s  at 2000 Pa (424 cfm at 8 in. of water) was used for this purpose. The fan intake was 

C.Y. Shaw, Research Officer, Energy and Services Section, Division of Building Research. 
National Research Council of Canada, Ottawa, Ontario KIA OR6. 



connected to an airtight test chamber by a duct of about 3 m ( 9 . 8  ft) in length and 0.2 m (8 in) 
in diameter. The test chamber was made of plywood panels covered with polyethylene sheets and 
was sealed around the perimeter of the test wall with tapes. To facilitate sealing the top, the 
test chamber was slanted- towards the wall. 

The air flow rates of the fan were adjusted with a manual damper and measured with a laminar 
flow element (MERIAM LFE ELEMENT; accuracy of 5% of measured values). The pressure difference 
across the middle of the wall was measured with a diaphragm-type pressure transducer (static 
error band of S%full scale) and a digital voltmeter. The pressures in the test chamber and the 
adjacent rooms were balanced with fans (Fig. l(b)) to minimize the flow of leakage air through 
the four boundaries of the test area into the test chamber. The flows through these balancing 
fans were also controlled by individual manual dampers. As shown in Fig. l(b), a minimum of 
four balancing fans were required for wall air leakage tests. 

The air leakage rate through a wall assembly can also be obtained by measuring the air 
leakage rate through each component that makes up a wall. For an apartment building, they are 
usually windows, balcony doors, window sills, and floor-wall joints. Two methods, Direct and 
Indirect., can be used either independently or jointly for the purpose. Fig. 2 shows the 
arrangement required to apply the Direct Method. They are very similar to the one for walls, 
except for the size of the test chamber and the requirement for pressure balancing. It was 
found that a heavy-duty shop vacuum cleaner would have enough capacity to meet the flow require- 
ments and also to produce the head required by the laminar flow element. Except for balcony 
doors and windows, the pressure in the test chamber and that in the test room should be 
properly balanced with a portable fan to minimize lateral air leakage. The experimental set-up 
for the Indirect Method is identical to that shown in Fig. l(a). The air leakage rate through 
one particular component is obtained by comparing the flow rates measured before and after it is 
sealed. 

In addition, an overall air leakage test was conducted'on Building A using the method 
developed for schools1. The fan used was a vane axial type with variable pitch blades that can 
be adjusted manually to obtain flow rates between 0 and 23 600 O/s ( 0  and 50 000 cfm). The fan 
intake was connected by a duct of about 15 m (49.2 ft) in length and 0.92 m (3 ft) in diameter 
to an entrance where the door was replaced by a plywood panel. All inside stair doors were 
kept open during the tests to allow a free flow of air from the floor spaces to the fan.l Air 
flow ra:tes were measured upsream of the fan intake using total pressure averaging tubes . 
The pressure differences across the four exterior walls were measured at the middle of each wall 
at three levels using the same pressure transducer. 

Most tests were conducted under the suction condition. For comparison, some components 
were tested both under suction and pressurization. To minimize wind influence on pressure 
measureme ts, all tests were conducted when the meteorological wind speed was lower than 15 km/h 9 ( 9 . 3  mph) . 

VALIDATION OF TEST METHOD 

A series of validation tests was conducted to verify the test methods and to demonstrate the 
necessity of pressure balancing. The result of validation tests for the Direct Method for 
measuring wall air leakage is shown in Fig. 3. It indicates that the air leakage values of the 
wall assembly of Building C obtained by the Direct Method is within 5% of that obtained by sum- 
ming the independently measured air leakage values of the floor-wall joint, window and window 
sill of the same wall. Likewise, as shown in Fig. 4, an agreement in results within 15% was 
also obtained for validation tests on floor-wall joints and window sills. 

In conducting the air leakage test, the pressure in the test chamber was balanced either 
with that in the adjacent rooms or with that in the test room by adjusting the air flow rate of 
the balancing fan. It was found that even with a manual damper, these pressures could be 
balanced within t2.5 Pa (0.01 in. of water) without difficulty. 

The effect of pressure balancing is illustrated in Fig. 4 showing the air leakage rates 
through both the window sill and the floor-wall joint. It indicates that a substantial re- 
duction in the air leakage rate resulted from pressure balancing which reduced the lateral air 
leakage into the test chamber via the cavities in the wall. This hypothesis is at least parti- 
ally supported by the fact that the air leakage rate obtained with pressure balancing is within 
15% of that by the Indirect Method (Fig. 4). The effect of pressure balancing was further in- 
vestigated by conducting air leakage tests on the floor-wall joint of Building M where the air 
leakage rate through the carpet could be eliminated. Fig. 5, which gives the results of four 
tests, indicates that when the pressures were balanced, identical air leakage rates were 



obtained before and after removing the carpet (Curves 1 and 2). If, however, the pressures 
were not balanced, an increase in the air leakage rate was observed, the amount of increment 
depending on whether the carpet was removed from the floor (Curves 3 and 4). The differences 
between Curves 4 and 3, and between Curves 3 and 2 are approximately the air leakage rates 
through the carpet and other sources (e.g., window sill as indicated by the heavy dotted line). 

Finally, the effect of pressure balancing between test chamber and adjacent rooms is illu- 
strated in Fig. 6. The results indicate that the air leakage through a wall assembly measured 
without pressure balancing brings about an increase in flow up to 73% (Building T) of that with 
pressure balancing. An inspection of the test rooms indicated that Buildings T and M were the 
orily rwo whose partition walls were penetrated by heating pipes. Since these walls were used as 
the tuo side panels of the test chamber in these tests, the openings around the heating pipes of 
Building T, which could not be properly sealed, were mainly responsible for the large increase 
in the air leakage rates. 

RESULTS AND DISCUSSIONS 

Applying the developed test methods, air leakage rates through wall assemblies were measured in 
five apartment buildings. Except for Buildings A, M and T, the exterior walls of two rooms of 
each building were tested for air tightness. The air leakage characteristics of windows of the 
five buildings and those of the sliding glass balcony doors of one additional building (Building 
W) were also studied. Also, the overall air leakage rate of the entire building was measured in 
Building A with the entrance door to each apartment unit open and closed. These results were 
analyzed and presented for opaque walls consisting of window sills and floor-wall joints, the 
sliding glass balcony doors, and windows including window frame-wall joints. Fig. 7 shows the 
air leakage data of the opaque walls. Their values vary not only from building to building with 
similar wall design (e.g., Buildings C and V), but also vary from room to room in the same 
building. Also shown in this figure is the air leakage characteristics of a 33-cm (13-in.) un- 
plastered brick wall obtained from the ASHRAE Handbook oE ~undamentals~. It indicates that, 
except for Building M, the air leakage values of the opaque walls of the test buildings are 
within +SO% of that of the unplastered brick wall. 

The air leakage rates through the four types of windows are shown in Fig. 8(a) and 8(b). 
In this paper, the air leakage through a window frame-wall joint is credited to the window 
instead of the wall. The reasons are twofold: firstly, it will considerably reduce the work in 
field testing and secondly, it is more appropriate to do so in modeling air leakage character- 
istics of buildings. Air leakage values of windows as shown in Fig. 8(a) and 8(b) vary widely 
from building to building. Even in the same building these values can be different by a factor 
of 2. There is no clear evidence to indicate that one window design gives a tighter window than 
another. Nor is there any correlation between air leakage characteristics and ratio of openable 
area to total window area (e.g., Building T with fully openable windows has a lower leakage rate 
than Building A, which has partially openable windows). 

4 
ASliRAE Standard 90-75 on energy conservation in new building design recommends that the 

maximum air leakage rate through windows should be 0.77 &/s.m at 75 Pa (0.5 cfm/ft at 0.3 in. 
of water). This value does not include the air leakage through a window frame-wall joint where- 
as the measured values in our study did include this leakage. Even so, one-third of the 17 test 
window units (including window frame-wall joints) had air leakage values below the suggested 
limit, suggesting that it is possible to design, manufacture, and install windows to meet the 
leakage specification of the Standard. 

Tests were also conducted on three buildings to investigate the difference in air leakage 
characteristics tinder suction and pressurization. It was found that for floor-wall joints, 
there was no appreciable difference in the test results whereas for windows, the air tightncss 
value obtained under one condicion was, at most, 12% higher or lower than the other. 

Fig. 9 shows the air leakage rates of the eight residential-type sliding glass doors 
 excluding frame-wall leakag~). As shown, there aze 6 out of 8 doors whose air tightness values 

2 are lower ban the 2.5 . t / s . m  at 75 Pa (0.5 cfmltt ar 0.3 in. of water) maximum recommended 
by ASHRAE Standard 90-75. All these doors are double doors with the outer door acting as a 
storm door. llence, tests were also conducted with the outer door open to study the effect of 
the storm door. The results indicate that with both doors closed, a reduction in the air 
leakage rate (ranglng from 155 to 32%) was obtained. 

The contribution of major building components to the total air leakage rate of wall assem- 
blies was studied in selected buildings. Fig. 10 shows that at a pressure difference of 75 Pa 
(0.3 in. of water), windows including window frame-wal-ljoints can be the main contributing 



component which may account for as high as 70% of the total leakage. Next are floor-wall joints 
and window sills which can account for 50% and 30% of the total air leakage respectively. The 
air leakage rate of the ceiling joint was measured in one building (Building M) as this is the 
only building having smoothly plastered ceilings. As shown, there was no measurable air leakage 
through the ceiling joint of this building. 

Finally, the overall air leakage rate was measured in Building A with the entrance door to 
each apartment unit open and then closed. As shown in Fig. 11, there is no appreciable differ- 
ence in the overall air leakage rate whether the door is open or closed. Fig. 1'1 also shows 
that the overall air leakage characteristics of Building A are similar to the2average air leak- 
age values of the 7 tall office buildings, all having open floor arrangements . 
CONCLUSIONS 

Air leakage characteristics of the exterior walls of multi-storey apartment buildings can be 
obtained by conducting small-scale pressurization tests using the methods outlined in this 
paper. These methods were validated by comparing the overall leakage values and the sum of the 
independently obtained component leakage values. 

It was found that air leakage rates through opaque walls were similar to those of a 33-cm 
(13-in.) unplastered brick wall obtained from laboratory tests. It was also found that one- 
third of the 17 windows tested as installed met the 0.77 !2/s.m of sash crack at 75 Pa (0.5 
cfm/ft at 0.3 in. of water) maximum value recommended by ASHRAE Standard 90-75. The air leak- 
age data of the 8 balcony doors testsd as installed indicased that three-quarters of them also 
met the requirement of the 2.5 U s - m  at 75 Pa (0.5 cfm/ft at 0.3 in. of water) maximum air 
leakage rate recommended by the same Standard. 

Air leakage rates through various building components were measured in selected buildings. 
The results indicated that floor-wall joints, windows, and window sills are the three major air 
leakage sources in exterior walls. The results obtained from one building indicated that there 
is no measurable leakage through ceiling joints. 

Opening or closing the entrance door to each apartment unit was found to have no effect on 
the air tightness values of Building A. This finding suggests that the air leakage rates of 
apartment buildings are mainly governed by the resistance of the exterior walls. Further 
studies are required in this area. 
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TABLE 1 Description of Test Buildings 

3 . 0 2  W x 2 . 4 1  H 
( 9 .92  x 7 . 9 2 )  

Window Type and Openable;  
S e a l e d  Double 

N 
4 

UD 

Outer S h e l l :  1 5 .  3 Cm ( 6  i n . )  
C o n e t o u c t i o n  

Conc. B l o c k ,  

R i g i d  I n s u l a t i o n ,  
Gypsum Boatd 

Vapour B a r r i e r ,  
Gypsum Board 

Note:  B l d g .  W i s  n o t  i n c l u d e d  4 s  i t  was t e s t e d  f o r  b a l c o n y  door o n l y  
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LEAKAGE RATE TEST C H A M B E R  A N D  A D J A C E N T  R O O M S  ( a 1  W I N D O W  
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' b '  W I N D O W  S I L L  AND F L O O R - W A L L  J O I N T  

F i g .  1  E x p e r i m e n t a l  s e t - u p  f o r  m e a s u r i n g  F i g .  2 E x p e r i m e n t a l  s e t - u p  for  a i r  l e a k -  
a i r  l e a k a g e  r a t e  t h r o u g h  w a l l  a s s e m b l y  a g e  r a t e  t h r o u g h  b u i l d i n g  c o m p o n e n t s  

A P ,  I N C H  OF W A T E R  

0  0 .1  0 . 2  0 . 3  0 . 4  

A P .  P R E S S U R E  D I F F E R E N C E  A C R O S S  S P E C I M E N .  Pa 

F i g .  3 C o m p a r i s o n  o f  a i r  l e a k a g e  
r a t e s  t h r o u g h  w a l l  a s s e m b l y  o f  
B u i l d i  n g  C  o b t a i n e d  b y  d i  rec t  
m e a s u r e m e n t  a n d  m e a s u r e m e n t s  o f '  
b u i  l d i  n g  c o m p o n e n t s  

AP. INCH OF W A T E R  
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BACKGROUND 

I n  many count r ies  we now have some years o f  experiences o f  t e s t i n g  

houses f o r  a i r t i g h t n e s s  us ing  the pressurization/depressurization 

technique. The main purpose of t he  t e s t  i n  most cases has been a per- 

formance c o n t r o l  o f  t he  a i r  t igh tness  o f  the  house. It was expected, 

however, t h a t  i n  f u t u r e  the  t e s t  r e s u l t  should g i ve  an est imate o f  

the  i n f i l t r a t i o n  r a t e  o f  the  b u i l d i n g  too. For example i n  a paper from 

1978 ( 1 )  the author  c la ims t h a t :  "To make such a r e l a t i o n s h i p  r e l i a b l e  

many measurements on d i f f e r e n t  types o f  houses w i t h  both the  p ressu r i -  

za t ion-  and t r a c e r  gas methods must be made and reasonable co r rec t i ons  

f o r  the wind- and temperature i n f l uence  o f  t he  t r a c e r  gas measurements 

must be found". 

Since then, va luable c o n t r i b u t i o n s  t o  the knowledge o f  these mat te rs  

have been given, see f o r  example (2),  ( 3 )  ! It i s ,  however, q u i t e  ob- 

vious t h a t  there  cannot e x i s t  a simple r e l a t i o n s h i p  ( f o r  example v i a  

a c o e f f i c i e n t )  as the  t e s t  r e s u l t  from one o f  the  t e s t s  i s  n o t  depen- 

dent on the p r e v a i l i n g  weather cond i t i ons  w h i l e  the o ther  c e r t a i n l y  

i s  dependent on them. 

2 CALCULATION MODELS 

The problem o f  c o r r e l a t i n g  p ressu r i za t i on  data t o  i n f i l t r a t i o n  data 

i s  very complex and almost a1 1 the  present  knowledge o f  a i r  i n f i l  t r a -  

t i o n  and even more should p re fe rab l y  be used. For the  treatment o f  

t he  problem you use measurement r e s u l t s  from two most d i f f e r e n t  

measurement methods, w i t h  a ser ies  o f  measurement and i n t e r p r e t a t i o n  

problems. Furthermore you want t o  make a mathematical ana lys is  based 

on these measurements and have t o  make a number o f  sometimes q u i t e  

dubious assumptions. 



The building may be considered to  be a part of a system which consists 

of acting forces,  an airleaking building and a ventilation system. 

Fig 1 .  
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ACTING FORCES: 
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Figure 1. 

Two characteristics may be set t led by testing - a permeability charac- 

t e r i s t i c  of the envelope with the pressurization t e s t  and the ventila- 

tion rate of the building a t  the prevailing weather conditions (wind 

and temperature difference) when the t e s t  i s  carried out. 

The t e s t  methods themselves introduce errors in a calculation model. 

Both accuracy and precision of the t e s t  methods should be taken into 

account. These matters have been discussed in (4) where i t  i s  stated 

that the probable e r ror  of the pressurization t e s t  according to  Swedish 

practice i s  less than 4% when using electr ical  manometers and a recorder 

and 8% when using liquid manometers. The probable error of the tracer 

gas t e s t  depends heavily on the measurement time (decay measurement) 

b u t  can fo r  reasonable measurement times (2 1,5 h a t  a ventilation rate  

of 0 , 2  ac/h) be around 5%. The figures given above refer to  measure- 

ment accuracy only. Matters influencing precision - that i s  the proba- 



bili tyof obtaining the same measurement value on some other occasion - 
are not taken into account. For the pressurization t e s t  such matters 

are: 

o weather dependence (1 imitations are stated in the method description) 

o ageing durabili ty of the tightness behaviour of the envelope. 

For the tracer gas t e s t  the following factors are  influencing the mea- 

surement precision: 

o the weather (wind and temperature differences) 

o the degree of "perfect" mixing of the t racer  gas 

o the degree of fluctuation of wind speeds. 

The l a s t  factor in fac t  in i t ia tes theques t ion  of the validity of the 

measurement. Do we in other words measure the quantity we want informa- 

tion about or do we perhaps measure something (qui te)  different? How- 

ever, this  may be more of interest  from the ventilation effectiveness 

point of view than that  of energy aspects. 

One way of analysing the problem i s  to  compare a value of the ventila- 

tion rate  calculated with a calculation model - fo r  example according 

t o  ( 5 )  - with a measured value. This procedure i s  outlined in figure 2. 

Figure 2.  Comparing calculated and measured ventilation rate.  Princi- 

pal sketch, 



Such an a n a l y s i s  must be based on d e t a i l e d  knowledge of the inpu t  f a c t o r s .  

Doing such a procedure f o r  a number of  d i f f e r e n t  houses over  and over  
aga in  should, according t o  my opin ion ,  teach us  a l o t  of  the mechanisms 
of a i r  i n f i l t r a t i o n  i n  a most e f f e c t i v e  way. I t  should h e l p  us  t o  g e t  
a f e e l i n g  f o r  t h e  s e n s i t i v i t y  of the system t o  changes i n  var ious  input  
parameters. 

Being aware o f  t h e  d i f f i c u l t i e s  (and c o s t s )  of  t h i s  procedure and i n  the 

absence of a f u l l y  developed c a l c u l a t i o n  model a more h e u r i s t i c  approach 
is  going t o  be  d i scussed  below. T h e  p r i n c i p l e  o f  the method is  shown i n  
f i g u r e  3.  



In words th i s  means tha t  you s t a r t  w i t h  a pressurization t e s t  value and 
t racer  gas t e s t  values from two very different weather conditions - pre- 
ferably summer and winter. Such values should be available fo r  a t  leas t  
some tens of houses of the same type and principal s i t e .  

The measured values a re  "forced" into the model 

which i s  based upon 

By identification i t  is obvious that :  

Q = "ALC V ;  the ventilation flow; in f i l t r a t ion  - or  exf i l t ra -  ( 3 )  

t i  on 
a = C  3  a flow coefficient (4)  

STACK EFFECT WIND 

"ALC = calculated a i r  change ra te ,  ac/h 
V = building volume, m 3 

'i = indoor temperature, OC 

= outdoor temperature, OC 

u = wind velocity a t  a reference point, m/s 

1 = model coeff ic ient ,  Pa/K 
n 

C3 and B are obtained from the pressurization t e s t :  



where 
n50 = resulting leakage divided w i t h  the volume of the house a t  pressuri- 

zation t o  50 Pa, ac/h 

$ = flow exponent i n  the relationship Q = o ap8 f i t t e d  to  the measured 
values. 

C, and C2 are solutions to  the following equation system where nMEAS,, 

and "EAS, 2 stand fo r  measurement values of the ventilation ra te  a t  two 

occations. 

Thus: 

n MEAS, 1 v 
(A e-B - C, (ai-aU) 

A number of implicit assumptions have been made above. 

For the treatment of data from each house: . . . . . . . . . . . . . . . . . . . . .  

To begin,outside the house i t  i s  assumed that  the wind  conditions a t  a 
reference height near the house i s  a representat7ve value fo r  determin- 

ing the wind pressures acting a t  i t .  

The leakage paths of the envelope of the house i s  assumed to  be evenly 

distributed over the total  envelope. The possible error introduced with 
th i s  assumption may be large b u t  the effect  i s  d i f f i cu l t  to  predict. 



The pressure dis t r ibut ion i s  assumed to  be even a l l  over the envelope 

which defini te ly i s  not the case in rea l i ty .  The implications of such 

an assumption are  d i f f i c u l t  to  predict too. 

The exponent of the leakage function i s  s e t  t o  a constant value f o r  a l l  

pressure differences. Some authors have claimed that  t h i s  i s  not a t  a l l  

the case ( 2 ) ,  ( 5 ) .  Their opinion i s  tha t  the exponent i s  close to  1,O 

(laminar case) a t  low and close t o  0 ,5  (turbulent case) a t  higher pres- 

sure differences across the envelope. I do not completely agree with 

that.  I t  rather seems t o  be so tha t  high leakage rates are  caused by big 

leaks. The dimensions of these are big enough to create greater turbulent 

flow or flow with so high velocities that  in- and out let  effects  become 

considerable. This e f fec t  i s  demonstrated in figure 4 where a leaky house 

under pressurization t e s t  i s  modelled. The leaks 1 - 9 represent a variety 

of possible leaks with different s izes .  I t  i s  obvious that  the duct width 

has an overwhelming influence on the leakage rate .  Once a leak of big 

dimension i s  introduced three things happen: 

o The total  leakage ra te  increases strongly. 

o The exponent 6 of the total  flowcurve i s  altered. 

o The value of 6 - in the total  flow curve - does not vary much in dif-  

ferent pressure difference regimes. 

DESCRIPTION OF FLOW PATHS: 

FLOW PATH NUMBER 1 2 3 4 5 

LENGTH IN FLOW 0,25 
DIRECTION (m) 0,225 0,20 0,175 0 ,15 

WIDTH ( m )  0,000075 0,0001 0,00025 0,0005 0,00075 

LENGTH ( m )  70 6 0  50 4 0 30 

ROUGHNESS (m) 0,0000075 0,00001 0,000025 0,00005 0,000075 

FLOW PATH NUMBER 6 7 8 9 

LENGTH IN FLOW 0 ,  125 
GiRECTION (m) 0,IO 0,075 0 ,05  

WIDTH (m)  0,001 0,0075 0,005 0,Ol 

LENGTH ( m )  20  5 2 1 

ROUGHNESS ( m )  0,0001 0,00075 0,0005 0,001 



Figure 4. 

For the t reatment  of data from a l l  t he  houses: . . . . . . . . . . . . . . . . . . . . . . .  

Mean values o f  C, and C2 from d i f f e r e n t  houses are  ca lcu la ted .  To be 

re levant  t he  r e s u l t i n g  formula may n o t  be used f o r  o ther  houses and 

house s i t e s  than the  "averaged" ones. This  means t h a t  i t  must be one 

and the same type o f  houses and the  s i t e s  may n o t  d i f f e r  t o  much from 

each other.  

3 TESTING OF THE HEURISTIC MODEL 

The model was tes ted  on 19 14-storey s ing le - fami ly  houses. With few ex- 

cept ions they were b u i l t  i n  groups o f  houses i n  suburban areas i n  o r  



around the c i ty  of Gothenburg. The measurements were carried out by 

the division of Structural Design a t  Chalmers Ins t i tu te  of Technology 

(CTH) in Gothenburg (6) .  The exterior and the lay-out of the houses are 

shown in figure 5. 

The wind velocities were measured a t  the top of a 10 m high mast placed 

a t  an, as f a r  as  possible, open place on the windward side of the houses. 
The pressurization t e s t s  were performed according t o  ~wedi sh .practice (4).  

However, the leakage ra te  was reported a t  both 25 Pa and 50 Pa. This 

made i t  possible to  calculate a flow exponent, B .  The tracer gas t e s t  

were carried out an one summer and one winter occasian, The ventilation 
rates chosen for  th i s  study were the values obtained when devices for  

ventilation e t c  were closed. Only the envelope of the house was involved 
as a leaking component. 

The coefficients C , ,  C 2  and C3 were calculated for  each house. The 
coefficient C3 - being a leakage coefficient - i s  individual for  each 

house. The means of C ,  and C2 from the 19 houses were calculated-and 
th is  results in the formula: 

Two cases were studied. The f i r s t  one implies the use of the wind ve- 

loc i t ies  a t  the 10 m-level ,above ground as they are reported. In the 
second case the wind velocities a t  10 m were reduced with 50% and these 
lower wind-velocities were used, 



Figure 5. E x t e r i o r  and lay-out  of  t h e  houses. 



Case 1. No wind reduct ion  

This case r e s u l t e d  i n  t h e  f o l l o w i n g  expression. 

n - - n50 (09026 (ai-aU) + 0,010 u2)8 
CALC 2 

P l o t s  of the expression f o r  d i f f e r e n t  wind v e l o c i t i e s ,  temperature 

d i f ferences and exponent B - V ~ ~ U ~ S  a re  shown i n  f i g u r e  6. I n  t h i s  f i g u r e  

'50 i s  chosen t o  3 ac/h. nCALC f o r  o the r  n50-values a r e  e a s i l y  ca l cu la ted  

as i s  a s i n g l e  f a c t o r  i n  the  expression. 
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Figure 6. nCALC as a func t ion  of wind v e l o c i t y ,  temperature d i f f e r e n c e  

and exponent B . n50 = 3 ac/h. No wind reduct ion.  



Case 2. Wind velocities a t  10 m reduced with 50% 

The resulting expression in th i s  case was: 

Corresponding plots are  given in figure 7. 

0 8 12 16 20 (u) mls 
WIND VELOCITY 

Figure 7. nCALC as a function of wind velocity, temperature difference 
and exponent B n50 = 3 ac/h. Wind velocities a t  10 m reduced 

with 50%. 

The calculated ventilation rates ,  nCALC9 were compared with the measured 

ones9 nMEAS* The resul t  can be seen in figure 8. 



F l TTED 

+ n 2 4  A C l h  
n ~ 4  A C l h  

Figure 8. Calculated ventilation rates ,  nCALC, versus measured ones, 

'ME AS' 

With the technique of 1 inear regression the fo l l  owing analytical ex- 

pression was obtained: 

4 INTERPRETATION OF THE RESULTS 

With equation ( 1 )  the intention was to  "force" the measured values into 

a model which corresponds to  the mechanisms of a i r  in f i l t ra t ion  we are 

familiar with rather than to  use traditional regression analysis. 

3 The factor C 3 ( m  / h ) / ~ a @  i s  simply a figure describing the tightness of the 

house. The value of C3 i s  based on n50 and the exponent Band d j f fe rs  

consequently from house to  house. 



The f a c t o r  C, (Pa/K) i s  m u l t i p l i e d  w i t h  the  temperature d i f f e r e n c e  t o  

produce a  pressure d i f f e r e n c e  caused by stack e f f e c t .  The magnitude of 

the  f a c t o r  i s  a f f e c t e d  by the  he igh t  up t o  the  neu t ra l  zone. The value 

o f  0,026 Pa/K i s  q u i t e  reasonable. 

2  
The Cg-values however, seem t o  be r a t h e r  small - 0,010 Pa/(m/s) i n  t he  

2  case w i t h  no wind reduct ion  and 0,038 Pa/ (m/s) i n  the  case w i t h  50% 

wind reduct ion.  

Since ap caused by wind a c t i n g  on a  b u i l d i n g  can be w r i t t e n  as: 

where Av i s  t he  d i f f e r e n c e  i n  shape c o e f f i c i e n t s  between ou t  and ins ide ,  
3  

P i s  the  dens i ty  o f  t he  a i r  (kg/m ) and u  the  wind v e l o c i t y  (m/s). Con- 

s ide r  t he  i n f i l t r a t i o n  case on a  cube-shaped b u i l d i n g  w i t h  wind a c t i n g  

perpendicular  t o  one o f  the sides ( t h e  pressure s ide)  then 5 could be 

w r i t t e n  as 

Where denotes the  average d i f f e r e n c e  i n  shape c o e f f i c i e n t s  across 
P - 

the wa l l .  

2  From t h i s  t h e  values 0,010 resp 0,038 Pa/(m/s) should correspond t o  

- nu- = ------ O y O 1 O  - - 0,017 (no wind reduct ion)  

- - 0y038 - 0,063 (50% wind reduct ion)  - 0,6 - 

Since the  l a s t  g iven value corresponds t o  a  p lace w i t h  reduced wind ve- 
- 

l o c i t y  i t  has no meaning t o  compare t h i s  ca l cu la ted  A u  value w i t h  some- 
P 

t h i n g  e lse.  This  i s  o f  course due t o  the  f a c t  t h a t  p should t ransform 

wind v e l o c i t y  i n  t he  f r e e  stream i n t o  wind pressures. 

A f u r t h e r  i n t e r p r e t a t i o n  might be made by t a k i n g  i n t o  account the f a c t  

t h a t  a  rec tangu lar  b u i l d i n g  has one o r  two windwardfacing sides and the  

others a r e  leewardfacing. I f  the  t o t a l  area on the  pressure s ide  i s  de- 



noted A and t h e  t o t a l  a r e a  of t h e  suc t ion  s i d e s  i s  denoted A, i t  can 
P 

be proved with a s imple flow-balance equa t ion  t h a t  

I f  = 0,017, f3 = 0,7 and A / A  is  set t o  1/4 t h e n F p  - < = 0'06. 
P s 

The inf luence  of  t h e  surroundings of  t h e  bu i ld ing  and t h e  d e n s i t y  of  t h e  

b u i l t  a r ea  may be cons iderab le .  These ma t t e r s  a r e  very we1 1 demonstrated 

i n  works by t h e  people a t  S h e f f i e l d  Univers i ty  ( 6 ) ,  ( 7 ) ,  (8). F igure  9 

i s  taken from ( 7 ) .  I t  shows shape c o e f f i c i e n t s  f o r  windward and leeward 

f a c e s  of a cube-formed bui ld ing  where y/H i s  t h e  he igh t  r e l a t i v e  t h e  

t o t a l  bu i ld ing  he igh t  and the dens i ty  being t h e  r a t i o  between b u i l t  up 

and t o t a l  ground a r ea .  
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Figure 9. D i s t r i b u t i o n  of mean shape c o e f f i c i e n t  on t h e  element c e n t r e  
l i n e  a t  a l l  d e n s i t i e s .  Source: (7) .  



According to  these resul ts  i t  i s  obvious tha t  a high density can reduce 
the values of the shape coefficients considerably. The densit ies of the 

areas where the 19 houses in th i s  study are  situated are not known b u t  

normal Swedish areas w i t h  one-fami.1~ houses may have a density of say - 
15%. If t h i s  i s  the case for  the houses studied the values of -&-' - 

P 
as calculated above seem quite reasonable. 

5 SUMMARY 

Much hope has been fixed upon poss ib i l i t ies  of correlating resul ts  of 
pressurization t e s t s  with in f i l t r a t ion  t e s t s ,  thus making i t  possible t o  

predict the ventilation rate of a building with the resul t  of the pressu- 
rization t e s t  as a basis. This paper describes the application of an 

a priori designed calculation model based upon the well-established re- 
lationship Q = a i n  which a and B are determined from pressurization 
tes t .  Two factors operating a t  the temperature difference between inside 
and outside and the square of the wind velocity respectively determined 
from tracer  gas t e s t s  a t  different seasons of the same house se t t l e s  the 

p term. The model has been applied to  19 14-storey single family houses. 
The calculated factors seem to  have reasonable values. However, the den- 

s i t y  of a house group seem to have very great influence on the magnitude 
of the shape coefficients. This may explain why calculated mean shape 

factors seem to be rather low. I t  would have heen very interesting to  
make similar calculations on other houses in other surroundings. 
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THE RELATIONSHIP BETWEEN TRACER GAS AND 

PRESSURISATION TECHNIQUES I N  DWELLINGS 

by P R Warren and B C Webb 

1 INTRODUCTION 

Two main methods a r e  current ly  i n  use f o r  measuring the i n f i l t r a t i o n  

performance of dwellings, t racer  gas techniques f o r  determining i n f i l -  

t r a t i on  r a t e  and pressur i sa t ion  techniques f o r  measuring the  leakage 

charac te r i s t ics  .of the  envelope. The i n f i l t r a t i o n  r a t e  is of most inte- 

r e s t  s ince  i t  enables the  r e l a t ed  heat  loss  t o  be calculated,  and, since 

the majority of dwellings a re  na tura l ly  vent i la ted ,  i t  a l so  enables 

possible levels  of i n t e r n a l  airborne contaminants t o  be determined. 

Pressurisation techniques a re  l imited t o  providing da t a  on the  magnitude 

and the d i s t r i bu t ion  of a i r f low paths through tne building envelope. 

However pressur isat ion techniques possess ce r t a in  advantages; the  neces- 

sary equipment i s  r e l a t i ve ly  cheap, robust and eas i ly  operated and the  

time required on s i t e  i s  short .  I n  contras t ,  t r a c e r  gas measurements 

require considerable exper t i se ,  expensive equipment and a re  time-consuming, 

i f  the  f u l l  range of variables which a f f ec t  i n f i l t r a t i o n  are  t o  be included. 

The usefulness of pressur isat ion techniques could b e  considerably enhanced 

if a method of l inking the r e su l t s  achieved with t h e i r  use t o  i n f i l t r a t i o n  

ra tes  could be iden t i f i ed  and estabilished. The purpose of t h i s  paper 

is  t o  propose such a method, based upon a simple theore t ica l  model of 

in£  i l t r a t i o n ,  and to  discuss i t s  va l id i ty  using whole house pressur isat ion 



and i n f i l t r a t i o n  measurements made a s  par t  of f i e l d  survey of i n f i l t r a -  

t i o n  r a t e s  i n  Br i t i sh  dwellings. 

2 FIELD MEASUREMENTS 

2.1 Pressur isat ion measurements 

Table 1 includes b r i e f  d e t a i l s  of f i f t e e n  houses i n  which whole house 

pressur i sa t ion  measurements were made as  p a r t  of a l a rge r  survey of 

i n f i l t r a t i o n  and na tura l  ven t i l a t i on  i n  dwellings. These a r e  labelled 

A t o  P f o r  purposes of easy reference. In  addit ion published da ta  on 

two other  dwellings have been taken from references ( 1 )  and (2) . These 

dwellings a r e  labe l led  R and S respectively,  

Pressur isat ion measurements of t he  a i r  leakage through the envelope 

of each house was made using the  equipment developed and described by 

Skinner(3). Measurements were made f o r  both pos i t ive  and negative applied 

pressure d i f fe rence  across the  dwelling envelope,over a range of 10 

t o  60 Pa. A simple power law of t he  following form was f i t t e d  t o  the 

r e su l t s  : 

Q i s  the  volume flow r a t e  of a i r  a t  an applied pressure difference Ap, 

QT i s  the flow r a t e  a t  a chosen reference pressure Bp,. This may be 
L' 

a r b i t r a r i l y  chosen, but f o r  present purposes the value 50Pa w i l l  be 

used t o  conformwith current Swedish pract ice(4) .  The values of QT 

and n a r e  l i s t e d  i n  Table 1. Also l i s t e d  f o r  comparison with other  

published r e su l t s  a r e  the  corresponding values of  (QT/V) and (Q /A ) * P 
where V and A are the volume and permeable area of each dwell ing.  

P 



The permeable a r e a  is def ined as t h e  sum of the  a reas  of t h e  exposed 

wa l l s ,  t h e  ground f l o o r ,  provided t h a t  t h i s  is  not  s o l i d ,  and t h e  a r e a  

of t h e  c e i l i n g  between t h e  topmost f l o o r  and t h e  roof space. Pa r ty  

wal ls  i n  semi-detached and t e r raced  houses a r e  assumed t o  be  impermeable. 

For a l l  of the  r e s u l t s  given i n  Table 1 windows, doors and o t h e r  con- 

t r o l l a b l e  openings were f u l l y  closed. Ex t rac t  fans were switched o f f  

and t h e i r  openings sealed .  

It is i n t e r e s t i n g  t o  n o t e  t h a t  values of (a]C/V) a r e  s u b s t a n t i a l l y  l a r g e r  

than t h e  average va lues  found i n  recent  Swedish(5) and Canadian(6) surveys 

which were 3.5 ach and 4.4 ach respec t ive ly .  

2 .2  Tracer gas measurements 

Whole house t r a c e r  gas measurements were made i n  a l l  of t h e  l i s t e d  houses. 

I n  houses A t o  R n i t r o u s  oxide was used a s  t h e  t r a c e r  gas and i t s  concen- 

t r a t i o n  monitored using an infra-red gas analyser .  A l l  i n t e r n a l  doors 

were s e t  open and fans placed i n  t h e  open doorways i n  order t o  mix t h e  

t r a c e r  gas throughout t h e  house. The v e n t i l a t i o n  r a t e  measured is t h e  

r a t i o  of the  flow r a t e  of air en te r ing  t h e  house t o  the  volume of t h e  

house. This should be t y p i c a l  of t h e  v e n t i l a t i o n  r a t e  under normal 

occupied condit ions provided t h a t  i n t e r n a l  doors a r e  e i t h e r  kept  open 

o r  present  l i t t l e  r e s i s t a n c e  t o  flow i n  comparison with t h e  a i r  leakage 

paths i n  the  e x t e r n a l  envelope, 

On average approximately twenty measurements of whole house v e n t i l a t i o n  

s a t e  were made. Wind speed and d i r e c t i o n  were monitored throughout 

each t e s t  pericjd us<ng a l ightweight  anezometer and isi-ildvazle mounted 

on a 10 m h i g h  hydraul ic  mast, s i t u a t e d  c lose  t o ,  but not i n  the  immediate 



flow f i e l d  o f ,  t h e  house under test,  Air  temperatures were measured 

i n  each room, as w e l l  a s  e x t e r n a l l y ,  using c a l i b r a t e d  thewocouples.  

The output  from each of t h e  instruments was recorded, v i a  a d a t a  logger ,  

on paper t a p e  f o r  subsequent ana lys i s  by mainframe computer, '%he r e s u l t i n g  

output  consis ted  of t h e  v e n t i l a t i o n  r a t e  during t h e  test per iod (usua l ly  
~ 

of t h e  order  of t h i r t y  minutes) ,  t h e  average wind speed and d i r e c t i o n  

and t h e  average temperatures a s  w e l l  a s  measures of t h e  v a r i a t i o n  of 

each of these  q u a n t i t i e s  over t h e  period.  

3 PROBLEMS I N  RELATING TRACER GAS AND 

PRESSURISATION MEASUBEXENTS 

3.1 Limita t ions  of p r e s s u r i s a t i o n  techniques 

( i )  The magnitude of t h e  p ressure  d i f fe rences  used i n  t h e  p r e s s u r i s a t i o n  

tests is n e c e s s a r i l y  h igher  than those  normally generated by t h e  wind 

and s t a c k  e f f e c t .  The ex t rapo la t ion  of t h e  applied pressure  - flow 

r a t e  r e l a t i o n s h i p  def ined by equat ion ( 1) t o  lower applied pressures  

than those t o  which i t  was f i t t e d  cur ren t ly  lacks experimental v a l i d a t i o n .  

( i i )  The p ressure  d i f fe rences  generated across  t h e  bu i ld ing  envelope 

by s t a c k  and wind e f f e c t s  a r e  not  appl ied  u n i f o m l y  as  they a r e  i n  t h e  

p r e s s u r i s a t i o n  technique,  

( i i i f  The simple determination of QT and t h e  e q o n e n t ,  n, does not de f ine  

t h e  d i s t r i b u t i o n  of QT. The same r e s u l t s  would be obtained wheeher 

QT were lumped toge the r  on one ex te rna l  wal l  o r  whether i t  were evenly 

d i s t r i b u t e d  over t h e  whole envelope, Repeated measurements with chosen 

components sea led  up gives add i t iona l  i n f a m a t i o n  on the magnitudes 

and distributisn of the  openings,  b u t  removes some of the  s impl ic i ty  

and ease  of use which makes t h e  technique a t t r a c t i v e .  



3.2 Choice of c h a r a c t e r i s t i c  quan t i t i e s  

Further t o  t he  problems ou t l ined  above t he r e  i s  a d i f f i c u l t y  i n  comparing 

pressur isa t ion r e s u l t s  f o r  a given house with t he  r e s u l t s  of t he  measure- 

ments of i n f i l t r a t i o n  because of t h e  number of var iab les  involved, 

The r e s u l t s  of t h e  p ressur i sa t ion  t e s t s  a r e  defined by two parameters, 

QT and n. Any measured value of i n f i l t r a t i o n  r a t e ,  8. is  a funct ion 

of wind speed U, wind d i rec t ion ,  4, and t h e  d i f fe rence  between i n t e r n a l  

and external  air temperature, AT. 

Clearly any method which aims t o  r e l a t e  QT and %, t h e  i n f i l t r a t i o n  

flow rate,must a l s o  include the  o ther  var iab les  i f  it is t o  be used 

as a bas i s  f o r  p red ic t ing  the  i n f i l t r a t i o n  performance of a given dwelling. 

The following s ec t i on  ou t l ines  a simple t heo re t i c a l  model which aims 

t o  accomplish t h i s .  

4 A SIMPLE THEORETICAL MODEL FOR INFILTRATION 

4.1 ~ssurcptions made i n  s e t t i n g  up the  model 

The following assumptions a r e  made i n  s e t t i n g  up the  i n f i l t r a t i ~ n  model: 

( i )  The bui lding envelope i s  represented by a rectangular para l l e l ip iped  

of height,  h, This does not  preclude t he  presence of a pitched roof ,  

but i s  intended t o  def ine  t he  volume of i n t e r e s t  from the  point  of view 

of i n f i l t r a t i o n ,  The maximum overa l l  height  of the  building,  f o r  ins tance 

t o  the  top of a pitched roof ,  i s  H and i s  used t o  specify  the  a i r  speed 

required by convention f o r  def ining the  surface  pressure coef f ic ien t s  

generated by the wind. The appropriate value of wind speed is  given 

b Y 



where U is  the reference s i te  wind speed fo r  t he  measurements and a r 

depends upon the  nature  of the  l oca l  t e r r a in ,  as described i n  reference 

(71, Reference (7) a lso  enables U t o  be calculated from standard 

Meteorological Office wind speeds f o r  design purposes. 

( i i )  The pressure generated by the  wind i s  uniform across each surface. 

The values f o r  each surface w i l l  depend upon the  building shape, its 

or ientat ion t o  the  wind and any surrounding obstacles ,  including other  

houses . 

( i i i )  Air leakage through the  envelope is  assumed t o  be uniformly d i s t r i -  

buted across each surface,  but the  t o t a l  leakage Qp may be  d i s t r ibu ted  

i n  any chosen proportions among the surfaces.  

( iv)  The exponent, n ,  i s  assumed t o  apply t o  a l l  leakage paths. 

(v) Party walls and s o l i d  f loors  a r e  assumed t o  be impermeable. 

(vi) I f  the  underfloor space i s  ven t i la ted  the  assumed surface pressure 

i s  obtained by determining the area weighted mean of the  pressures on 

exposed v e r t i c a l  wal ls ,  

4.2 I n f i l t r a t i o n  r a t e  functions FV, FW and FB 

The derivation of the  model is summarised i n  Appendix I .  Three re la t ion-  

ships are  obtained. The f i r s t  concerns the i n f i l t r a t i o n  flow r a t e  Q v 
which i s  given by 



Fv may be calculated i f  the f o l l o ~ n g  are  knom: 

( i )  The surface pressure coeff ic ients  as functions of (9. The surface 

pressure coeff ic ient  G f o r  any surface,  i, is defined as 
p i  

Surface pressure coeff ic ients  a re  most accurately obtained gram wind 

tunnel model s tudies  of the  building under consideration. Approximate 

values are available f o r  simple building shapes, f o r  instance i n  the  

Br i t i sh  Standard Code dealing wf t h  Wind Loads (8) . 

( i i )  The Archimedes number Ar. This r e l a t e s  buoyancy and i n e r t i a l  

forces and i n  t h i s  context i s  defined as 

The Archimedes n u h e r  combines the two main meteorological variables 

U and AT, aa w e l l  a& the  heigfit, h, defined previously. 

( i i i )  The d is t r ibut ion  of the leakage among the exposed surfaces. 

Thus given e i t h e r  measured or  e s~ ima ted  values of the  surface pressure 

coefficients and the d is t r ibut ion  of leakage FV, and hence $, may be 

obtained for  m y  cod ina t ion  of values of U, AT and $ 0  

When the wind ac ts  alone, the resu l t ing  i n f i l t r a t i o n  flow ra t e ,  Qw, may 

be derived from the model: 



Similarly when stack e f fec t  ac t s  alone, the resu l t ing  i n f i l t r a t i o n  r a t e ,  

QB, is  given by 

PB is a constant fo r  any given building and FW is  a function of wind 

direct ion only. 

4.3 Typical values of FVp FW and FB 

I n  order t o  demonstrate the var ia t ion  of the function F FW and FB V * 
derived above with building character is  tics values have been calculated 

f o r  three typica l  housing types; 

(a) Detached 

(b) Semi-detached 

(c) Centre te r race  

The dimensions of the houses a re  shown i n  Table 2, together with appro- 

p r i a t e  pressure coeff ic ients  f o r  a se lec t ion  of wind directions obtained 

from reference C8). All three functions w i l l  vary with n. The calcu- 

l a t ions  have therefore been carr ied out f o r  three values of n - 0,5, 

0.6 and 0.7, i n  order t o  cover the  range found i n  pract ice (see Table I ) ,  

The leakage. QT was assumed t o  be  d is t r ibuted  uniformly over the whole 

of the  exposed surface of the envelope i n  each case. The ground f loor  

d t o  be  impermeable, except fo r  the value of n = 0*6$  where 

f o r  purposes of comparison c a l c u l a ~ o n s  were a l so  made with a permeable 

-bhoor. 

'Phe calculeted values of PW and FB a re  given i n  Table 3(a). FV is shown 

%n Figures 1 (a) ,  (b) and ( c )  . The axes have been chosen t o  give iden t i ca l  



asymptotes for  each s e t  of values of FV. Inspection of tile r e s u l t s  f o r  

F and FB shows a negl ig ib le  var ia t ion  of FB with house arrangement. W 

There is  some var ia t ion  with n; a reduction of approximately 10% when 

n is  raised from 0,6 t o  0.7, and an increase of approximately the  same 

m u n t  when n is reduced from 0.6 t o  0.5, There a r e  s u b s t m t i a l  varia- 

t ions i n  F with wind d i r ec t ion  c$ f o r  each house type. W 

5 COMPARISON OF FIELD MEASUREMENTS WITH 

MODEL PREDICTIONS 

As a f i r s t  s tep  t o  comparing the  r e s u l t s  of the  f i e l d  measurements with 

the  predicted values from the  model only FW and FB w i l l  be considered. 

The a i m  here is  t o  determine how well  values of FW and FB derived from 

the f i e l d  measurements agree with those given i n  Table 3(a) . 

In  order t o  do this it is  necessary t o  i s o l a t e  those r e su l t s  which a re  

dominated by e i t h e r  s tack  o r  wind e f fec t .  It is very r a r e  t o  obtain 

measurements i n  the  f i e l d  where e i t h e r  e f f ec t  is  completely absent and 

i t  is necessary t o  e s t ab l i sh  some form of c r i t e r ion  by which t o  judge 

each s e t  of r e s u l t s  f o r  a given house t o  d e t e ~ n e  whether it may f a l l  

i n t o  e i t h e r  of t he  categories required. An indicat ion of a method of 

achieving t h i s  is  contained i n  Figures I(a) t o  (c) .  The ordinate  i n  

these figures is ,  i n  f a c t ,  (QVf4)  and the asymptote as ( F ~ I F ~ . ~ ~ )  

tends to  i n f i n i t y  i s ,  QV a Qwe A reasonable proposal is t o  s e t  the  l i m i t  

for  s tack doarinated i n f i l t r a t i o n  a s  

and for  wind dominated i n f i l t r a t i o n ,  



On rearrangement these lead t o  the  following approximate c r i t e r i a  based 

upon the  measured c l imat ic  var iables ,  

Stack dominated i n f i l t r a t i o n :  u ~ ~ / A T ~  2 0.3 

Wind dominated i n f i l t r a t i o n :  u * ~ / A T ~  9 1 .5 

Qn examining each set of r e s u l t s  f o r  the  houses l i s t e d  i n  Table 1 those 

sets which f u l f i l  these  c r i t e r i a  were extracted and used t o  calculate  

t h e  following: 

For s tack dominated i n f i l t r a t i o n :  

and, fo r  wind dominated i n f i l t r a t i o n :  

From equations (5) and (6) i t  can be seen t h a t  when divided by QT these 

quant i t i es  should give values of FB and F respectively,  I n  order t o  W 

compare these measured r e su l t s  with those calculated using the  model, 

' t h e  quant i t i es  given abave f o r  each house have been plot ted against 

QT i n  Pigvres (3) and (2) f o r  s tack e f f ec t  and wind e f f ec t  respectively.  

For comparison the expected spread of the r e s u l t s  due t o  the  var ia t ion  

of FBwi th  n, and of FWwith  n and Q has been indicated by the shaded 

r eg ime  osl each figure.  The-resul ts  for  the  stack e f f ec t  comparison 



a r e  very encouraging. Of the  hauses which l i e  outs ide the  expected 

band it i s  suspected t h a t  the  values of QT for  K and J include some ledc- 

age through the party wall. This w i l l  be checked i n  a fu tu re  s e r i e s  

of measurements. 

The r e su l t s  i n  ~ igu re (a ) , fo r  wind,are more scat tered.  This is,however, 

t o  be expected because of dependence of FW on 4 as w e l l  as Figure ( 4 )  

t 
shows the  var ia t ion  of FW with i for  House P which is  a centre-terraced 

house. It is in t e r e s t i ng  t o  note t h a t  the  i n f i l t r a t i o n  r a t e  with the  

wind perpendicular t o  the  t e r r ace  is considerably greater  than when 

t h e  wind i s  para l le l .  

Despite the  s c a t t e r  t he re  is  a trend f o r  -the values of FW t o  l i e  below 

the region containing the  expected range predicted by the theore t ica l  

model, However the  pressure coef f ic ien ts  used, as  given i n  Table 2, 

apply t o  buildings i n  i so la t ion .  A l l  of the  houses i n  which measurements 

were made had other  buildings,  as  wel l  as other  forms of s h e l t e r  such 

as t rees  and fences i n  t h e i r  v ic in i ty .  Although de ta i led  da ta  on pressure 

coeff ic ients  other  than f o r  i so la ted  buildings is  sparse there is evidence, 

from both f u l l  scale(9) and model s tud ies  (10) of pressure d i s t r ibu t ions  

on low r i s e  buildings, t h a t  the  values f o r  surface pressure coeff ic ients  

a re  subs tan t ia l ly  reduced by the  presence of other  buildings of a s imi la r  

height.  Lee et: al(10) have demonstrated t h a t  reductions of SOX i n  wall 

and roof pressure coef f ic ien ts  may be  expected i n  housing of moderate 

density. The values of given i n  Table (3a) have therefore been re- 

calculated with the surface pressure coef f ic ien ts  a r b i t r a r i l y  reduced 

t o  half  of t h e i r  o r ig ina l  value. The new range of predicted values 

of FW i s  given i n  Table (3b) and shown on Figure (5). I n  place of the 



mean of the  measured values of FW the range i s  indicated by p lo t t ing  

the maximum and minimum value f o r  each house. The agreement i s  very 

much be t t e r .  

It should be noted t h a t  the  t heo re t i ca l  r e su l t s  are  l imited t o  the  house 

types and dimensions set out i n  Table 2, and not spec i f i ca l ly  matched 

t o  the  dimensions of the  houses tes ted .  Further,  the  leakage area has 

been assumed t o  be uniformly d i s t r i bu ted  over the  exposed surfaces of 

the  envelope. Further analysis  w i l l  be  undertaken t o  compare each s e t  

of measured r e s u l t s  wi th  predicted values s p e c i f i c  t o  each site. A 

major problem ex i s t s  however i n  the  lack of da t a  on pressure coef f ic ien ts  

f o r  typical  housing arrangements. 

6 'EKE PREDICTION OF INFILTRATION RATES 

Given the leakage d a t a  f o r  a house, together with i ts dimensions, the 

mean surface pressure  coef f ic ien ts  f o r  t he  expected range of wind direc- 

t ions  and, i f  possible,  t he  d i s t r i bu t ion  of leakage among the exposed 

surfaces t he  i n f i l t r a t i o n  r a t e  may be calculated using FV fo r  any combina- 

t i o n  of wind speedswind d i r ec t ion  and temperature difference,  The meteoro- 

log ica l  d a t a  can be presented e i t h e r  i n . s t a t i s t i c a 1  form or  as a continuous 

se r i e s  f o r  a given period of t i m e .  Al ternat ively FB and FWmay be cal- 

culated and rhe l a rge r  of the  two predicted vent i la t ion  r a t e s  taken, 

Another poss ib i l i t y  which lies between these a l te rna t ives  is  t o  note 

t h a t  the  f o l l o ~ n g  siraple function f i t s  the predicted r e su l t s  shown 

i n  Figures (1 a), ( Ib) and ( 1 c) with a reasonable degree of accuracy 



On rearrangement t h i s  leads t o  

7 CONCLUSIONS 

The agreement demonstrated between the theore t ica l  model and the da ta  

from measurements i n  seventeen houses gives confidence t h a t  the  simple 

theore t ica l  model may provide a means of estimating house i n f i l t r a t i o n  

r a t e s  using leakage da ta  obtained from whole house pressur isat ion measure- 

ments. In  addit ion,  however, surface pressure coeff ic ients  fo r  

typical  house shapes, arrangements and surroundings are  a l so  required 

but,  a t  present,  there i s  a dearth of d a t a  of t h i s  type. 
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NOMENCLATURE 

A Area 

a Substitution function ( -  (Cpi - cpI)) 

b Substitution function (= 2Ar) 

C~ Pressure coeff ic ient  

F I n f i l t r a t i o n  function (suff ices  B, V and W) 

g Acceleration due t o  gravity 

H Height ( su f f ix  r.) 

h Height of vent i la ted space 

Number of ve r t i ca l  surf  aces 

Exponent of building leakage charac ter i s t ic  

Pressure (suff ices  i, I, L, U) 

Absolute temperature 

Wind speed (suf f ix  r )  

I n f i l t r a t i o n  flow r a t e  (suff ices  B s  V and W) 

Voiume of vent i la ted space 

Width of ve r t i ca l  surface 

Dimensionless ve r t i ca l  co-ordinare (= z/h) 

z Vertical co-ordinate 

A r  Archimedes No (= 

ci Exponent fo r  wind veloci ty  p ro f i l e  

D Density of a i r  (suff ices  o, I) 

Prefix: 

A Difference between two values of the same quantity 

Suffices : 

B,TT,W Relate t o  stack ef fec t ,  combined e f fec t  and wind 

ef fec t  respectively 

i Number of a ve r t i ca l  surface 

L SU Relate t o  lower and upper surface respectively 

0,I Relate t o  inside and outside of the vent i la ted space 

T Relates t o  t e s t  reference condition fo r  

pressurisation t e s t s  

r Relates t o  reference wind speed and height 



T A B L E  1 B A S I C  D E T A I L S  AND LEAKAGE C H A R A C T E R I S T I C S  OF T E S T  HOUSES 

HOUSE DATA A I R  LEAKAGE C H A R A C T E R I S T I C S  AT 50 Pa 

l iouse Date Type Volume QT n (Q,/v) ( QT/Ap) 

rn 3 rn3/h ach rn3/hrn3 

Notes: House t y p e :  1, 2 ,  3 - number o f  s t o r e y s .  
A  - detached; 8 - s'emi-detached; C  - end t e r r a c e ;  
D - c e n t r e  t e r r a c e ;  E  - quad. 

C 
Reference ('I). 

** 
Reference (2),  



P - U J C \ I \ O L C I N  
0 . 0 .  I ) .  

+ t r ~ l t  N 



UJ CO 03 
I r l  8 7 9  I O I  
I . I  I . I  I . I  
0 0 0 

o m a  c o a m  m o m  
@Jr-r rrr F P O  
e m .  . . . . w e  

0 0 0  000  0 0 0  

fl-mm a m *  o m U 3  
r r F  r - r F -  W l - r  

I ) .  a m .  a e e  
000  000  000  

m a r -  m a >  m a r s  
a . 0  % % .  s o .  

0 0 0  0 0 0  000  

* N O  m r m  m r c m  
~ r r  r r O  000 
m e .  e m .  m e .  

000  000  000 

WOCO N O r n  e m 0  
c r Q  r r O  r r c  
a * .  e.. e . .  

0 0 0  000  000  





Figure 2 Oetermination o f  F - 3ind e f f e c t  only W 

Q, at 50 Pa (m3/h) 

F igure  3 O e t e r m i n a t i o n  of F - s tack  e f f e c t  o n l y  
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F i g u r e  6 Schematic diagram f o r  f l ~ w  t h r o u g h  

v e r t i c a l  sur faces  



TEE EWILTUTZOM MODEL 

Introduction 

The purpose of the  model i s  t o  provide a method f o r  relating; i n f i l t r a t i o n  

r see  a t  any given combination of wind speed, d i rec t ion  and difference 

between in te rna l  and external  a i r  temperatures t o  the  leakage characteri-  

s t i c s  of a house, derived from pressur i sa t ion  t e s t s ,  The model assumes 

tha t  the  house can be represented as a s ing le  ' c e l l B  and ignores any 

i n t e rna l  subdivisions of t he  space i n t o  rooms, A number of other  s ing le  

c e l l  models have been developed, i n  pa r t i cu l a r  by Blomsterberg e t  a l ( l l ) ,  

Sheman andl ~ r i m s r u d (  121) , Cole e t  a l (13) ,  Shaw(l.6) and Lindquist(l5) , 

The present model d i f f e r s  from these i n  the  s e t  of assumptions made. For 

the  present ease these have been s e t  out i n  Section 4 of the  main t e x t .  

I n  pa r t i cu l a r ,  unlike most of the  other  s ing le  c e l l  models, no a p r i o r i  

assumptions concerning in t e rna l  pressure o r  the posi t ion of neut ra l  

layers  are  made, The character isat ion of the  combined e f f ec t  of s tack 

a d  wind by the use of the  dimensionl~ss  parameter, Ax, the Archimedes 

nu&er9follows from i t s  e a r l i e r  use t o  i l l u s t r a t e  the combined e f f e c t  of 

stack and wind on heat losses  i n  a na tura l ly  v e n t i l  ated house(l6) and i n  

the analysis of d a t a  from f i e l d  measurements of ven t i la t ion  of spaces 

with openings on one s ide  only( l7) ,  Pe is s imilar  t o  the  parameters, M,used 

by Mattingley et a1(18) in  the analysis of i n f i l t r a t i o n  measurements, and the 

pa rme te r ,  0, used i n  a theore t ica l  model by Sheman et aE(12), 

Derivation of the model equations 

The flows through v e r t i c a l  and horizontal  surfaces are considered separ- 

acely:  



( i )  Vertical surf  aces 

Referring t o  the diagram shown i n  Figure (61, the pressure difference 

across the ith wall,  a t  a height z from. the base of the dwelling. Ap is 

is given by the following equation, 

pI is the s t a t i c  pressure, a t  z = 0, within the house. p i s  the  reference 
0 

s t a t i c  pressure a t  z = o i n  the f r ee  wind. For convenience p may be I 

expressed as a pressure coefficient , 

whence, 

2 
Api = ip0u (ai - b .Z) 

Where, 

z and Z = - h" 

Following from assumptions ( i i i )  and ( iv)  i n  Section 4 of the main t e x t ,  

the volume flow r a t e  6 ~ .  through a section of ver t ica l  surface bz i s  given 
3. 

by 

Q T ~ ,  wi 
6Qi . sign CAp.) . 6z  

a. 1 
3. 



It is  necessary t o  specify  the modulus of Api s ince  t h i s  may take e i t h e r  

posi t ive  o r  negative values and because n < I .  The term sign(Api) is 

posi t ive  for  flow i n t o  the  building and negative f o r  flow out. Ai i s  the 

area of the  ith v e r t i c a l  surface;  Q,,,, is  the  t o t a l  flow through the  i t h  

surf ace a t  an applied pressure difference.  Ap?; W. 1 is  the width of t he  

ith surface. Subst i tut ing f o r  Bpi from equation A(2) i n t o  equation A(3) 

gives, on rearrangement, 

Cn in tegra t ing  over Z = 0 t o  Z = l ,  t h i s  y ie lds  an expression f o r  t h e  ne t  

flow through the  i k h  w a l l ;  

where 

Ki = QTi 

( i i )  Horizontal surf  aces 

There a r e  two horizontal  surfaces ,  a t  Z 1 0 ,  and a t  Z = 1 ,  specif ied i n  

the following equations by the su f f i ce s  ( )L and ( ) respectively.  u 
The t o t a l  flow through each is readi ly  derived from equation A ( 4 ) :  



( i i i )  Deterdnat ion of C 
PI 

Ignoring small density changes, the pr inciple  of continuity requires 

tha t ,  

where m is  the number of v e r t i c a l  surfaces. 

Equation A(7) contains only one unknown when the ~ i g i n a l  quant i t ies  a r e  

resubstitured. This is  the dimensionless in te rna l  pressure coeff ic ient  

e 
PI" 

Equation A(7) may be solved by simple numerical procedures f o r  C 
PI 

providing tha t  the following a r e  given: 

(a) The leakage charac ter i s t ics ,  QT and n. 

(b) The value of QTU/QT etc.  

( c )  The values of C C and C ( for  i = I t o  m) . 
pL' pus p i  

(d) The Archimedes number, A r ,  

(iv) The determination of the i n f i l t r a t i o n  flow ra t e  

Let Q be the  i n f i l t r a t i o n  flow rate .  Once C is known, Q V i s  given by V PI 

For any given house, items (a) and (b) above are  fixed, and the pressure 

coeff ic iants  are determined by the wind direct ion,  @, only. QV may there- 

fore be  wri t ten i n  the form, 



The ArJlimedes n u d e r  may be expressed in t e r n  of t h e  temperature 

difference,  AT, betwaen in t e rna l  and external  air: 

where TI is the absolute temperature of t he  air within the house. 

(v) Wind act ing alone 

Bra the  i n f i l t r a t i o n  flow r a t e  when the  in te rna l  and external  temperatures 

a re  equal, naay be obtained using the preceding derivation,  a d  s e t t i n g  

bp I 0 .  This leads t o  t he  equivalent of equation A(9) where, 

FW is given by; 

(vi) Stack e f f ec t  acting alone 

QB the i n f i l t r a t i o n  flaw r a t e  &en the wind speed is  zero may be obtained 

i n  a similar way by s e t t i n g  U = 0 i n  equation A(!) a d  preceding as  before, 

but without putt ing the unknorm quantity,  pI, i n t o  pressure coeff ic ient  

fom.  
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ABSTRACT 

I n  t he  p a s t  expensive i n s t rumen ta t i on ,  u s u a l l y  involving t r a c e r  

gases ,  has been requi red  t o  measure a i r  i n f i l t r a t i o n ;  i n  t h i s  paper a 

technique using fan  p r e s s u r i z a t i o n  r e s u l t s  and weather d a t a  t o  c a l c u l a t e  

i n f i l t r a t i o n  is  presented.  The geometry, leakage d i s t r i b u t i o n ,  and ter- 

r a i n  and s h i e l d i n g  c l a s s e s  a r e  combined i n t o  two reduced parameters 

which a l low d i r e c t  comparison of wind-induced and temperature-induced 

i n f i l t r a t i o n .  Using these  two parameters and t h e  t o t a l  leakage a r e a  of  

t h e  s t r u c t u r e  (which i s  found from fan p re s su r i za t i on )  the  i n f i l t r a t i o n  
can be ca l cu l a t ed  f o r  any weather condi t ion .  Experimental r e s u l t s  from 

f i f t e e n  d i f f e r e n t  s i t e s  i s  presented f o r  comparison wi th  t h e o r e t i c a l  
p r ed i c t i ons .  

INTRODUCTION 

Understanding t h e  process  of a i r  i n f i l t r a t i o n  i s  c r i t i c a l  t o  any 

r e s i d e n t i a l  conserva t ion  program inasmuchas i n f i l t r a t i o n  i s  a primary 
source of energy l o s s  i n  res idences .  Y e t  we a r e  f a r  more capable  of 

c a l c u l a t i n g  conduction l o s s e s  than l o s s e s  due t o  i n f i l t r a t i o n .  The two 

processes  a r e  q u i t e  analogous: conduction i s  t h e  f low of hea t  due t o  a 
temperature d i f f e r e n c e  and i n f i l t r a t i o n  i s  t h e  f low of a i r  due t o  a 

p re s su re  d i f f e r e n c e .  Addi t iona l ly ,  t o  c a l c u l a t e  t h e  energy load from 

a i r  i n f i l t r a t i o n ,  t h e  a i r  f low must be combined wi th  the  temperature  

The work descr ibed i n  t h i s  r e p o r t  was funded by the  Of f i ce  of Bui ldings 
and Community Systems, Ass i s t an t  Sec re t a ry  f o r  Conservation and So la r  
Applicat ions of t h e  U.S. Department o f  Energy under  con t r ac t  No. W- 
7405-Eng-48. 



d i f f e r e n c e  between i n s i d e  and ou t s ide .  Conduction is more e a s i l y  calcu-  

l a t e d  than i n f i l t r a t i o n  because t h e  hea t  t r a n s f e r  is p ropor t i ona l  t o  t h e  

temperature d i f f e r e n c e  and does n o t  depend s t r o n g l y  on any o t h e r  d r i v i n g  

f o r c e .  I n f i l t r a t i o n ,  on t h e  o t h e r  hand, depends on t h e  i n t e r i o r -  

e x t e r i o r  p r e s su re  d i f f e r e n c e  bu t  i s  n o t  simply p ropor t i ona l  t o  i t .  

Furthermore, t h e  d r i v i n g  p re s su re s  a r e  caused by uncor re la ted  phys ica l  

e f f e c t s  (wind speed and indoor-outdoor temperature  d i f f e r e n c e ) .  

Although conduction l o s s e s  can be  cha rac t e r i zed  by means of one parame- 

ter, t h e  thermal r e s i s t a n c e ;  i n f i l t r a t i o n ,  u n t i l  now, has  had no 

equiva len t  q u a n t i t y .  

It i s  because of  t he se  problems t h a t  i n f i l t r a t i o n  has  been a  d i f f i -  

c u l t  q u a n t i t y  t o  model. Previous a t t empt s  a t  modeling i n f i l t r a t i o n  have 

used s t a t i s t i c a l  f i t t i n g  o r  have i ~ v o l v e d  measurements o r  ca lcu la -  

t i o n s  t h a t  a r e  t o o  d i f f i c u l t  t o  make on a  l a r g e  s c a l e  .4 This  paper 

in t roduces  a model t h a t  s a c r i f i c e s  some accuracy f o r  v e r s a t i l i t y  and 

s imp l i c i t y .  Rather than p r e d i c t i n g  a c c u r a t e l y  t h e  weather induced 

i n f i l t r a t i o n  of a  p a r t i c u l a r  s t r u c t u r e ,  t h e  model i s  designed t o  calcu- 

l a t e  t h e  i n f i l t r a t i o n  of a  g e n e r a l  s t r u c t u r e .  Furthermore, t h e  model 

p r e d i c t s  t h e  impact of r e t r o f i t s  o r  o t h e r  changes i n  t h e  bu i ld ing  

envelope on t h e  b a s i s  of performance changes e f f e c t e d  i n  a  few measur- 

a b l e  parameters.  

The parameters used i n  t he  model a r e :  

1 )  The leakage a r e a ( s )  of t h e  s t r u c t u r e .  

The leakage a r e a  i s  t h e  parameter t h a t  de sc r ibes  t h e  t i g h t n e s s  

of t h e  s t r u c t u r e  (obtained by p r e s s u r i z a t i o n ) .  Most r e t r o f i t s  

w i l l  a f f e c t  t he  leakage a r e a  o r  t he  d i s t r i b u t i o n  of leakage a r e a  

around the bu i ld ing  envelope ( leakage d i s t r i b u t i o n ) .  

2 )  The he ight  of t he  s t r u c t u r e .  

The he igh t  and o the r  geometric q u a n t i t i e s  a r e  u s u a l l y  known o r  

can be measured d i r e c t l y .  

3 )  The ins ide-outs ide  temperature d i f f e r ence .  

The temperature  d i f f e r e n c e  g ives  t h e  magnitude of t h e  s t a c k  

e f f e c t .  It i s  a l s o  necessary  f o r  c a l c u l a t i n g  t he  energy load 

due t o  i n f i l t r a t i o n .  

4 )  The wind speed. '. 
The wind speed is  requi red  t o  c a l c u l a t e  t he  wind-induced i n f i l -  

t r a t i o n  f o r  comparison wi th  the  s t a c k  e f f e c t .  



5)  The t e r r a i n  class of t h e  s t r u c t u r e .  

The t e r r a i n  c l a s s  o f  t h e  s t r u c t u r e  r e f e r s  t o  t h e  d e n s i t y  of 

o the r  b u i l d i n g s  and o b s t r u c t i o n s  which i n £  luence  the  dependence 

of wind speed on (measurement) he igh t  nea r  t he  s t r u c t u r e .  Know- 

ing  t h e  t e r r a i n  c l a s s  of  t h e  s t r u c t u r e  a l lows  t h e  use  of  o f f -  

s i te weather d a t a  f o r  the  c a l c u l a t i o n  o f  wind-induced pressures .  

6 )  The Sh ie ld ing  

The l o c a l  s h i e l d i n g  determines how much of  t h e  wind p re s su re  

g e t s  through t o  t h e  s t r u c t u r e .  

The wind speed used by t h e  model can be c a l c u l a t e d  from a wind speed 

measured on any weather tower i n  t he  a r e a .  Using s tandard wind formulas 
(See Table 1 )  t h e  wind speed i n  any t e r r a i n  c l a s s  and a t  any he igh t  can 

be converted t o  t h e  wind speed a t  t he  si te.  Thus, on-s i te  weather col- 

l e c t i o n  is  no t  neces sa ry  i n  our model. We must emphasize, however, t h a t  

t h e  measured wind d a t a  must be f o r  t h e  "same wind", i . e .  t h e r e  can be 
no mountain ranges o r  o t h e r  major t e r r a i n  o b s t r u c t i o n s  between t h e  s i t e  

and the wind tower. 

AIR  LEAKAGE 

A i r  leakage i s  the  s imple process  of  a i r  passing through openings o r  

c racks  i n  t h e  s t r u c t u r e .  These openings range i n  s i z e  from those  of 
undampered ven t s  (about  0.2m) t o  t i n y  c racks  around windows (about 

0.2mm). 

A s  we know from hydrodynamics, t he  cha rac t e r  o f  t h e  a i r  f low through 

a leakage opening changes a s  t h e  pressure  a c r o s s  t he  opening changes. 

A t  very  low p r e s s u r e s ,  t h e  flow i s  dominated by v iscous  fo rces ;  a t  high 
p re s su re s ,  by i n e r t i a l  f o r ce s .  Therefore ,  a t  low pressures  we  expect  

t he  flow t o  be p ropor t i ona l  t o  t h e  appl ied  p re s su re  and a t  high pres- 

s u r e s  we expect  t h e  f low t o  be p ropor t i ona l  t o  t h e  square-root of  t he  

appl ied  pressure.  A t  in te rmedia te  pressures  t he  behavior w i l l  be a mix- 

t u r e  of t he se  e f f e c t s .  

The pressure  range i n  which t h e  flow behavior changes depends on the  

geometry of t h e  i n d i v i d u a l  crack.  While good d a t a  e x i s t  t o  d e s c r i b e  

t he  func t iona l  form of t h e  leakage f o r  an i nd iv idua l  c rack ,  t h e  leakage 

c h a r a c t e r i s t i c  of t h e  e n t i r e  s t r u c t u r e  i s  much hardler t o  model. The 

flow vs .  p r e s su re  curve o f  t he  s t r u c t u r e  w i l l  be t h e  summation of a l l  of 

t he  curves f o r  each ind iv idua l  crack.  Since i t  i s  impossible  t o  know 

t h e  geometry of each c rack ,  c a l c u l a t i n g  t he  flow v s .  p ressure  curve of a 

r e a l  s t r u c t u r e  cannot  be done from f i r s t  ~ r i n c i p l e s .  



Fie ld  measurements 6'9 have shown t h a t  t he  behavior of t h e  a c t u a l  

leakage curve more c l o s e l y  resembles t h a t  expected f o r  t u rbu len t  flow 

than  f o r  v i scous  flow i n  the  p re s su re  reg ion  t y p i c a l  of t he  pressures  
t h a t  d r i v e  i n f i l t r a t i o n .  These f i n d i n g s  i n d i c a t e  t h a t  t h e  t r a n s i t i o n  

p re s su re  (where the  f low changes from viscous  t o  t u rbu len t )  i s  below 

t h e  experimental  range. Therefore,  i n  our  model, w e  assume flow t o  be 

propor t iona l  t o  the square-root o f  t h e  appl ied  pressure .  

where 

is  B i r  f low [m3/s1, 

A 2  i s  the  e f f e c t i v e  leakage  a rea  [ m  1 ,  

P 3 i s  t h e  d e n s i t y  of air 11.2 kg/m 1 and 

.b' i s  t h e  appl ied  pressure  [Pa] .  

It i s  t h e  e f f e c t i v e  leakage a r e a  t h a t  c h a r a c t e r i z e s  t he  a i r  leakage. I n  

subsequent d i scuss ion  we w i l l  r e f e r  t o  t h i s  parameter as t h e  leakage 

a rea .  

In  an  a c t u a l  s t r u c t u r e  t h e r e  a r e  many leakage s i t e s ,  each having a  

leakage a rea .  I n  t h i s  model we combine t h e  leakage s i t e s  i n t o  t h r e e  

a reas :  A. i s  the  t o t a l  leakage a r e a  of t h e  s t r u c t u r e  ( t h e  sum of t h e  

leakage a r e a s  of t he  f l o o r ,  w a l l s  and c e i l i n g ) ,  Af i s  t h e  leakage a r e a  

of t h e  f l o o r ,  and Ac i s  the  leakage a rea  of t he  c e i l i n g .  

A s  w i l l  b e  shown i n  the  Appendix, i t  i s  necessary t o  d i f f e r e n t i a t e  

t h e  f l o o r  and c e i l i n g  leakages from the  t o t a l  leakage a r e a  because t h e  

s t a c k  and wind p re s su res  i n f luence  these  l o c a t i o n s  d i f f e r e n t l y .  

Leakage Measurement 

A i r  l eakage  i s  usua l ly  measured by f a n  p re s su r i za t ion .4  This  tech- 

nique uses  a large-capaci ty f a n  t o  push a i r  e i t h e r  i n t o  o r  ou t  of t h e  
s t r u c t u r e .  Flow c o n t i n u i t y  r e q u i r e s  t h a t  a l l  the  a i r  t h a t  flows through 

t h e  fan  must f low ou t  through t h e  bui ld ing  s h e l l .  The graph r e l a t i n g  

pressure  drop ac ros s  t h e  envelope and the  r e s u l t i n g  flow i s  c a l l e d  t h e  

leakage curve of t he  bui lding.  



I n  gene ra l ,  leakage curves  ob ta ined  by t h i s  method w i l l  n o t  show a 

square-root dependence on t h e  p re s su re  drop ac ros s  t h e  envelope. Our 

model assumes t h a t  t he re  is  such a dependency, however, and s o  we ex t r a -  

p o l a t e  t h e  leakage curve ( i f  necessary)  down i n t o  t h e  pressure  range of  

n a t u r a l  weather e f f e c t s  (0-10 Pa). W e  then f i t  t h e  leakage curve  t o  a 

square-root i n  t h a t  reg ion .  The f i t t i n g  procedure g ives  u s  t h e  t o t a l  

leakage a r ea  of t h e  s t r u c t u r e .  

Example: Assume t h a t  through f a n  p r e s s u r i z a t i o n  tests t h e  fol lowing flow 
vs.  p r e s su re  d a t a  have been measured: 

A two-parameter f i t  of t he se  d a t a  t o  a power law func t ion  of 
t h e  form, 

Ap [Pa] 

Q (m3/hr] 

g ives  us  a flow c o e f f i c i e n t  o f  202 and a pressure  exponent of 

0.6. Thus t h e  d a t a  a r e  descr ibed  by t h i s  equat ion:  

We use t h i s  equa t ion  t o  f i n d  t h e  flow a t  our re fe rence  pres- 

sure .  We have chosen 4 Pa a s  our r e f e r ence  pressure  because i t  

i s  t h e  r e p r e s e n t a t i v e  p re s su re  f o r  square-root flow i n  t he  0-10 

Pa range.  

Using t h i s  4 Pa flow i n  Eq. 1, t h e  leakage a r e a  is  

10 

800 

One can e s t ima te  the  f l o o r  and c e i l i n g  leakage a r ea s  by measurement, 

by i n spec t ion ,  o r  by assumption. D i r ec t  measurement of t h e  leakage 

curve f o r  the f l o o r  and c e i l i n g  i s  the  most accu ra t e  method; however, i t  

i s  d i f f i c u l t  and time-consuming. E i r e c t  measurement r equ i r e s  i s o l a t i n g  

t he  f l o o r  and c e i l i n g  from the  rest of t h e  s t r u c t u r e  and conducting a 

s epa ra t e  f an  p r e s s u r i z a t i o n  test.  Accordingly, un l e s s  very d e t a i l e d  
r e s u l t s  a r e  d e s i r e d ,  d i r e c t  measurement i s  usua l ly  no t  warranted. 
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Unlike wa l l s ,  f l o o r  and c e i l i n g  s u r f a c e s  have few penet ra t ions .  

Once the  pene t r a t ions  a r e  l oca t ed  and t h e i r  phys ica l  dimensions meas- 
ured,  t h e i r  leakage a r e a s  ( u s u a l l y  smal le r  than the  physical  a r ea  of t h e  

opening) can e a s i l y  b e  ca l cu la t ed  by e s t ima t ing  t h e  d ischarge  coe f f i -  

c i e n t  from the  geometry of t he  l eaks .  Various s tandard r e fe rences  con- 

t a i n  t a b l e s  o r  formulae f o r  d i scharge  c o e f f i c i e n t s .  I n  ca ses  where a 
f l o o r  o r  c e i l i n g  i s  made of m a t e r i a l s  t h a t  cannot l e a k  (e.g., a s l a b  

f l o o r ) ,  i ts  leakage a r e a  may be assumed t o  be zero.  

F ina l ly ,  i t  is poss ib l e  t o  assume a va lue  f o r  leakage n o t  accounted 
f o r  by measurement o r  c a l c u l a t i o n .  For example, t h i s  can be done by 

assuming t h a t  the  amount of leakage per  u n i t  s h e l l  a r e a  i s  t h e  same f o r  
a l l  su r f aces  ( i . e .  uniform leakage d i s t r i b u t i o n ) .  

INFILTRATION NODEL 

In  t h e  Appendix we d e r i v e  a  genera l  theory  of i n f i l t r a t i o n .  The 

nodel i s  a phys ica l  one which makes use of var ious  empir ica l  f a c t s  t o  

reduce the  complexity. A l l  assumptions made i n  the  de r iva t ion  a r e  

spec i f i ed  i n  the Appendix. 

In  t h i s  model, w e  assume t h a t  t h e  s t r u c t u r e  i s  a  s i n g l e  well-mixed 

zone; we use t y p i c a l  sh i e ld ing  va lues  f o r  a  simple r ec t angu la r  s t r u c t u r e  

and we neg lec t  terms t h a t  depend on the  s i g n  of t h e  temperature d i f f e r -  

ence. Most impor tan t ly ,  we s p l i t  t h e  problem i n t o  two d i s t i n c t  pa r t s :  

t h e  wind-regime, where the dynamic wind p re s su re  dominates t h e  i n f i l t r a -  

t i o n ;  and t h e  stack-regime, where t h e  temperature d i f f e r e n c e  dominates 

t h e  i n f i l t r a t i o n .  I n f i l t r a t i o n  i n  t he  two regimes i s  expressed a s  fo l -  

lows : 

where - 
3 

Qwind is  the  i n f i l t r a t i o n  i n  t h e  wind-regime [rn I s ] ,  

3 
Qstaak i s  the  i n f i l t r a t i o n  i n  the stack-regime [m / s ] ,  

v  i s  the  wind speed a t  c e i l i n g  he ight  [m/s] ,  

A2 i s  the  inside-outside temperature d i f f e r e n c e  [OK], 



g  2 i s  t h e  a c c e l e r a t i o n  of g r a v i t y  [9.8 m / s  1, 

H i s  t h e  he ight  of t h e  c e i l i n g  above grade  [m] and 

T  i s  t h e  i n s i d e  temperature [K] .  

Derivat ions f o r  f w  and f s  a r e  presented i n  t h e  Appendix, but  t h e i r  

d e f i n i t i o n s  a r e  

f = c O ( l - R )  1/3 
W 

(4.1) 

C' i s  a  genera l ized  s h i e l d i n g  c o e f f i c i e n t ;  t y p i c a l  va lues  a r e  l i s t e d  i n  

Table 2 f o r  a  v a r i e t y  of l o c a l  sh i e ld ing  condi t ions .  

R i s  t h e  f r a c t i o n  of t he  e f f e c t i v e  leakage a r e a  t h a t  is  ho r i zon ta l  ( i . e .  

the  sum of the  f l o o r  and c e i l i n g  leakage divided by t h e  t o t a l  leakage).  

X i s  the  f r a c t i o n a l  d i f f e r e n c e  between the  f l o o r  and c e i l i n g  leakage 

( i . e .  the  d i f f e r e n c e  i n  leakage a r e a  between t h e  c e i l i n g  and the  f l o o r  

divided by the  t o t a l  leakage a r e a ) :  

The wind speed used i n  t h e  equat ions above i s  t h e  e f f e c t i v e  wind speed 

a t  c e i l i n g  he igh t  - t h a t  i s ,  t h e  wind speed t h a t  would e x i s t  a t  the  

he ight  of t he  c e i l i n g  (above grade)  i f  t h e  bui ld ing  and i t s  immediate 

surroundings were n o t  t h e r e .  This  wind speed can be calcugated from any 

measurement of t h e  same wind using the  fol lowing formula: 



where 

v i s*  t h e  measured wind speed (e.g.  from a  weather tower) 

f~ 
i s  t h e  t e r r a i n  f a c t o r ,  

H i s  t h e  he ight  of t h e  c e i l i n g  [m], 

H ' i s  the  he igh t  of the  wind measurement [m], 

d,  y a r e  empir ica l  cons t an t s  g iven  i n  Table 1. 

The unprimed q u a n t i t i e s  r e f e r  t o  t he  s t r u c t u r e  s i t e  and the  

primed q u a n t i t i e s  r e f e r  t o  the  wind-measurement s i t e .  

The express ions  f o r  t he  stack-induced and wind-induced i n f i l t r a t i o n  

£0 llow : 

where 

2  
*o i s  t h e  t o t a l  leakage a r e a  [m 1 ,  

f * i s  the  reduced wind parameter,  
W 

f  i s  the  reduced s t a c k  parameter [m/s/K 1 /2]  , 
s* 

AT i s  the  ins ide-outs ide  temperature d i f f e r e n c e  [ K ]  and 

v  ' i s  the  measured wind speed [m/s]. 

For the  d e f i n i t i o n s  of  t he  reduced parameters,  s e e  the  "Table of Defin- 

ing Relat ions" and the "Symbol Table" a t  t he  end of the  t e x t .  

The primary advantage ( o t h e r  than  s i m p l i c i t y )  of d i sp l ay ing  t h e  

equat ions i n  t h i s  form i s  t h a t  i t  demonstrates the  f a c t  t h a t  we have * * 
separated t h e  weather-independent p a r t s  (Ao, f  ) from t h e  weather 

f s9  W 
v a r i a b l e s  (nT, v'). Thus t h e  weather-independent p a r t s  can be calcu- 

l a t e d  once f o r  a  p a r t i c u l a r  s t r u c t u r a l  conf igura t ion  and combined with 

weather condi t ions  t o  p red ic t  t he  i n f i l t r a t i o n .  



Another advan tage  o f  t h i s  form of  t h e  e q u a t i o n s  i s  t h a t  i t  demon- 

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

Hence a  f r a c t i o n a l  change i n  l e a k a g e  a r e a  cor responds  t o  t h e  same f r a c -  

t i o n a l  change i n  i n f i l t r a t i o n .  While i t  i s  t r u e  t h a t  t h e  reduced param- 

e t e r s  depend on  t h e  r e l a t i v e  d i s t r i b u t i o n  of t h e  l eakage  among t h e  

f l o o r ,  w a l l s  and c e i l i n g ,  a  s m a l l  change i n  the  t o t a l  l eakage  should not  

a f f e c t  them s i g n i f i c a n t l y .  

S u p e r p o s i t i o n  Law f o r  I n f i l t r a t i o n  

We now have e x p r e s s i o n s  t h a t  a l l o w  u s  t o  c a l c u l a t e  t h e  stack-induced 

i n f i l t r a t i o n  and wind-induced i n f i l t r a t i o n ;  t h e  o n l y  problem t h a t  

remains  is  t h a t  o f  combining them. I n  g e n e r a l ,  t h e  i n t e r a c t i o n  of such 

independent phenomena w i l l  be q u i t e  complicated but  i n  t h e  s p i r i t  o f  our 

s i m p l i f i e d  approach,  we look  o n l y  a t  t h e  way i n  which e a c h  o f  them 

a f f e c t s  t h e  d i f f e r e n t i a l  p r e s s u r e .  Both t h e  s t a c k  e f f e c t  and wind 

e f f e c t  i n f l u e n c e  t h e  p r e s s u r e  d i s t r i b u t i o n ;  we assume t h a t  t h e i r  super-  

p o s i t i o n  can be t r e a t e d  by s imply  add ing  t h e i r  p r e s s u r e  e f f e c t s .  S ince  

we have assumed a s q u a r e  r o o t  dependence o f  f low on p r e s s u r e ,  the  

stack-induced and wind-indused i n f i l t r a t i o n  add i n  quadra tu re .  

where 

Q 3  i s  t h e  combined i n f i l t r a t i o n  [m I s ] .  

I n  a p rev ious  work13 t h e  a u t h o r s  demonstrated t h a t  whenever t h e  wind 

e f f e c t  o r  s t a c k  e f f e c t  dominates ,  t h e  f i r s t  o r d e r  term v a n i s h e s ,  making 

t h i s  type  of c o m b i n a t o r i a l  r u l e  p o s s i b l e .  Accurate  p r e d i c t i o r ,  o f  t h e  

i n f i l t r a t i o n  i n  t h e  i n t e r m e d i a t e  r e g i o n  r e q u i r e s  d e t a i l e d  knowledge of 

bo th  t h e  weather and t h e  s t r u c t u r a l  parameters .  On t h e  average ,  how- 

e v e r ,  t h e  above formula  w i l l  be  c o r r e c t ;  w e  w i l l ,  t h e r e f o r e ,  use  i t  f o r  

a l l  c a s e s ,  w i t h  t h e  unders tand ing  t h a t  i t  i s  s u s p e c t  whenever t h e  s t a c k  

and wind i n f i l t r a t i o n s  a r e  approximately  e q u a l .  

Th i s  way of combining i n f i l t r a t i o n s  can be g e n e r a l i z e d  f o r  any a i r  

f low t h a t  a f f e c t s  t h e  i n t e r n a l  p r e s s u r e .  For example, i f  t h e r e  were an 

exhaust  ven t  i n  o p e r a t i o n ,  t o  c a l c u l a t e  t h e  t o t a l  i n f i l t r a t i o n  we would 

s t i l l  add t h e  independent  a i r  f lows i n  quadra tu re .  



where 

3 
Qvent  i s  t h e  f l o w  through t h e  exhaus t  v e n t  [m / s ] .  

= \ 

T h i s  s u p e r p o s i t i o n a l  r u l e  does  n o t  a p p l y  t o  p r o c e s s e s  t h a t  do n o t  

a f f e c t  t h e  i n t e r n a l  p r e s s u r e ,  such  as t h e  c a s e  f o r  a balanced a i r - t o - a i r  

h e a t  exchanger t h a t  u s e s  b o t h  a n  i n t a k e  and exhaus t  f a n  t o  push a i r  i n  

and o u t .  There  i s ,  indeed ,  i n f i l t r a t i o n  from t h i s  a p p a r a t u s  b u t  because 

t h e  flows a r e  balanced t h e r e  is no change i n  t h e  p r e s s u r e  d i s t r i b u t i o n ;  

t h e r e f o r e ,  t h e  i n f i l t r a t i o n  caused by t h e  balanced h e a t  exchanger adds  

s imply t o  t h e  t o t a l  o f  t h e  r e s t  o f  t h e  i n f i l t r a t i o n .  

L 
2 2 2 

' s tack + 'wind 'vent 

We can g e n e r a l i z e  t h e  combinat ion t o  i n c l u d e  balanced and unbalanced 

f lows:  

* 
where 

Qb a r e  t h e  balanced flows [m3/s] and 

3 
Qu are t h e  unbalanced f lows [ m  / s ] .  

I n  most c a s e s  a l l  o f  t h e  v e n t s  i n  a  s t r u c t u r e  w i l l  be exhaust  v e n t s  and ,  

t h e r e f o r e ,  t h e i r  f lows can be t r e a t e d  a s  unbalanced.  I f ,  however, t h e r e  

a r e  i n t a k e  v e n t s  a s  w e l l ,  t h a t  p a r t  of t h e  exhaust  f low which i s  bal-  

anced by i n t a k e  f l o w  i s  balanced f l o w  and t h e  remainder i s  unbalanced 

flow. 

RESULTS 

F i f t e e n  d i f f e r e n t  s i t e s  were e x t r a c t e d  from t h e  l i t e r a t u r e  t o  

r e p r e s e n t  a l a r g e  spread  i n  c l i m a t e  , house c o n s t r u c t i o n  and measured 

i n f i l t r a t i o n  r a t e s  . lo-'* I n  a l l  c a s e s ,  l eakage  d a t a  ob ta ined  by f a n  

p r e s s u r i z a t i o n  were a v a i l a b l e ,  p e r m i t t i n g  u s  t o  c a l c u l a t e  t h e  e f f e c t i v e  

l eakage  a r e a .  (Note t h a t  t h e  e f f e c t i v e  l eakage  a r e a  v a r i e s  by a f a c t o r  

o f  16 from t i g h t e s t  t o  l o o s e s t . )  The f r a c t i o n  of l eakage  i n  t h e  f l o o r  

and c e i l i n g ,  and t h e  t e r r a i n  pa ramete rs ,  were e s t i m a t e d  from t h e  q u a l i -  

t a t i v e  d e s c r i p t i o n  o f  each s i t e .  Table  3 c o n t a i n s  sumn\aries o f  t h e  d a t a  

e x t r a c t e d  f o r  each s i t e .  



For  most o f  t h e  s i tes ,  t h e  d a t a  c o n s i s t  o f  s e v e r a l  shor t - term i n f i l -  

t r a t i o n  measurements made on a  s i n g l e  day.  Most i n f i l t r a t i o n  measure- 

ments were made u s i n g  a t r a c e r  decay  t echn ique4  averag ing  i n f i l t r a t i o n  

o v e r  a one hour p e r i o d  w i t h  5%-10% accuracy .  For  each  measured i n f i l -  

t r a t i o n  p o i n t ,  a p r e d i c t e d  i n f i l t r a t i o n  was c a l c u l a t e d  from t h e  wea the r  

v a r i a b l e s  and house  pa ramete r s .  F i g u r e s  1 and 2 c o n t a i n  t h e  p l o t s  o f  

p r e d i c t e d  v s  measured i n f i l t r a t i o n .  F i g u r e  3 d i s p l a y s  t h e  d e v i a t i o n  of  

t h e  p r e d i c t e d  i n f i l t r a t i o n  (by t h e  p e r c e n t a g e  d i f f e r e n c e  from t h e  m e a s -  
2 urement)  vs.  t h e  l e a k a g e  a r e a  (cm ) f o r  t h a t  s i t e .  

DISCUSSION 

The s e p a r a t i o n  o f  t h e  weather-independent from t h e  weather-dependant 

p a r t s  o f  t h e  model a l l o w s  t h e  c o n s t r u c t i o n  o f  a  s i n g l e  graph t h a t  can  be 

used t o  p r e d i c t  t h e  i n f i l t r a t i o n  from t h e  wea the r  d a t a  (See  F i g .  4 )  
F i r s t ,  t h e  reduced s t a c k  and wind parauie ters  a r e  c a l c u l a t e d  from t h e  

geometry,  l e a k a g e  d i s t r i b u t i o n ,  and t e r r a i n  and s h i e l d i n g  c l a s s e s .  Then 

t h e s e  pa ramete r s  a r e  combined w i t h  t h e  weather  v a r i a b l e s  ( t e m p e r a t u r e  

d i f f e r e n c e  and measured wind speed)  t o  f i n d  a  p o i n t  on t h e  g raph .  T h i s  

p o i n t  co r responds  t o  a p a r t i c u l a r  r a t i o  of  i n f i l t r a t i o n  t o  t o t a l  l e a k a g e  

a r e a  a s  can b e  r e a d  from t h e  curved l i n e s  of  f i g .  4. F i n a l l y ,  t h e  r a t i o  

i s  m u l t i p l i e d  by t h e  t o t a l  l e a k a g e  a r e a  t o  f i n d  t h e  i n f i l t r a t i o n .  S i n c e  

o n l y  t h e  weather  v a r i a b l e s  change o v e r  t ime ,  t h i s  method can b e  used 

r e p e a t e d l y  on a  s i n g l e  s i t e  w i t h  a  minimum of c a l c u l a t i o n .  

Consider ing t h e  s i m p l i c i t y  o f  t h e  model and t h e  f a c t  t h a t  t h e r e  a r e  * 
no a d j u s t a b l e  pa ramete r s  , t h e  agreement i s  good. However, t h e r e  a r e  a  

few s i t e s  t h a t  do  n o t  show p a r t i c u l a r l y  good agreement;  some o v e r p r e d i c t  

and some u n d e r p r e d i c t .  I n  o r d e r  t o  e x p l a i n  t h e s e  d i s c r e p a n c i e s ,  w e  

examined o t h e r  f a c t o r s  t h a t  may a f f e c t  t h e  i n f i l t r a t i o n .  

Apparent ly ,  t h e  b i g g e s t  s i n g l e  f a c t o r  a f f e c t i n g  t h e  a c c u r a c y  o f  our  

model is t h e  assumpt ion  t h a t  d i r e c t i o n a l  e f f e c t s  a r e  un impor tan t .  

D i r e c t i o n a l  e f f e c t s  cou ld  become i m p o r t a n t  i f  t h e  l e a k a g e  o f  t h e  w a l l s  

v a r i e s  from w a l l  t o  w a l l ,  o r  i f  t h e  s h i e l d i n g  v a r i e s  from f a c e  t o  f a c e  

- e i t h e r  o f  which is  p o s s i b l e .  

* We use  a d j u s t a b l e  t o  imply t h a t  t h e r e  i s  no p h y s i c a l  meaning a s s o c i a t -  
ed w i t h  t h a t  parameter  ( e .g .  r e g r e s s i o n  c o e f f i c i e n t s ) .  C o n t r a s t  t h i s  
w i t h  p h y s i c a l  pa ramete r s  t h a t  must be  e s t i m a t e d  (e .g .  R ) .  



Aside from d i r e c t i o n a l  dependence, non-uniformity of w a l l  leakage 

a r e a  w i l l  cause a  r e l a t i v e  decrease  i n  t he  a c t u a l  wind-induced i n f i l t r a -  

t i o n .  For example, i f  one wa l l  of a  s t r u c t u r e  i s  much l e a k i e r  than t h e  

rest, i t  w i l l  a c t  l i k e  a  wind t r a p ;  when the  wind blows on t h a t  wal l  t h e  

i n t e r n a l  p r e s su re  w i l l  rise t o  m i t i g a t e  the  a i r  f low through t h a t  f a c e .  

Thus the  wind-driven i n f i l t r a t i o n  ought t o  be lower f o r  non-uniform 

leakage than f o r  uniform leakage.  It i s  gene ra l l y  t r u e  t h a t  any d i rec-  

t i o n a l  e f f e c t s  w i l l  lower the i n f i l t r a t i o n  - on t h e  average. 

Most l i k e l y ,  s h i e l d i n g  w i l l  be  t h e  l e a s t  uniform when i t  is  t h e  

g r e a t e s t ,  sugges t ing  t h a t  d i r e c t i o n a l  e f f e c t s  should be more pronounced 

i n  more h i g h l y  sh i e lded  s i t u a t i o n s .  I f  we look  a t  a l l  of  t h e  Shie ld ing  

Class 5 s t r u c t u r e s  (2,8,13) we see a  d e f i n i t e  p a t t e r n  of ove rp red i c t i on  

(19%,43%,19% r e s p e c t i v e l y ) .  While i n  no way conc lus ive  t h i s  may ind i -  

cate t h a t  d i r e c t i o n a l  e f f e c t s  a r e  s i g n i f i c a n t  f o r  these s t r u c t u r e s .  

Our model has  assumed t h a t  t h e  f l o o r  and c e i l i n g  a r e  unaf fec ted  by 

t h e  wind. This  assumption i s  v i o l a t e d  whenever a  l e a k  through t h e  f l o o r  

o r  c e i l i n g  l e a d s  d i r e c t l y  i n t o  t h e  wind stream. The most probable  

i n s t a n c e  of  t h i s  cond i t i on  i s  a  v e n t ,  chimney o r  f l u e .  I f  t h e  wind is 

blowing over  t h e  t o p  of a  f l u e  t h e  i n f i l t r a t i o n  w i l l  be  g r e a t l y  

increased over what i t  would be otherwise.  However, t h i s  e f f e c t  i s  v e r y  

d i r e c t i o n a l  dependent due t o  t he  tu rbulence  caused by t h e  wind i n t e r a c t -  

i ng  with t h e  roof s t r u c t u r e .  The e f f e c t  w i l l  be  l a r g e s t  when the  f l u e  

has  a  l a r g e  leakage a r ea ;  t hus  we expec t  t o  s ee  a  l a r g e  e f f e c t  i n  s t ruc-  

t u r e s  t h a t  have undaupered f i r e p l a c e  chimneys. Two of t h e  t e s t  s t ruc -  

t u r e s  had undampered chimneys (10,14)  and they showed s i g n i f i c a n t  

underpred ic t ion  (-16%, -22% r e s p e c t i v e l y ) .  

While t he  accuracy of t he  model i s  s u f f i c i e n t  f o r  a  wide v a r i e t y  of 

a p p l i c a t i o n s ,  t h e  shortcomings descr ibed  above suggest  ways i n  which 

accuracy can be improved. Not o n l y  can we inc lude  new parameters t o  

account f o r  l o c a l  s h i e l d i n g ,  but w e  can extend the model t o  account f o r  

s t a c k  flows through ven t s  and f l u e s  and f o r  a c t i v e  systems (e .g .  fu r -  

nace f a n s ) ,  a l l  of which nay i n t e r a c t  with n a t u r a l  v e n t i l a t i o n .  

R e t r o f i t  Eva lua t ion  

I n  a d d i t i o n  t o  p red i c t i ng  t h e  abso lu t e  i n f i l t r a t i o n ,  t h e  model i s  

u s e f u l  f o r  p r e d i c t i n g  t he  change i n  i n f i l t r a t i o n  a s  a  r e s u l t  of r e t ro -  

f i t s .  While some r e t r o f i t s  may a f f e c t  t he  l o c a l  s h i e l d i n g ,  most r e t ro -  

f i t s  t h a t  a f f e c t  i n f i l t r a t i o n  w i l l  do so by changing the e f f e c t i v e  leak-  

age a rea .  Changes i n  t h e  leakage a r e a  a f f e c t  the t h r e e  leakage 



q u a n t i t i e s :  t o t a l  l e a k a g e  a r e a ,  h o r i z o n t a l  f r a c t i o n ,  and c e i l i n g / f l o o r  

d i f f e r e n c e  (Ao, R, and X ) .  For s m a l l  changes i n  t h e  t o t a l  l e a k a g e  a r e a ,  

t h e  changes i n  R and X can be  ignored  and t h e  f r a c t i o n a l  change i n  

i n f i l t r a t i o n  w i l l  be e q u a l  t o  t h e  f r a c t i o n a l  change i n  l eakage  a r e a .  I f  

t h e  r e t r o f i t s  a f f e c t  any  o f  t h e  w a l l s ,  f l o o r ,  o r  c e i l i n g  more than  

a n o t h e r ,  a l l  t h r e e  pa ramete rs  must be  used t o  r e c a l c u l a t e  t h e  reduced 

parameters  and t h e n  t h e  i n f i l t r a t i o n .  

CONCLUSION 

W e  have i n t r o d u c e d  t h e  concept  of l e a k a g e  a r e a  a s  t h e  c h a r a c t e r i s t i c  

q u a n t i t y  a s s o c i a t e d  w i t h  i n f i l t r a t i o n ,  j u s t  a s  c o n d u c t i v i t y  i s  t h e  

c h a r a c t e r i s t i c  q u a n t i t y  a s s o c i a t e d  wi th  conduc t ion .  Using t h i s  c o n c e p t ,  

we have devised a model f o r  p r e d i c t i n g  t h e  i n f i l t r a t i o n  based on  a few 

e a s i l y  determined p h y s i c a l  pa ramete rs .  Houses o f  wide ly  d i f f e r e n t  con- 

s t r u c t i o n  t y p e s  and l o c a t e d  i n  v a r i o u s  c l i m a t i c  c o n d i t i o n s  can be  meas- 

ured and compared by means of t h i s  model, inasmuchas a l l  of t h e  parame- 

t e r s  used ( i . e .  l e a k a g e  areas, t e r r a i n  c l a s s e s  e t c . )  have p h y s i c a l  r e a l -  

i t y  o u t s i d e  of o u r  model and a r e ,  t h e r e f o r e ,  independen t ly  measurable .  

I n  f u t u r e  s t u d i e s ,  w e  w i l l  e x p l o r e  long-term average  i n f i l t r a t i o n  

d a t a  from a  number o f  d i s s i m i l a r  s i t e s  t o  t e s t  t h e  o v e r a l l  s c a l e  o f  t h e  

model. I n  a d d i t i o n ,  we w i l l  measure i n f i l t r a t i o n  b e f o r e  and a f t e r  

r e t r o f i t ,  comparing t h e  p r e d i c t e d  i n f i l t r a t i o n  r e d u c t i o n  based on our 

model w i t h  t h e  a c t u a l  i n f i l t r a t i o n  r e d u c t i o n  based on t r a c e r  g a s  meas- 

urements.  



APPENDIX 

D e r i v a t i o n  o f  b a s i c  model 

I n  t h i s  appendix  t h e  b a s i c  p h y s i c a l  model o f  i n f i l t r a t i o n  w i l l  b e  

d e r i v e d .  The d e r i v a t i o n  p r e s e n t e d  i n  t h i s  appendix  h a s  been e x p l a i n e d  

i n  much g r e a t e r  d e t a i l  i n  a  p r e v i o u s  work . I 3  Accordingly ,  w e  s h a l l  

p r e s e n t  t h e  model used i n  t h e  t e x t  wi thou t  p r e s e n t i n g  t h e  u s e f u l ,  though 

unnecessa ry ,  t a n g e n t s .  

F i r s t ,  we s e p a r a t e  t h e  d r i v i n g  f o r c e s  ( d i f f e r e n t i a l  s u r f a c e  pres-  

s u r e s )  from t h e  response  of  t h e  s t r u c t u r e  t o  t h e  d r i v i n g  f o r c e s  ( a i r  

l eakage) .  Second, we combine t h e  s u r f a c e  p r e s s u r e s  w i t h  t h e  l e a k a g e  

f u n c t i o n  (and geometry) t o  c a l c u l a t e  i n f i l t r a t i o n .  I n  t h e  f o l l o w i n g  

s e c t i o n s ,  we w i l l  combine t h e s e  two o p e r a t i o n s  i n t o  a  complete d e s c r i p -  

t i o n  of weather-dr iven i n f i l t r a t i o n .  

LEAKAGE PIODEL 

A i r  l e a k a g e  i s  t h e  n a t u r a l  f l o w  of  a i r  th rough  c r a c k s ,  h o l e s ,  e t c .  

a c r o s s  t h e  b u i l d i n g  envelope.  There  a r e  two p h y s i c a l l y  wel l -def ined 

t y p e s  of a i r  f low: v i s c o u s  and t u r b u l e n t .  I n  t h e  v i s c o u s  regime,  t h e  

f l o w  i s  p r o p o r t i o n a l  t o  t h e  a p p l i e d  p r e s s u r e ;  i n  t u r b u l e n t  f low,  t h e  

f l o w  i s  p r o p o r t i o n a l  t o  t h e  square - roo t  of t h e  a p p l i e d  p r e s s u r e .  The 

type  of  f l o w  i s  d e t e r n i n e d  by t h e  a p p l i e d  p r e s s u r e  and t h e  geometry o f  

t h e  openings .  

Recent ev idence6  i n d i c a t e s  t h a t  even a t  low p r e s s u r e s  t h e  f low 

th rough  a  s t r u c t u r e  i s  dominated by t u r b u l e n t  f low.  That i s ,  v i s c o u s  

f o r c e s  d o  n o t  appear  t o  dominate t h e  a i r  l e a k a g e  a t  t y p i c a l  weather-  

induced p r e s s u r e s .  T h i s  s t a t e m e n t  i s  expressed  by t h e  e q u a t i o n ,  

where 

3 
j 

i s  t h e  f low th rough  t h e  j t h  l eakage  s i t e  [ m  / s ] ,  

A j  
i s  c a l l e d  the  e f f e c t i v e  l eakage  a r e a  of t h e  j t h  s i t e  [m2], 

AP i s  t h e  p r e s s u r e  d r o p  a c r o s s  t h e  j t h  s i t e  [ P a ] .  



This  e x p r e s s i o n  r e l a t e s  t h e  p r e s s u r e  d rop  a c r o s s  a p a r t i c u l a r  l e a k a g e  

s i t e  t o  t h e  f l o w  r a t e  th rough  i t .  The parameter  t h a t  d e s c r i b e s  t h e  

l e a k a g e  i s  t h e  e f f e c t i v e  l e a k a g e  a r e a .  

Although e v e r y  l e a k a g e  s i t e  can be  g i v e n  a n  e f f e c t i v e  l e a k a g e  a r e a ,  

i n  any  r e a l  s i t u a t i o n  i t  w i l l  b e  p r a c t i c a l l y  i m p o s s i b l e  t o  measure a l l  

of t h e  s i t e s  i n  t h e  enve lope  i n d i v i d u a l l y .  We t h e r e f o r e  r e s t r i c t  our  

a t t e n t i o n  t o  o n l y  t h r e e  d i f f e r e n t  (lurnped) l e a k a g e  a r e a s :  t h e  f l o o r ,  t h e  

w a l l s  and t h e  c e i l i n g .  

SURFACE PRESSURES 

Now t h a t  we have a way o f  r e l a t i n g  p r e s s u r e  d rops  a c r o s s  t h e  

envelope t o  a i r  f l o w  th rough  t h e  e n v e l o p e ,  we must be a b l e  t o  c a l c u l a t e  

t h e  d i f f e r e n t i a l  s u r f a c e  p r e s s u r e s  a c r o s s  t h e  enve lope  caused by t h e  

weattier. 

D i f f e r e n t i a l  p r e s s u r e s  on a  s t r u c t u r e  a r e  caused by t h e  

s t a c k  e f f e c t  and t h e  wind e f f e c t .  The s t a c k  e f f e c t  i s  t h e  h e i g h t -  

v a r y i n g ,  h y d r o s t a t i c ,  indoor-outdoor  p r e s s u r e  d i f f e r e n c e  caused by a  

d i f f e r e n c e  i n  d e n s i t i e s  of t h e  two b o d i e s  of a i r ,  which,  i n  t u r n ,  i s  
caused by t h e  d i f f e r e n c e  i n  t e m p e r a t u r e  of  t h e  two bod ies  o f  a i r .  The 

wind e f f e c t  i s  a n  e x t e r i o r  p r e s s u r e  s h i f t  caused by a  s t r eam of a i r  imp- 

i n g i n g  upon a  s t a t i o n a r y  o b j e c t .  

I n  our  p r e v i o u s  work we found t h a t  t h e  s t a c k  e f f e c t  and wind e f f e c t  

can b e  t r e a t e d  independen t ly .  Accord ing ly ,  we s e p a r a t e  the  problem i n t o  

two regimes:  t h e  s tack-regime (where t h e  wind e f f e c t  i s  i g n o r e d ) ;  and 

t h e  wind-regime (where t h e  s t a c k  e f f e c t  i s  i g n o r e d ) .  

S tack  E f f e c t  

The s t a c k  p r e s s u r e  i s  caused by t h e  e x i s t e n c e  o f  bod ies  of  a i r  a t  

d i f f e r e n t  t en ;pe ra tu res  having d i f f e r e n t  d e n s i t i e s .  From h y d r o s t a t i c  

e q u i l i b r i u m  we know t h a t  t h e  change i n  p r e s s u r e  w i t h  r e s p e c t  t o  h e i g h t  

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



where 

P  i s  t h e  s t a t i c  p r e s s u r e  [ P a ] ,  

h  i s  t h e  h e i g h t  [m], 

P 3 i s  t h e  d e n s i t y  o f  t h e  a i r  [kglm ]  and 

f2 
2 i s  t h e  a c c e l e r a t i o n  of g r a v i t y  [9.8 m / s  1.  

I n  t h e  c a s e  of a  s t r u c t u r e ,  t h e  i n s i d e  and o u t s i d e  b o d i e s  o f  a i r  

w i l l  u s u a l l y  be o f  d i f f e r e n t  t e m p e r a t u r e s ;  t h e r e f o r e ,  t h e r e  w i l l  be a 

d i f f e r e n t i a l  s u r f a c e  p r e s s u r e  t h a t  changes  w i t h  h e i g h t :  

where 

& i s  t h e  d i f f e r e n t i a l  s u r f a c e  p r e s s u r e  [ P a ] ,  

P 
3 i s  t h e  d e n s i t y  o f  o u t s i d e  a i r  [1.2 kg/m 1 ,  

P0 
3 i s  t h e  d e n s i t y  o f  i n s i d e  a i r  [kg/m 1 , .  

Using t h e  i d e a l  g a s  law,  we can r e p l a c e  t h e  d e n s i t y  d i f f e r e n c e  f a c t o r  

w i t h  a  t empera tu re  d i f f e r e n c e  f a c t o r :  

where 

AT i s  t h e  i n s i d e - o u t s i d e  t empera tu re  d i f f e r e n c e  [ K ]  and 

T i s  t h e  i n s i d e  t empera tu re  [295K]. 

W e  can now i n t e g r a t e  t h i s  e x p r e s s i o n  t o  f i n d  t h e  a c t u a l  p r e s s u r e  

d i f f e r e n c e :  

where 

b o  
i s  t h e  i n t e r n a l  p r e s s u r e  s h i f t [ P a ] .  



The i n t e r n a l  p r e s s u r e  s h i f t  i s  f i x e d  by t h e  requ i rement  t h a t  f o r  

e v e r y  c u b i c  mete r  of a i r  t h a t  e n t e r s ,  a c u b i c  meter  must l e a v e  t h e  

s t r u c t u r e .  W e  c a n  r e w r i t e  t h i s  e x p r e s s i o n  by making t h e s e  d e f i n i t i o n s :  

where 

P i s  t h e  s t a c k  p r e s s u r e [ P a ] ,  
S 

H i s  t h e  h e i g h t  of t h e  s t r u c t u r e  [ m ]  and 

i" i s  t h e  normal ized n e u t r a l  l e v e l .  

' The n e u t r a l  l e v e l  i s  t h e  h e i g h t  a t  which t h e  i n s i d e  and o u t s i d e  s t a t i c  

p r e s s u r e s  a r e  e q u a l ;  p i s  e q u a l  t o  t h e  h e i g h t  of t h e  n e u t r a l  d i v i d e d  by 

t h e  h e i g h t  of t h e  s t r u c t u r e  minus one h a l f .  E q u i v a l e n t l y ,  i s  t h e  

d i f f e r e n c e  between t h e  h e i g h t  o f  t h e  n e u t r a l  l e v e l  and t h e  mid-point of 

t h e  s t r u c t u r e  d i v i d e d  by t h e  h e i g h t  of t h e  s t r u c t u r e .  

Solving f o r  t h e  t o t a l  p r e s s u r e  d i f f e r e n c e  a c r o s s  t h e  enve lope ,  

Th is  e x p r e s s i o n  g i v e s  u s  t h e  d i f f e r e n t i a l  p r e s s u r e  a c r o s s  t h e  

envelope,  a t  e v e r y  p o i n t  on i t .  I n  o r d e r  t o  c a l c u l a t e  t h e  a i r  flow 

through t h e  envelope we must i n t e g r a t e  t h e  d i f f e r e n t i a l  p r e s s u r e s  wi th  

t h e  a i r  l eakage  over  t h e  e n t i r e  enve lope ,  making s u r e  t o  keep t r a c k  o f  

t h e  i n f i l t r a t i o n  and e x f i l t r a t i o n  s e p a r a t e l y .  

We a r e  assuming t h a t  t h e  f l o o r  and c e i l i n g  a r e  each a t  a  s i n g l e  

h e i g h t  and t h a t  t h e i r  l e a k a g e  can be  cons idered  uniform, t h u s  e l i m i n a t -  

i n g  t h e  need f o r  i n t e g r a t i o n  t o  c a l c u l a t e  t h e  f l o w  through t h e s e  sur-  

f a c e s .  Rewri t ing t h e  e x p r e s s i o n s  by u s i n g  t h e  d e f i n i t i o n  t h a t  f l o o r  is  
a t  h=O and, t h e r e f o r e ,  t h e  c e i l i n g  is  a t  h=H, we g e t :  



where 

Ac 
2 i s  t h e  e f f e c t i v e  leakage  a r e a  of t h e  ce i l ing[m ] and 

2 i s  t h e  e f f e c t i v e  leakage a r e a  of  t h e  f loor[m 1. 

The s u p e r s c r i p t s  f imply infiltration/exfiltration r e s p e c t i v e l y  

I n  stack-dominated flow t h e r e  is no i n f i l t r a t i o n  through t h e  c e i l i n g  nor  

i s  t h e r e  any e x f i l t r a t i o n  through t h e  f l o o r  because of t h e  s i g n  of  t h e  

p re s su re  d i f f e r e n c e  a c r o s s  them. 

We can f i n d  t h e  i n f i l t r a t i o n  through t h e  wa l l s  by i n t e g r a t i n g  from 

t h e  f l o o r  t o  the  n e u t r a l  l e v e l  and the  e x f i l t r a t i o n  by i n t e g r a t i n g -  from 

t h e  n e u t r a l  l e v e l  t o  t he  c e i l i n g .  The r e s u l t s  a r e :  

where 

2 i s  t h e  e f f e c t i v e  leakage a r e a  of t he  wa l l s  [ m  1 .  

I f  w e  now make t h e  u se fu l  d e f i n i t i o n s ,  



where 

v  i s  t h e  e q u i v a l e n t  s t a c k  v e l o c i t y  [ m / s ] ,  
s 

L i s  t h e  t o t a l  ( e f f e c t i v e ]  l eakage  a rea [m 1, 

R i s  t h e  f r a c t i o n  of l e a k a g e  i n  t h e  f l o o r  and c e i l i n g  and 

X i s  t h e  e f f e c t i v e  l eakage  d i s t r i b u t i o n  parameter.  

We can r e w r i t e  t h e  e x p r e s s i o n s  f o r  t h e  t o t a l  s t a c k  i n f i l t r a t i o n  and 

e x f i l t r a t i o n :  

- - one 
Qstack - A. Vs I + ( 1 - R ) ( - two - p )'I2 1 (A11.2) . # 

So f a r  )u h a s  been a n  undetermined parameter ;  b u t ,  by e q u a t i n g  t h e  

two e x p r e s s i o n s  above we can f i n d  a n  e x p r e s s i o n  f o r  p. However, t h i s  

e x p r e s s i o n  i s  non- l inear  and cannot  be  so lved  i n  c l o s e d  form f o r  p; 
t h e r e f o r e ,  w e  must s o l v e  t h i s  e q u a t i o n  us ing  approximat ion methods: 

Th is  e x p r e s s i o n  h a s  been v e r i f i e d  n u m e r i c a l l y  t o  v a r y  by no more t h a n  a  

few p e r c e n t  from t h e  e x a c t  va lue .  

Any e r r o r s  i n  t h e  v a l u e  of t h e  n e u t r a l  l e v e l  w i l l  be r e f l e c t e d  i n  

t h e  l a c k  of e q u a l i t y  between t h e  i n f i l t r a t i o n  and e x f i l t r a t i o n .  There- 

f o r e ,  t h e  b e s t  e s t i m a t e  o f  t h e  a c t u a l  i n f i l t r a t i o n  w i l l  be t h e  average  
of t h e s e  two q u a n t i t i e s .  A s  b e f o r e ,  t h e  e q u a t i o n s  a r e  non- l inear  and 

approximat ion t e c h n i q u e s  must be employed t o  f i n d  t h e  s t a c k  i n f i l t r a -  

t i o n :  

Again, t h i s  e x p r e s s i o n  i s  a c c u r a t e  t o  w i t h i n  a  coup le  o f  p e r c e n t .  I n  

o r d e r  t o  s i m p l i f y  t h e  appearance o f  t h i s  e x p r e s s i o n ,  w e  make t h e  fol low- 

ing  d e f i n i t i o n s :  



where 

f i s  the  s t a c k  parameter and 
S 

f*  i s  t h e  reduced s t a c k  [ rn/s/~l/~ ] . 
S 

Using t h e s e  def i n i t i o r r s  y i e l d s  exp re s s ions  f o r  t h e  s tack-regime i n f  il- 

t r a  t ion :  

A s  a  f i n a l  s i m p l i f i c a t i o n  we may d e f i n e  t h e  reduced s t a c k  v e l o c i t y .  

where 
* 

v  i s  t h e  reduced s t a c k  ve loc i ty[m/s ]  . 
S 

The f i n a l  s imp l i f i ed  express ion  f o r  t he  stack-induced i n f i l t r a t i o n  i s ,  

I n  t h e  d e r i v a t i o n  above we used t h e  leakage  d i s t r i b u t i o n  parameter,  

X, t o  f i n d  t h e  he igh t  of t he  n e u t r a l  l e v e l .  In  some circumstances,  t h e  

he ight  of t h e  n e u t r a l  l e v e l  i s  measured independently.  I n  t h i s  case  i t  

i s  poss ib l e  t o  d e r i v e  an e f f e c t i v e  leakage d i s t r i b u t i o n  parameter (X) 

from the he igh t  of t he  n e u t r a l  l e v e l .  



where 

X i s  t h e  e f f e c t i v e  l e a k a g e  d i s t r i b u t i o n  parameter  and 

P i s  t h e  measured n e u t r a l  l e v e l  s h i f t .  

Th i s  r e l a t i o n s h i p  between X and p i s  exact. 

Wind E f f e c t  

The dynamic p r e s s u r e  caused by wind s t r i k i n g  a f i x e d  o b j e c t  c a l l e d  

t h e  s t a g n a t i o n  p r e s s u r e  is  g iven  by, 

where 

Pst i s  t h e  s t a g n a t i o n  p r e s s u r e  and 

v i s  t h e  wind speed.  

We d e f i n e  t h e  wind speed,  v ,  t o  b e  t h e  wind speed a t  t h e  c e i l i n g  h e i g h t  

of t h e  s t r u c t u r e ,  a s  i f  t h e  s t r u c t u r e  and immediate su r roundings  were 

n o t  t h e r e .  Thus, i n  our  d e f i n i t i o n  of wind speed ,  w e  a r e  exc lud ing  any 

e f f e c t s  o f  l o c a l  environment.  However, because o f  t h e  n a t u r e  o f  wind 

dynamics, t h e  wind speed measured a t  one h e i g h t  i n  one t y p e  of t e r r a i n  

w i l l  n o t  be t h e  same a s  t h e  wind speed measured a t  a n o t h e r  h e i g h t  o r  i n  

a n o t h e r  type o f  t e r r a i n .  

To account  f o r  t h i s  v a r i a b i l i t y ,  w e  u s e  a  s t a n d a r d  formula14 t o  c a l -  

c u l a t e  t h e  wind speed a t  any h e i g h t  and t e r r a i n  c l a s s  from t h e  wind 

speed a t  any o t h e r  h e i g h t  and t e r r a i n  class: 

where 

v  i s  t h e  a c t u a l  wind speed 

v 
0 

i s  t h e  wind speed a t  s t andard  c o n d i t i o n s  

4 ,  Y a r e  c o n s t a n t s  t h a t  depend on t e r r a i n  class 



To c a l c u l a t e  t h e  wind speed a t  one s i t e  from measured d a t a  a t  another  

s i t e ,  w e  f i r s t  use t h e  above formula t o  c a l c u l a t e  t h e  s t anda rd  wind 

speed f o r  t he  measurement s i te ;  then t h e  s tandard  wind speed i s  used t o  

c a l c u l a t e  t h e  wind speed a t  t h e  des i r ed  s i t e .  Standard cond i t i ons  are 

def ined  t o  be a  he igh t  of 10 m and a  t e r r a i n  of c l a s s  11. The fo l lowing  

formulae a r e  u se fu l  i n  the  c a l c u l a t i o n  of t h e  a c t u a l  wind speed: 

I n  these  express ions ,  t h e  primed q u a n t i t i e s  a r e  from a  wind measurement 

s i t e .  Values f o r  t h e  two t e r r a i n  c l a s s  dependent parameters a r e  shown 

i n  Table 1. 

From the  above express ion  w e  can d e f i n e  a  t e r r a i n  f a c t o r ,  fT ,  t h a t  

conver t s  measured wind speed i n t o  e f f e c t i v e  wind speed: 

We must t ake  i n t o  account t h e  e f f e c t  of l o c a l  environment on t h e  

wind pressures  f e l t  by t he  s t r u c t u r e .  W e  do t h i s  by i n t roduc ing  sh ie ld-  * 
i ng  c o e f f i c i e n t s  t h a t  convert  t h e  s t agna t ion  p re s su re  i n t o  t h e  a c t u a l  

pressur.e f e l t  by t h e  e x t e r i o r  of t h e  s t r u c t u r e .  

Fu l l - sca le  s t u d i e s  l5 have shown t h a t  t h e  p re s su re  d i s t r i b u t i o n  on 

f l a t  f a c e s  can be adequately descr ibed by using the  average p re s su re  on 
t h e  face .  Accordingly, t h e r e  i s  one sh i e ld ing  c o e f f i c i e n t  f o r  every  

* The t e r m  s h i e l d i n g  c o e f f i c i e n t  \is equ iva l en t  t o  the  more s tandard  t e r m  
of  e x t e r i o r  p r e s su re  c o e f f i c i e n t ;  t h e  on ly  d i f f e r e n c e  l ies  i n  t h e  in-  
t e r p r e t a t i o n .  We use t h e  term s h i e l d i n g  c o e f f i c i e n t  t o  mean t h e  r a t i o  
of  t he  average e x t e r i o r  wind p re s su re  t o  t he  s t agna t ion  p re s su re  a t  t h e  
c e i l i n g  he igh t .  



f a c e  of  the s t r u c t u r e :  

where 

&; i s  t h e  e x t e r i o r  pressure  rise due t o  the  wind and 

Cj 
is  t h e  s h i e l d i n g  c o e f f i c i e n t  f o r  t he  j t h  face .  

The sh i e ld ing  c o e f f i c i e n t s  a r e  f u n c t i o n a l l y  dependent on the  ang le  

between the i n c i d e n t  wind and t h e  o r i e n t a t i o n  of t h e  s t r u c t u r e .  Since 
we w i l l  even tua l ly  average t h e  s h i e l d i n g  c o e f f i c i e n t s  over angle ,  we 

have suppressed t h e i r  e x p l i c i t  dependence on angle.  

S imi la r  t o  t h e  s t a c k  e f f e c t ,  t h e  wind e f f e c t  causes an  i n t e r n a l  

pressure  s h i f t .  A s  long as t h e  s h i e l d i n g  c o e f f i c i e n t s  themselves a r e  

not  func t ions  of  wind speed, t h e  i n t e r n a l  pressure  s h i f t  w i l l  be propor- 

t i o n a l  t o  the s t a g n a t i o n  pressure:  

where 

M d  i s  t h e  i n t e r n a l  pressure  s h i f t [ P a ]  and 

c0 i s  c a l l e d  the  i n t e r n a l  sh i e ld ing  c o e f f i c i e n t .  

From these two equat ions  we can c a l c u l a t e  the p re s su re  drop ac ros s  any 

of t h e  faces:  

To f ind  the  i n f i l t r a t i o n  and e x f i l t r a t i o n ,  we must combine t h i s  

expression with our leakage funct ion:  

The +(-) under the  summation s ign  i n d i c a t e s  t h a t  t h e  e x t e r i o r  s h i e l d i n g  

c o e f f i c i e n t  is  l a r g e r  ( sma l l e r )  than the  i n t e r i o r  sh i e ld ing  c o e f f i c i e n t .  



I n  most cases  t h e  c e i l i n g  and f l o o r  of a  s t r u c t u r e  a r e  w e l l  shielded 

( i . e .  t h e r e  i s  u s u a l l y  an a t t i c ,  basement o r  s l a b  t h a t  p r o t e c t s  t hese  

h o r i z o n t a l  s u r f a c e s  from d i r e c t  wind e f f e c t s ) .  Accordingly, we assume 

t h a t  t h e i r  s h i e l d i n g  c o e f f i c i e n t s  a r e  n e g l i g i b l e .  S u b s t i t u t i n g  t h e  

d e f i n i t i o n  of  t he  s t a g n a t i o n  p re s su re  and averaging over angle  y i e l d s ,  

- 
'wind 

= A w v <  

where 

< = * >+ i n d i c a t e s  an average f o r  C > CO and 
j 

< >- i n d i c a t e s  an average f o r  C < cO. 
j 

The i n t e r n a l  sh i e ld ing  c o e f f i c i e n t  l i k e  the  n e u t r a l  l e v e l  i s  f ixed  by 

t h e  requirement t h a t  the  e x f i l t r a t i o n  must equal  the  i n f i l t r a t i o n .  

Once t h e  i n t e r n a l  sh i e ld ing  c o e f f i c i e n t  has  been determined the wind 

e f f e c t  i n f i l t r a t i o n  can be  ca l cu la t ed  from t h e  average of t h e  two wind 

flows. We ob ta in  : 

We must now eva lua t e  the  sh i e ld ing  c o e f f i c i e n t s  t o  f i n i s h  t h e  calcu- 

l a t i o n  of t h e  wind e f f e c t .  I n  most c a s e s ,  t he  sh i e ld ing  c o e f f i c i e n t s  of 

a  s t r u c t u r e  w i l l  not  be known; t h e r e f o r e ,  we propose t o  use wind tunnel  

d a t a  f o r  a  t y p i c a l l y  shaped s t r u c t u r e  wi th in  a  tu rbulen t  boundary l aye r .  

Such a  s tudy  was done a t  Colorado S t a t e  Univers i ty  by Akins, e t .  a 1  

.I6 They considered a s t r u c t u r e  t h a t  had no l o c a l  obs t ruc t ions  ( i . e .  

t he re  were no obs t ac l e s  wi th in  s e v e r a l  s t r u c t u r e  he igh t s ) .  For t h i s  

case  we f ind  the following values:  

In  t he  preceding a n a l y s i s  we completely neglec ted  the  e f f e c t  of t h e  

f l o o r  and c e i l i n g  leakage. Even though we have assumed t h a t  t h e  shield-  

i ng  c o e f f i c i e n t s  f o r  the f l o o r  and the  c e i l i n g  a r e  n e g l i g i b l e ,  the  s h i f t  



of t h e  i n t e r n a l  p re s su re  due t o  t h e  i n t e r n a l  p re s su re  c o e f f i c i e n t  w i l l  
cause e i t h e r  i n f i l t r a t i o n  o r  e x f i l t r a t i o n  i n  both t h e  f l o o r  and t h e  

c e i l i n g .  This  e f f e c t  can be t r e a t e d  empi r i ca l ly  by changing the depen- 

dence of the  wind e f f e c t  on R: 

The wind tunnel  measurements have given u s  an  e f f e c t i v e  sh i e ld ing  

c o e f f i c i e n t  f o r  t he  case  i n  which t h e r e  i s  no l o c a l  sh i e ld ing  around the 

s t r u c t u r e ;  however, i n  most r e a l  c a s e s  t h e r e  w i l l  be s i g n i f i c a n t  

obs t ruc t ion  of t h e  a i r  f low i n  the immediate v i c i n i t y  of  t he  s t r u c t u r e .  

Therefore,  we w i l l  g ene ra l i ze  t he  s h i e l d i n g  c o e f f i c i e n t  t o  a l low f o r  

d i f f e r e n t  c l a s s e s  of  l o c a l  sh i e ld ing .  The wind-regime i n f i l t r a t i o n  

equat ion can be r e w r i t t e n  t o  express  t h i s :  

where 

C ' i s  the  genera l ized  sh i e ld ing  c o e f f i c i e n t  ( c f .  Table 2 ) .  

We can s impl i fy  the  appearance of t h i s  expression much a s  we d id  f o r  

the s t ack  express ions  by de f in ing  some new parameters: 

where 

f  
W 

i s  t h e  wind parameter and 

f* i s  t h e  reduced wind parameter. 
W 

This l eads  t o  nore  concise expressions f o r  the  wind e f f e c t  i n f i l t r a t i o n :  



where 

v i s  the  l o c a l  wind speed [m/s] and 

v I i s  t h e  wind speed measured on a weather tower [m/s]. 

We de f ine  t h e  reduced wind speed a s  t h e  product of t he  wind parameter 

and the e f f e c t i v e  wind speed: 

where 
* 

v i s  t h e  reduced wind speed [m/s]. 

This  l e a d s  t o  a s imple expression f o r  the wind e f f e c t  i n f i l t r a t i o n :  
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R e s c r i p t  i o n  

1.30 Ocean o r  o t h e r  body of w a t e r  w i t h  a 

l e a s t  5km of u n r e s t r i c t e d  expanse 

I .GO F l a t  t e r r e i n  w i t h  some i s o l a t e d  obs  

tacles (e.p. b u i l d i n p s  o r  trees w e 1  
s e p a r a t e d  f r o n  each other 

C.85 Rura l  a r e a s  w i t h  low b u i l d i n y s ,  

trees, etc. 

C.67 Urban, i n d u s t r i a l  o r  f o r e s t  areas 

C . 4 7  C e n t e r  o f  l a r g e  c i t y  (e.~. hfanhat 

Table  2: Genera l i zed  S h i e l d i n g  C o e f f i c i e n t  v s .  Local  s h i e l d i n g  

S h i e l d i n g  Clzss C e s c r i p t i o n  

I C. 34 KO o b s t r u c t i o n s  o r  l o c a l  s h i e l d i n  

whatsoever  

I1 C ,"G L i r h t  l o c a l  s h i e l d i n p  u i t h  fc 

o b s t r u c t i o n s  
I I1 C-25 f!odera t e  l o c a l  s h i e l d i n g ,  sor: 

o b s t r u c t i o n s  w i t h i n  two hous 

h e i ~ h t s  

I V  C.  I S  i!eavy s h i e l d i n p  , o b s t r u c t i o n s  a roun  

n o s t  of p e r i m e t e r  

V C. 11 Very heavy s h i e l d i n g ,  1ark.e o b s t r u c  

t i o n  s u r r o u n d i n r  p e r i m e t e r  r r i t h i  

two house h e i r  h ts 



TAELK 3.1 : T e s t  R e s u l t s  f o r  T e s t  S i t e  # I  

S i t e  IE: IVAKHOE 
Reference KO i 10 
House 1-olune : 4 CO 
KO. of S t o r i  s: 5 2 
1.eakage Area : 1 PC 
T e r r a i n  f a c t o r :  . €5 
shield in^ Class : 4 7 

Reduced wind parameter :  ? .IS 
Keduced stack parameter-  : .16 

P r e d i c t e d  and Eieasured I n f i l t r a t i o n  4 

Stack T o t a l  P r e d i c t e d  l 'easured P i f  f e r e n c e  1 , Iiind - 

TABLE 3.2 : T e s t  E e s u l t s  fcr T e s t  S i t e  $2 

S i t e  IT!: !:0~2l 

Geference K O .  1 C' 
1 lIouse Volume : 24C 

t!o. of S t o r i g s :  1 
Leakage ~ r e a '  : 96C 
T e r r a i n  f a c t o r :  - 70 
S h i e l d i n e  C l a s s  : < 

Reduced wind ~ ~ a r a ~ e t e r :  . C F  
Reduced s t a c k  p a r a r e t e r ' :  . 1 C  

I P r e d i c t e d  and Pleasured infiltration 
4 1 

Stack  Vind T o t a l  P r e d i c t e d  Iieasured D i f f e r e n c e  



TAELC 3.3 : T e s t  R e s u l t s  f c r  T e s t  S i t e  !!3 

S i t e  IB:  
R e f e r e n c e  tlo. 

1 House I'olume : 
So. o f  S t o r i g s :  
Leakag,e b r e a  ' : 
T e r r a i n  f a c t o r :  
S h i e l d i n p  C l a s s  : 

Telemarlr 
1 C 
4F0 
2 
1 4 0  . E.5 
2 

Reduced wind p a r a n e  t e r  : .22 
2 

Reduced s t a c k  pa rame te r " :  . I 2  

P r e d i c t e d  and  Heasu red  I n f i l t r a t i o n  4 

S t a c k  Wind T o t a l  P r e d i c t e d  Pleasured D i f f e r e n c e  
--- 

TABLE 3.4 : T e s t  E e s s l t s  f o r  T e s t  S i t e  l:4 

S i t e  I D :  
R e f e r e n c e  No. 

1 House Volume : 
KO. of S t o r i e s :  
Leakage & e a 2  : 
T e r r a i n  f a c t o r :  
S h i e l d i n g  C l a s s :  

T o r e y  F i n e s  
11 
233 
2 
d 

200 . SC 
4 

Reduced wind p a r a m e t e r : ?  . 16 
Peduced s t a c k  pa rame te r - :  1 4  



S i t e  I D :  R-10 
Reference  1.0 11 i. House ko lune  . 233 
Eo. o f  S t o r i  s: 5 1 
Leakage Area : 330 
Terra in  f a c t o r :  85 
S h i e l d i n g  Class : 3 

Reduced wind parameter:  - 1 5  
Reduced s t a c k  .09 

Total P r e d i c t e d  Measured D i f f e r e n c e  

S i t e  ID: T 1 
Reference  Ho i 12 
House Volume : 337 
KO. o f  S t o r i e s :  1 

2 Leakage Area : 330 
Terra in  f a c t o r  : - 7 7  
S h i e l d i n €  C l a s s  : 3 

Reduced wind p a r a ~ c t e r  : . 14 
Reduced s t a c k  parameter3:  - 1 0  

T o t a l  P r e d i c t e d  Measured D i f f e r e n c e  



TAELE 3.7 : T e s t  R e s u l t s  f o r  T e s t  S i t e  67 

S i t e  ID:  T2 
Reference KO. 12 

1 House Volume : 433 
KO. of S t o r i e s :  

2 
1 

Leakape Area : 680 
T e r r a i n  f a c t o r :  . 77 
S h i e l d i n g  C l a s s  : 3 

Reduced wind paramete r :  -17 
Reduced s t a c k  p a r a ~ e t e r 3 :  . I 1  

P r e d i c t e d  and Pleasured I n f i l t r a t i o n  4 - 1  
S t a c k  Wind T o t a l  P r e d i c t e d  Eeasured D i f f e r e n c e  

TABLE 3.8 : T e s t  R e s u l t s  f o r  T e s t  S i t e  #8 

S i t e  I D :  
Refe rencr  KO. 
House ~ o l u n e l :  
KO. of S t o r i e s  : 
Leakage 4rea2:  
T e r r a i n  f a c t o r :  
Sh ie ld ing  C l a s s  : 

F,edueed wind paramete r :  - 07 
Reduced s t a c k  parameter3:  .10 

P r e d i c t e d  and liieasured I n f i l t r a t i o n  4 
S t a c k  Wind T o t a l  P r e d i c t e d  Bleasured D i f f e r e n c e  



TABLE 3.9 : Tes t  R e s u l t s  f o r  T e s t  S i t e  #9 

S i t e  I D :  
Reference KO. 
House volunel : 
ko. of S t o r i e s :  
Leakae e ~r ea : 
Terrairl f a c t o r :  
Shielding Class  : 

Reduced uind parameter:  .11 
Reduced s t a c k  *araneter3:  . l l  

I Predic ted  and Measured 1nf i l t r a t i o a 4  I 
To ta l  P red ic t ed  Measured Dif fe rence  

12C 2 X 
125 -2 ;b 
154 1 GZ 
160 -1 2 GX 

?A-PLC 3,10: Tes t  R e s u l t s  f o r  Tes t  S i t e  f 1 C  

S i t e  ID:  
Reference Eo 

i .  House Volune . 
Go. of S t o r i e s :  
Leakage A-rea2: 
Ter ra in  f a c t o r :  
S h i e l d i n ~  Class  : 

NEILSON 
1 C 
2 50 
1 
1275 
* 62 
-? 

Reduced wind parameter:  .15 
Reduced s t a c k  .12 

------ 
Predicted and Measured I n f i l t r a t f o n  4 1 

Stack Wind T o t a l  P red ic t ed  Measured Dif fe rence  1 



TABLE 3.11: T e s t  R e s u l t s  f o r  T e s t  S i t e  # l l  

S i t e  I D :  YXLCKCZA 1 
Refe rence  h o  1 C 

i .  Eouse Yolume . 2 70 
K O ,  o f  S t o r i e s  : 1 
Leakape ~ r e a  * : 560 
T e r r a i n  f a c t o r :  .81 
S h i e l d i n g  Class : 3 

Reduced wind p a r a m e t e r :  .I8 
Reduced s t a c k  p a r a n e t e r 3 :  . I 2  

P r e d i c t e d  and Measured I n f i l t r a t i o n  4 

S t a c k  Wind T o t a l  P r e d i c t e d  Fleasu r e d  D i f f e r e n c e  

TP.ZLC 3.12: T e s t  R e s u l t s  f o r  T e s t  S i t e  #12 

S i t e  IC: VALENCIA 2 
R e f e r e n c e  P!o i 10 
Fouse Volun~e : 2 70 
lio. o f  S t o r i e s :  1 

2 Leakape Area : 630 
T e r r a i n  f a c t o r :  .81 
S h i e l d i n p  Class : 4 

Reduced wind p a r a m e t e r :  . I 4  
Reduced s t a c k  .12 

P r e d i c t e d  and Measured I n f i l t r a t i o n  4 1 I S t a c k  Wind T o t a l  P r e d i c t e d  Neasured  D i f f e r e n c e  1 



TABLE 3.13: Tes t  R e s u l t s  f o r  Tes t  S i t e  #13 

S i t e  I D :  FELS 
Ref ercnce KO. 9 
House bolune ' : 4 70 
KO. of S to r ig s :  .7 

Leakage !reaL: 1480 
Terra in  f a c t o r :  . 84 
Shielding Class:  5 

Reduced wind paracieter : 
', 

.08 
Reduced stack. parameter-: . I 3  

Predic ted  and Measured I n f i l t r a t i o n  4 

Stack Wind T o t a l  P red ic t ed  Measured Dif fe rence  

TAELJ1 3.14: Tes t  Recul t s  f o r  Test  S i t e  #14 

S i t e  IC:  SAM CAFLOS 
Reference KO.  1 @ 

1 Bouse Volume : 1 4 5  
KO. of S t o r i e s  : 1 
Leakare k.rea2: 845 
Terrain f a c t o r :  . 81 
Shieldint: Class  : 4 

Reduced wind parameter:  .15 
Keduccd s t a c k  .11 

Predic ted  and Bieasured I n f i l t r a t i o n  4 

Stack Wind To ta l  Predic ted  Neasured Dif fe rence  
- 1 



TAE1.C 3.15: T e s t  R c s u l t s  f o r  T e s t  S i t e  #15 

S i t e  IP:  
K e f e r e n c e  Yo 

1. ITouse Volume . 
KO. o f  S t o r i g s :  
Leakace  Area': 
T e r r a i n  f a c t o r :  
S n i e l d i n r  C l a s s  : 

Eeduced v;ind paras ie  t c r  : . 2 C  
Peduced s t a c k  p a r a r l e t e r 3 :  .16 

--- -- ---- -- - -- 
P r e d i c t e d  and Measured I n f i l t r a t i o n  4 

Stack Wind Total P r e d i c t e d  Measured  D i f f e r e n c e  
------ -- ---- 

I 1 

A i s  t h e  e f f e c t i v e  l e a k a p e  a r e a  [n"] I 
I b0 i s  t h e  t o t a l  l e a k a r e  a r e a  ( 1 ~ ~ ~  + A f  + A ) 

C 
'G.r 

I c  i s  t h e  s u b s c r i p t  i n d i c a t i n ~  tile c e i l i n y ,  I 
C i s  a  (\.ind p r e s s e r e )  s n i e l d i n r  c o e f f i c i e n t  

CO i s  t h e  i n t e r n a l  ( t r ind)  p r e s s u r e  c o e f f i c i e n t  

C '  i s  t h e  p e c e r a l i z e d  s h i c l d i n p  c o e f f i c i e n t  

f  i s  t h e  s t a c k - e f f e c t  f a c t o r  
S * 

f s  
i s  t h e  r e d u c e d - s t a c k  e f f e c t  f a c t o r [ m / s / f i ]  

f T  i s  t h e  t e r r a i n  f a c t o r  

fw i s  t h e  w i n d - e f f e c t  f a c t o r  
* 

f  i s  t h e  r educed  w i n d - e f f e c t  f a c t o r  
W 

1 

g is  t h e  a c c e l e r a t i o n  o f  g r a v i t y  [9.% m/secL]  

h i s  a  h e i p h t  v a r i a b l e [ m l  - 

1 )  rn3 2 )  cm2 3)  m / s / ~ l  4) rn3/hr 



I; i s  t h e  heip1:t  o f  t h e  c e i l i n :  a b o v e  ~ r a a e  [m] 

li' i s  t h e  h e i j - h t  o f  t h e  .r:ind m e a s u r e m e n t  

j i s  a n  i n d e x  t o  d e n o t e  e a c h  f a c e  o f  t h e  s t r u c t u r e  

L i s  a  s e n i - e r p i r i c a l  c o n s t a n t  l e a k a g e  c o e f f i c i e n t  

n  i s  a  s e r : i - e m p i r i c a l  c o n s t a n t  l e a k a g e  e x p o n e n t  

2 
Pst i s  t h e  s t a n n a t i o n  p r e s s u r e  ( l/Zpv ) [ P a ]  

Ps i s  t i l e  s t a c k  p r e s s u r e  

AP i s  an a p p l i e d  p r e s s u r e  d i f f e r e n c e .  
W 

AP; i s  t l i e  e x t e r i o r  p r e s s u r e  r i se  d u e  t o  t h e  i\rinc! 
J 

AP, is  t h e  i n t e r n a l  p r e s s u r e  c n a n p e  

3 Q i s  a i r  f l o w  [m /set] 

QaT,v) i s  t h e  i n s t a n t a n e o u s  i n f i l t r a t i o n  

Qstack i s  t h e  i n f i l t r a t i o n  i n  t h e  s t a c k .  r e E i m e  

I Qwind i s  t h e  i n f i l t r a t i o n  i n  t h e  wind  r e p i m e  

f r a c t i o r i  o f  l e a k a p e  a r e a  c a r - b i n e d  ir. f l o o r  2nd c e i l i n g  

i s  t h e  i n s i d e  t e r : * p e r a t u r e  [OK] 

i s  t h e  i n s i d e - o u t s i d e  t e a p e r a t u r e  d i f f e r e n c e  

i s  t h e  wind s p e e d  a t  c e i l i n g  l ~ e i g h t  [ m / s c ~ ]  

i s  t h e  r e d u c e d  %,in6 s p e e d  

i s  t h e  ~ i n d  s p e e d  a t  s t a n d a r d  ( t e r r a i n )  c o n d i t i o n s  

c r i t i c a l  k i n d  s p e e d  

r e d u c e d  c r i t i c a l  v i n d  s p e e d  

i s  t h e  m e a s u r e d  \:id s p e e d  

4 i s  a  c o n s t a n t  t h a t  d e p e n d s  o n  t e r r a i n  c l a s s  ( s e e  t a b l e s  a b o v e ]  

p i s  a  n o r r x l i z e d  h e i r h t  

i s  a  c o n s t a n t  d e p e n d e n t  o n  t e r r a i r .  c l z s s  ( s e e  t a b l e s  a b o v e )  

p i s  t h e  f r a c t i o n  s h i f t  i n  t h e  n e u t r a l  l e v e l  f rom t h e  m i d - p o i ~ ; t  

3 p i s  t h e  d e n s i t y  o f  a i r  [1.2 kg/m ]  

I f i n d i c a t e s  d e p r e s s u r i z a t i o n / p r e s s u r i z a  t i o n  



Table of Gef i n i n p  Relations 

*c + *f p. = -- 
A 

0 



F i g u r e  Cap t ions  

1 )  The c o r r e l a t i o n  of  i n f i l t r a t i o n .  neasured u s i n p  a t r n c e r  g a s  tech-  

n ique  and u s i n g  t h e  model p r e s e n t e d  i n  t h i s  paper .  Dashed l i n e s  

r e p r e s e n t  r a w  rneasurencnt e r r o r  licits. Cnly d a t a  under 150m3/hr is 

s hobn. 

2) The c o r r e l a t i o n  of! i n f i l t r a t i o n  measured u s i n p  a t r a c e r  g a s  t ech-  

n ique  and u s i n g  t h e  clodel p r e s e n t e d  i n  t h i s  paper .  Cashed l i n e s  

3 r e p r e s e n t  raw c e a s u r e n e n t  e r r o r  l i m i t s .  Only d a t a  o v e r  loom / h r  i s  

shown . 
3) The p e r c e n t a g e  d i s a l r e e m e n t  between t r a c e r  ceasurcments  and p r e d i c -  

t i v e  t echn ique  vs l c a k a r e  a r e a  f o r  each  s i t e .  S o l i d  p o i n t s  a r e  

i n d i v i d u a l  ceasuremcnts ;  open p o i n t s  w i t h  e r r o r  b a r s  r e p r e s e n t  s i t e  

average .  Composite f o r  a l l  sites i s  shown a t  r i y h t .  

4)  A g r a p h i c a l  method f o r  c a l c u l a t i n p  i n f i l t r a t i o n  frorr. wea the r  daia. 
* * 

f and f v  a r e  p r e - c a l c u l a t e d  Combine them w i t h  AT and v' t o  f i n d  

the  r a t i o  of  i n f i l t r a t i o n  t o  t o t a l  l e a k a r c  a r e a .  
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THE MEASUREMENT OF RAPIDLY FLUCTUATING AIR FLOWS 

INTRODUCTION 

For research into wind induced natural ventilation effects we required 

an anemometer capable of measuring the rapidly fluctuating flows through a 

window opening. As we wished to correlate these velocities with 

ventilation rates we were interested in the component of velocity normal to 
the opening and an indication as to whether the flow was inward or outward. 

To detect the rapidly fluctuating flows we required good frequency response 

up to at least 20 Hz. A small comput~r was tn be used to log all the data 
and perform much of the processing. 

In order that we could satisfy the above requirements our choice of 
instrumentation was between the pulsed wire anemometer (Bradbury and Castro, 

1971) and the B.R.E. shielded hot wire anemometer (Cook and Redfearn, 1976). 

Unshielded hot wire anemometers do not have the ability to sense direction 

or give the required velocity component and a vibrating low velocity 

anemometer which does have these abilities is limited to velocities below 

0.3 m/s. In order to maintain compatibility with our existing stock of 

instruments we dediced to adopt the shielded hot wire technique. 



BRE SHIELDED PROBE 

Shown in Fig.1 i s  the BRE shielded hot wire probe which was developed 
from an original design by McGill University. The shield was of plastic 

with wire supports. I t  was mounted on a standard DISA dual parallel 

sensor hot wire probe, such that the a i r  flowing through the hole i n  the 
shield would pass round one sensor and then the other. The downstream 
sensor wire would thus be in the thermal wake of the other. The sensors 
were driven by two DISA K-series linearised constant temperature anemometers, 
an3 because of the thermal wake, the anemometer associated with the down- 
stream wire would give the lower output. The output signals from the two 
anemometers were signed, compared and gated t o  the readout or recording 
device by an analogue switching circuit .  The response of the system 
to  varying the angle of incidence of the airstream t o  the probe was fa i r ly  
close to the ideal cosine curve which would give the true velocity component. 
However, a t  certain angles of incidence the system gave output signals of 
opposite direction to that which was occurring. This was termed "ghostingn 
and was caused by the downstream sensor being out of the thermal wake of the 
upstream sensor and/or being subject to a higher velocity. 

BRE SWlE 
HOT W1RE 
PROBE 



BSRU SHIELDED PROBE 

I n  order  t o  a l l e v i a t e  t h e  problems o f  ghost ing and t o  improve upon the  

cosine response t o  t h e  BRE probe, t h e  e f f e c t s  o f  mod i fy ing  t h e  probe were 

studied. Various shapes o f  s h i e l d  were tes ted  and i t  was conf irmed t h a t  t h e  

shape used by BRE was c l o s e  t o  t h e  optimum i n  terms o f  cosine response. A 

t h i c k e r  s h i e l d  was found t o  g i ve  more s t a b l e  zero readings w i t h  t h e  f l o w  a t  

90' t o  t h e  probe, b u t  un fo r tuna te l y  t h i s  pe rs i s ted  over  a considerable band 

above and below 90'. Reducing t h e  ou ter  diameter had t h e  e f f e c t  o f  

decreasing t h e  d i r e c t i o n a l  s e n s i t i v i t y  u n t i l  one approached a tube shape w i t h  

almost a square wave response. The r e s u l t a n t  probe i s  shown i n  Fig.2, t he  

ou ter  diameter having been increased from 5mm t o  6.5mm and t h e  diameter o f  t h e  

ho le  decreased f rom 2.0mm t o  1.8mm . The f i n a l  s h i e l d  th ickness was 1.3mm. 

OUTSIDE DlAMETER 

HOLE DIAMETER 

THICKNESS 

SENSOR LENGTH 

SENSOR SPAC l N G = 
SENSOR DIAMETER 

ROBE PRONGS 

SENSOR. W 

SH IELD 

'IRES 

FIGURE 2 .  BS.RU. SHlELDED HOT WIRE PROBE 

Decreasing t h e  ho le  diameter was a lso  bene f i c i a l  i n  he lp ing  t o  remove t h e  

Hghostsu o r  spurious d i r e c t i o n  s igna ls  a t  c e r t a i n  angles o f  incidence. The 

ghosts were f i n a l l y  removed however by modifying t h e  ho t  w i re  probe i t s e l f  t o  

b r i n g  t h e  sensor w i res  c l o s e r  together .  The w i re  spacing on t h e  standard 

dual p a r a l l e l  sensor probe i s  0.4mm and t h i s  was reduced t o  about 0.2mm, a t  

which p o i n t  t h e  probe prongs almost touch. The length  o f  t h e  sensor wires 

was l e f t  a t  t h e  standard 1.25mm. To achieve t h i s  mod i f i ca t ion  t h e  wires 
were broken, the  prongs adjusted and then new 5 micron wires spot welded t o  

t h e  prong t i p s  - a r a t h e r  d e l i c a t e  and chal lenging task.  



BSRU SHIELDED PROBE (continued) 

The shield, made of brass, was then fixed to the probe prongs using an 

adhesive which was soluble to allow removal yet sufficiently flexible not 

to distort the prongs. Most solvent based adhesives contracted and broke 

the wires as they dried. The shield was electrically insulated from the 

prongs by a layer of adhesive. 

The sensors were driven by two DISA K-series, temperature compensated 

anemometers, the temperature being sensed by a pair of single sensors adjacent 

to the shielded probe. Temperature compensation was necessary to avoid 

errors caused by fluctuations between cold outside air and warm room air 

around the probe. As the signals were to be processed digitally, linearised 

output was not required and hence linearisers were not fitted to the 

anemometers. 

The signal processing was as shown in Fig.3. The signals from the 

two anemometers were fed to the analogue inputs of an Altair microcomputer, 

where individual calibration was applied to each and comparison made to detect 

the higher and hence the upsteam signal. This velocity was then output. 

For very rapid sampling the raw data could be stored in RAM and analysed 

subsequently. In this way 8 channels could be scanned at frequencies up to 

about 50 Hz. 

FIGURE 3 .  B.S.W.U. PROCESS 



BSRU SHIELDED PROBE (cont inued) 

The r e s u l t s  o f  performance t e s t s  a re  shown i n  Fig.4 where t h e  v e l o c i t y  

i nd i ca ted  i s  p l o t t e d  aga ins t  t h e  angle o f  t h e  probe t o  the  airstream. The 

response o f  t he  probe t o  r o t a t i o n  about t h e  ax is  o f  t h e  probe stem (yaw 

response) i s  seen t o  be c lose  t o  t h e  i d e a l  cosine curve t o  g i ve  t h e  component 

o f  v e l o c i t y  normal t o  t h e  probe. The response t o  r o t a t i o n  about t h e  ax is  o f  

t h e  sensor wires ( p i t c h  response) i s  n o t  q u i t e  so good a t  small angles o f  

i n c l i n a t i o n  t o  t h e  f low.  This cou ld  be a t t r i b u t e d  t o  the  f a c t  t h a t  t h e  

sensor w i r e  i s  i t s e l f  i n s e n s i t i v e  t o  r o t a t i o n  about i t s  own ax i s  b u t  s e n s i t i v e  

t o  r o t a t i o n  about t h e  ax is  o f  t h e  probe stem. 

The system i s  accurate down t o  0.2 m/s. We have n o t  tes ted  t h e  frequency 

response o f  t h e  sh ie lded probe bu t  by c a l c u l a t i o n  i t  should be good up t o  100 Hz 

a t  5 m/s (Cook and Redfearn, 1976). 

A s imple a p p l i c a t i o n  i s  shown i n  F ig.  5 .  This represents t h e  ve loc i t y ,  

normal t o  t he  d i r e c t i o n  o f  t r a v e l ,  induced by a  walk ing subject  passing w i t h i n  

100 mm o f  t h e  probe a t  a  speed o f  1.0 m/s. It may be seen t h a t  t h e r e  i s  an 

i n i t i a l  outward gust  r a p i d l y  fo l lowed by an inward f low.  C lea r l y  .a normal 

ho t  w i r e  anemometer would never have been capable of r e s o l v i n g  t h e  d i r e c t i o n  and 

would have i nd i ca ted  two p o s i t i v e  peaks. 

x - 'YAW RESPONSE 
o - PITCH RESPONSE 

V - INDICATED VELOCITY 
V,- INDICATED VELOCITY 

AT O0 

FIGURE 4. RESPONSE TO VARYING ANGLES OF IMPINGEMENT 
OF AIR FLOW 



FIGURE 5 APPLICATION OF SWlELDED PROBE - 
the velocity normal to the direct ion of 
movement as a subject walks past at  
l . O r n / s .  
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DEVELOPMENT OF A DYNAMIC PRESSURE ANEMOMETER FOR MEASURING THE AXIAL 

VELOCITY COMPONENT 

SUMMARY 

The dynamic pressure anemometer described here  belongs t o  t he  group 

of so-called pressure-tube anemometers ( p i t o t - s t a t i c  tube) and i s  

intended for  measurement of one ve loc i ty  component i n  a threedimensio- 

na l  flow f i e l d  a t  a i r  ve loc i t i e s  of 0,I up t o  10 m / s .  The usable flow 

d i rec t ion  area is unlimited (0 . . . 360°) i n  th ree  dimensions. The 

maximum er ror  i n  the indicat ion of the  ve loc i ty  component i s  l e s s  

than 5% ( i f  the ac tua l  veloci ty  is  put a t  100%). 

A t  low a i r  ve loc i t ies  (<< 1 m/s) the  zero d r i f t  of the  d i f f e r e n t i a l  

pressure transducer used is the  determining f a c t o r  fo r  the  e r r o r  in the  

reading which may be considerable. 

INTRODUCTION 

During a study of the a i r  ve loc i t i e s  i n  and volume flows through an 

opened window there  was a need f o r  simultaneous measurement of the  

a i r  velocity and the flow direct ion.  

In Figure 1 ,  the s i t ua t ion  i s  given where a i r  with a ve loc i ty  , v, 

flows through an open window. In t h i s  case i t  i s  important t o  know 

i f  the a i r  movement i s  di rected inward o r  outward. To be able  t o  

make an estimate of the volume flow through the window plane it i s  

necessary that  the  veloci ty  component perpendicular t o  the window 

p 1 ane be determined. 

1 ,  window 

2. window pane-frame 

Figure 1 : A i r  velocity i n  an opened window. 



Detewination of the flow direction by means of smoke, as was done 

sometimes in the past, must be rejected here because this method does 

not work for fluctuating flows and is not directly suitable for aQto- 

matic processing of the data. 

A configuration like a pitot tube was built to which air would 

flow from both sides. 

After some experimenting with the results of wind pressure measurements 

around rectangular buildings it seemed not impossible to find a form 

where the pressure signal might be convertible to the velocity 

component from one certain direction, as given in formula (1): 

vcosa = C .  sign(^^) 
In figure 2, the velocity vector v, and vcosa are sketched in a system 

of coordinates. 

Figure 2 : v and vcosa given for an angle of incidence, a. The anemo- 

meter is situated in 0 for measuring the x component of v. 

INVESTIGATION 

After measurements on some prototypes, an investigation into the disc 

forms with the desired direction characteristic was started. This 

direction characteristic is 



Formula (2) has been derived from formula (1) by defining Ap explicitly. 

The factor K is the dimensionless proportion between the pressure 

difference measured and the dynamic pressure. 

In this investigation the following parameters were varied: 

. form (section) of the disc 

. diameter of the disc 
form of the pressure measuring openings in the disc 

. diameter of the pressure measuring openings. 

Measurements were also made on discs of porous material. The direction 

characteristics were taken in two wind tunnels: 

at 2 - 12 m/s with a degree of turbulence of about 3%; 
at 0 , l  - 2 m/s with a degree of turbulence of about 30%. 

RESULTS 

It appeared that the form of the disc had much influence on the form of 

the direction characteristics. With a beveled disc form (Figure 3) the 

best results were obtained (Figure 5). 

d 80 mm 

Figure 3 : Section of the velocity pressure disc. 

1. Pressure measuring opening ( 0  1 mm). 

2. Bore to connection pipe. 

3. Connection pipe. 

The diameter of this disc is 80 mm, but can be made smaller (e.g. 20 urm) 

without affecting the properties, For comparison, in Figures 4 and 5 ,  

direction charactaristics of a disc with rectangular section and the disc 



of Figure 3 are given. 

The direction characteristics appeared practically independent of the 

velocity. Possibly, the degree of turbulence of the air has some 

influence on this characteristic. 

So, it appeared that the direction characteristics better agreed with 

formula (1 )  at a higher degree of turbulence (30%) than one of 3%. 

Vertical : proportion between the pressure measured and the velocity 

f~ pressure of the flow (K) : 

. a :* .**. 4 * 4 4.0 

*. @%.,'. . measured ..., approximated 

Figure 4 : Direction characteristic of a rectangular disc as a 

function of the angle of incidence (a); degree of turbu- 

lence = about 3%. 

: Direction characteristic of the beveled disc (Figure 3) as 

a function of the angle of incidence (a); degree of turbu- 

lence = aba6t 3%- 



In the direction area around 90' and 270O the direction characteristic 

oscillates through zero. Consequently, the sign of the velocity 

component which according to formula (1 )  is calculated from the 

measuring signal does not agree with the actual velocity component; in 

other words, while the air enters through a window (nearly parallel 

to the window plane) the anemometer here indicates that air is flowing 

outside. It is supposed that this undesirable phenomenon 

can be prevented by flattening the disc somewhat more near the pressure 

measuring openings. 

With three of these anemometers placed perpendicularly on each other 

it must be possible to determine the three velocity components and, 

consequently, the flow velocity in force and in direction. 

A condition for this is that the anemometers do not influence each 

other which will be attained by mounting them at some distance from 

each other. The flow in this area around the three anemometers must be 

homogeneous and the dimensions of the eddies must be considerably larger 

than the distance between the anemometers. 

The response time for the discs examined is about O.ls, so that. 

fluctuations in the air velocity to about 10 Hz can be measured. 

APPLICATION 

In the above-mentionded investigation into air flows in an open window 

it was measured with a measuring arrangement as sketched in Figure 6. 

4 
Figure 6: Measuring arrangement. 

1.  Cap for screening the velocity pressure, measuring disc 

during determination of the offset voltage. 

2. dynamic pressure measuring disc. 

3. connecting tubes. 



The influence of temperature differences between the connecting tubes 

af the disc to the differential pressure transducer is minimized by 

placing Ehese connections horizontally. The offset of the pressure 

transducer is determined by pushing regularly (every 5 minutes) a cap 

over the disc, owingto which the air velocity around the disc becomes 

zero temporarily. The offset voltage determined in this way is sub- 

tracted from the measuring values with the calculator before the air 

velocity component is calculated with it. 

For perpendicular flow, the fol2owing pressures may be expected, see 

Tab re 1. 

Table I : Relationship between air velocity v, and pressure signal, 

Ap, for a = OO. 

In view of the small pressure differences at low velocities it is 

important to minimize the zero drift of the arrangement and also to 

determine regularly the offset voltage. For the differential pressure 

transducer, the zero drift can be about 0.0002 Pa/s. The error in the 

indication of the air velocity is determined then by the time passed 

between the measurement and the determination of the offset voltage. 

In Figure 7, the error in indication is plotted in m/s for some values 

of the-zero error as a function of the velocity. In form of a formula 

this relationship is: 

V (m/s) 

d,o1 
0,05 

2 
6=sign. (v .C-l?l) v, for a = 0' 

AD (Pa) 

0,0001 

0,0025 

0,OI 

0,25 

1 ,Q 

100,o j 

where 6 = error in indication ; 

= zero error of the differential pressure transducer 



: Reading error of a dynamic pressure anemometer due to 

a zero error in the differential pressure transducer of 

+ 0.005 Pa and + 0.030 Pa. - - 

CONCLUSION 

With the dynamic pressure discs described here it is possible to measure 

air velocity components at air velocities of about 0,1 m/s and more at 

frequencies lower than 10 Hz. 

Information about the flow direction is obtained from the polarity of 

the pressure signal. 

If the offset voltage is determined regularly the measuring errors, e.g. 

for 0,1 m/s and more can remain within - + 0,02 m/s. 

A disadvantage of this measuring method, and of all dynamic pressure 

anemometers in general is that high demands are made upon the differential 

pressure transducer because of the quadratic relationship between the 

pressure signal and the air velocity. 



LfST OF SYMBOLS 

G = a constant (depend teqerature) 

G = t a 20 OC. C= t kge4. m l f  3 

K a pressure factor C - 3  

p = air pressure difference C Pa 3 

v = air velocity C m/s3 

V = electric tension C V  3 

a = angle of incidence C O 3 

d = error in indication C m/s3 

A = zero error C Pa 3 

-3 
p = specific mass of air C kg.m 3 
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INDOOR AIR QUALITY AS A CRITERION 

FOR MINIMUM VENTILATION RATE 
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1. Introduction 

Although people spend 70% of their time either at home 

or in public buildings such as schools, offices, transportation 

vehicles and terminals, and restaurants, they are more ciitical 

towards ambient or outdoor than indoor air pollution. For the 

following reasons, however, a thorough investigation of 

indoor air pollutants is necessary: 

- Because of the reduced natural and mechanical ventilation 
in order to save energy for space heating, a general 

deterioration in air quality is to be reckoned with. This 

leads us to the question of minimum air ventilation rate 

necessary to achieve the desired air quality and to avoid 

the possible impairment of health and performance. 

- The second point is the use of modern building materials, 
furniture equipments and consumer products which can emit 

noxious substances in air. The resulting effects on health, 

specially the long-term effects, are not yet known. The 

chief interest lies here in adopting strong regulations for 

the permission of materials and products, increasing the 

checks and thereby reducing the health risk to a minimum, 



This paper reviews the pollutants occurring in indoor air, 

It is based on the papers presented at the international 

symposium on indoor climate (8), report of the WHO 

working group on health aspects related to indoor air 

quality (ll), technical meetings on energy conservation 

(6, 7), and specific investigations on occurrence and effects 

of indoor air pollutants. 

2. Sources and nature of pollutants 

Important air pollutants are listed in Table 1. Although 

we shall not deal here with the pollutants in outdoor air, 

it should be kept in mind that the pollutants in outdoor 

air can influence the pollutants in indoor air considerably. 

Indoor air pollution is caused largely by human activities 

and behaviour, The type and rate of ventilation should be 

planned accordingly, 

Man himself impairs the indoor air quality by continuous 

emission of heat, humidity, carbon dioxide, particles and 

perspiration. Rise in temperature, relative humidity and 

concentrations of different pollutants depend on the space 

occupancy and activities of individuals therein. The most 

common parameters to evaluate the human impact on indoor 

air quality are carbon dioxide (C02)  and odour. 

Various kinds of pollutants are caused by human acitvities. 

In residential buildings they consist primarily of dust 

caused by normal working and odours from cooking and 

smoking, Vapours from cleaning agents and solvents, set 

free while doing normal household chores, are also worth 

mentioning, 



Table 1: A i r  contaminants 

Important sources of a i r  contaminants i n  r e s i d e n t i a l  bui ld ings  

a r e  l i s t e d .  Indoor a i r  q u a l i t y  i s  determined by odours, compo- 

nents  of  smoke, carbon dioxide and emissions from mate r i a l s ,  

Source P o l l u t a n t  

Outdoor a i r  

Space hea t ing  
Motor vehic les  
Industry 

Indoor a i r  

Man 

Tobacco smoke 

Consumer products 
Sprays 
Cleaning agents  

Combustion of gas 
f o r  heat ing 
and cooking 

Mater ia ls  
P a r t i c l e  boards * 
Building mate r i a l s  
P a i n t s  

Sulphur dioxide 
Oxides of n i t rogen 
Carbon monoxide 
Oxidants 
Hydrocarbons 
P a r t i c u l a t e  mat ter  
Lead 

Odours 
Carbon dioxide 
Water vapour 
P a r t i c l e s  

Carbon monoxide 
Aldehydes 
P a r t i c l e s  

Odours 
Solvents  
Organic Compounds 

Oxides of n i t rogen 
Carbon monoxide 
P a r t i c l e s  

Aldehydes 
Asbestos 
Radon 
Solvents  
Organic ma te r i a l s  

* = Chipboards 



The use of  g a s  o r  o i l  f o r  h e a t i n g  and cooking purposes g ives  

rise t o  ox ides  of n i t r o g e n  and carbon monoxide due t o  i n s u f f i -  

c i e n t  combustion. This  can l e a d  t o  acu te  and ch ron ic  damage 

t o  h e a l t h  depending upon t h e  concen t r a t i on  and d u r a t i o n  of  ex- 

posure. I n  t h i s  connect ion combustion of  d u s t  should be  men- 

t ioned .  This  i s  what happens i n  c a s e  of  w a r m  a i r  h e a t e r s  and 

electric s t o r a g e  h e a t e r s  where h e a t i n g  and burning o f  d u s t  p a r t i -  

c l e s  t a k e  p l ace .  The s t u d i e s  have shown t h a t  even i n  normal 

ope ra t ing  c o n d i t i o n s  d i f f e r e n t  r e a c t i o n  produc ts  l i k e  carbon 

monoxide, carbon d i o x i d e ,  ox ides  of  n i t r o g e n ,  and ammonia a r e  

formed. But even i n  c a s e  of  heavy d u s t  l oad  t h e  r e s u l t i n g  con- 

c e n t r a t i o n s  w e r e  n o t  dangerous t o  h e a l t h  (10). 

Smoking of  c i g a r e t t e s ,  c i g a r s ,  and p ipes  c o n s t i t u t e s a n  important  

source  of  p o l l u t i o n  which d i r e c t l y  a f f e c t s  t h e  indoor a i r  q u a l i t y .  

Depending upon the  i n t e n s i t y  of  smoking, as we l l  as s i z e  and 

v e n t i l a t i o n  o f  room, t h e  concen t r a t i ons  of  contaminants can 

reach the  l e v e l s  which n o t  on ly  cause  annoyance b u t  can even 

damage t h e  h e a l t h  of  s e n s i t i v e  persons  l i k e  p a t i e n t s  wi th  h e a r t  

and c i r u l a t o r y  a i lmen t s ,  a s thma t i c s ,  and c h i l d r e n .  S t u d i e s  

have shown t h a t  concen t r a t i ons  of  carbon monoxide, a ldehydes ,  

and p a r t i c u l a t e s  should be c a r e f u l l y  watched i n  t h e  rooms where 

smoking i s  pe rmi t t ed ,  I n  ca se  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 ,  

carbon monoxide l e v e l s  can exceed t h e  long t e r m  s t anda rd  of 

9 ppm ( 4 )  

S t i l l  less is  known about t h e  p o s s i b l e  p o l l u t i o n  due t o  b u i l d i n g  

m a t e r i a l s ,  f u r n i t u r e  f i x t u r e s ,  f l o o r  cover ings ,  p a i n t s  and 

coa t ings .  P o l l u t i o n  caused by t h e s e  sources  i s  independent of 

behaviour and a c t i v i t i e s  of  i n h a b i t a n t s .  Take f o r  example 

P a r t i c l e  boards  o r  chipboards which a r e  used i n  f u r n i t u r e  a s  

w e l l  a s  i n  i n t e r i o r  decora t ion .  Aldehyde conta in ing  products  

are used i n  manufacture of t h e s e  pa r t i c l e  boards which may have 



r e s i d u a l  aldehyde t h a t  cou ld  continuously contaminate t h e  

indoor  a i r  and cause  i r r i t a t i o n  o f  eyes  and r e s p i r a t o r y  

organs  ( 3 )  . 

The ques t ion  is  s t i l l  open i f  o t h e r  o rgan ic  s o l v e n t s  b e s i d e s  

formaldehyde are a l s o  emi t ted .  I n  any case, c l o s e  examination 

of b u i l d i n g  materials w i t h  r e s p e c t  t o  s o l v e n t  r e s i d u e s  i s  re- 

commended i n  f u t u r e .  

Another undes i rab le  component i n  b u i l d i n g  m a t e r i a l s  is  radon. 

I n  case of reduced v e n t i l a t i o n ,  radon con ta in ing  b r i c k s  could  

cause  inc reased  r a d i o a c t i v i t y  i n  indoor  a i r  (11). 

Asbestos i s  a f u r t h e r  example of m a t e r i a l  hazardous t o  h e a l t h .  

Asbestos i s  used i n  va r ious  b u i l d i n g  and i n s u l a t i n g  materials 

which can p o l l u t e  t h e  indoor  a i r  beyond pe rmis s ib l e  l e v e l s  

(11) . 

3 .  S t u d i e s  done a t  t h e  I n s t i t u t e  of  Hygiene and Work Physiology: 

A t  t h e  I n s t i t u t e  of  Hygiene and Work Physiology of Swiss Fe- 

d e r a l  I n s t i t u t e  of Technology i n  Zurich,  w e  have two ongoing 

p r o j e c t s  d e a l i n g  wi th  problems of  indoor  a i r  q u a l i t y .  I n  one 

of them w e  s tudy  t h e  a i r  p o l l u t i o n  caused by - men; i n  ano the r  

w e  concen t r a t e  on p o l l u t i o n  caused by m a t e r i a l s .  The aim of  

both  p r o j e c t s  is t o  prepare  recommendations f o r  minimum ven- 

t i l a t i o n  r a t e s  based on t h e  e f f e c t s  of  va r ious  parameters  on 

a i r  q u a l i t y .  

Besides measuring p h y s i c a l  parameters  l i k e  temperature ,  r e l a -  

t i v e  humidity,  carbon d iox ide  c o n t e n t  of exha led  a i r  and f o r -  

maldehyde from b u i l d i n g  m a t e r i a l s ,  w e  a r e  i n t e r e s t e d  i n  t h e  

c o n t r i b u t i o n  o f  odours t o  t h e  a i r  q u a l i t y .  



Schematic d i s p o s i t i o n  of  bo th  t h e  p r o j e c t s  on "minimum v e n t i -  

l a t i o n  r a t e s "  i s  shown i n  F igu re  1. 

- Number of persons 

- Ventilation rate 

- Bui ldinq materials 
- Consumer products 
- Ventilation rate 

sensory measurement 

- Temperature 
- Relative humidity 

- Ratings given by subjects 
outside the test chamber) 

- Hydrocarbons - Questionnaire on air quality 
( Ratings given by subiects 

inside the test chan,,,ttr) 

Figure  1: 

Schematic p r e s e n t a t i o n  of bo th  t h e  p r o j e c t s  on "minimum v e n t i -  

l a t i o n  r a t e s " .  The c e n t r a l  b lock r e p r e s e n t s  t h e  room under 

i n v e s t i g a t i o n  wi th  i t s  known parameters.  Var iab les  i n  P r o j e c t  I 

a r e  human be ings  and t h e i r  a c t i v i t i e s .  Var iab les  i n  P r o j e c t  I1 



a r e  bui ld ing  materials and consumer products. Ven t i l a t ion  r a t e  

is  an a d d i t i o n a l  v a r i a b l e  i n  both t h e  p r o j e c t s .  The evalua t ion  

of  a i r  q u a l i t y  i s  achieved by phys ica l  ( temperature,  r e l a t i v e  

humidity, COZ, HCHO, Hydrocarbons) and sensory (odour i n t e n s i t y  

measuring instrument GIMA)  measurements and by quest ioning 

the  sub jec t s  i n  t h e  test  chamber. 

Methods of odour inves t iga t ion :  

For seve ra l  yea r s  our  i n s t i t u t e  has been dea l ing  with problems 

of odour annoyance. I n i t i a l l y  w e  employed a pure physic0 chemical 

method of gas chromatography, b u t  with l i m i t e d  success ,  So now 

we have switched over t o  sensory techniques tak ing  he lp  of 

t h e  human nose a s  a  de tec to r .  We a r e  now i n  a  pos i t ion  t o  eva- 

l u a t e  t h e  odour percept ion of s u b j e c t s  i n  a  test panel formed 

by four  o r  s i x  persons of an average odour s e n s i t i v i t y ,  W e  have 

d e v e l o p e d  our  own instruments f o r  t h e s e  odour inves t iga t ions .  

For sensory evalua t ion  of  odours, t h e r e  a r e  two a l t e r n a t i v e s :  

For determining an odour ' th reshold ,  t h e  odourous a i r  i s  d i l u t e d  

with odour-free f r e s h  a i r  till t h e  odour can j u s t  be perceived. 

That concentrat ion i s  termed as  odour threshold.  The r a t i o  of 

odour-free t o  odourous a i r  i s  expressed a s  d i l u t i o n  number. 

For determining odour i n t e n s i t y ,  t h e  stream of undi luted 

odourous a i r  i s  presented t o  t h e  sub jec t s .  The i n t e n s i t y  of 

odour perceived can e i t h e r  be expressed on verbal  s c a l e  (e.g. 

no odour/ very f a i n t  odour/ f a i n t  odour/ d i s t i n c t  odour/ s t rong 

odour/ very s t rong  odour) o r  d i r e c t l y  i n  compar i son  t o  s tan-  

dardized odours (e.g, pyr id ine ,  hydrogen s u l f i d e ) .  

Strong odours a s  emit ted by waste i n c i n e r a t o r  u n i t s  and by 

sewage t reatment  p l a n t s  can very wel l  be inves t iga ted  by 

e i t h e r  of these  two methods ( S ) ,  Weak odours l i k e  those e m i t t e d  



from human bodies can only be judged with t h e  he lp  of odour in-  

t e n s i t y ,  because t h e  odour concentrat ions a r e  so  near  t h e  

threshold values t h a t  f u r t h e r  d i l u t i o n  is p r a c t i c a l l y  impossible. 

For i n v e s t i g a t i n g  t h e  a i r  q u a l i t y  i n  connnection with minimum 

v e n t i l a t i o n  r a t e s ,  an odour t e s t i n g  apparatus  c a l l e d  GIMA was 

d e v e l o p e d :  The a i r  t o  be evaluated is sucked ou t  by a fan 

from t h e  test  chamber and forwarded t o  t h e  s n i f f i n g  po in t s  v i a  

a valve-control led piping system. A l l  t h e  p a r t s  which come i n  

a d i r e c t  con tac t  with the  sampled a i r  a r e  made of g l a s s  o r  

Teflon, The s n i f f i n g  po in t s  are s o  designed t h a t  two sub jec t s  can 

simultaneously p a r t i c i p a t e  i n  t h e  experiment, The valves can 

be adjus ted  t o  achieve an a i r  stream of 0.5 m / s  a t  t h e  s n i f f i n g  

poin ts .  

Figure 2: Odour t e s t i n g  apparatus  

1, Test chamber 5. Sample a i r  

2 .  Fan 6 ,  Standard a i r  

3 .  Step less ly  v a r i a b l e  valve 7.  Backflow of sample a i r  

4. Sn i f f ing  po in t s  



4.  Conclusions: 

A l l  t h e  contaminants which impair t h e  indoor a i r  q u a l i t y  should 

be el iminated a t  t h e i r  source s o  f a r  a s  poss ib le .  Control 

measures t o  reduce emissions a r e  necessary e s p e c i a l l y  i n  t h e  

case of outdoor a i r  po l lu t ion .  For indoor a i r ,  contaminants 

a r i s i n g  out  of ma te r i a l s  should be avoided. To t h i s  end s t r i c t  

permit regulat ionsand increased checkings a r e  necessary,  Since 

t h e  e l iminat ion  of p o l l u t i o n  due t o  smoking requ i res  a  long 

v e n t i l a t i o n  t i m e ,  smoking - a t  l e a s t  i n  pub l i c  bui ld ings  - 
should be r e s t r i c t e d  t o  a  few rooms only. 

Pol lu t ion  caused by human presence and a c t i v i t i e s  could be 

taken care  of by regu la t ing  t h e  supply of f r e s h  a i r ,  i.e. 

ven t i l a t ion .  

Present  recommendations about f r e s h  a i r  requirements of rooms 

o r  enclosed p laces  a r e  based on p r a c t i c a l  experience. Sc ien t i -  

f i c  study of t h e  problem of bu i ld ing  v e n t i l a t i o n  was s t a r t e d  

as  f a r  back a s  t h e  18th  century ( 9 ) .  But u n t i l  today no leading 

compound could be found f o r  eva lua t ing  t h e  a i r  q u a l i t y .  This 

can be done only f o r  c e r t a i n  work p laces  wi th  high concen- 

t r a t i o n s  of s p e c i f i c  contaminants, 

It i s  the re fo re  urgent ly  necessary t o  o b j e c t i f y  che problem of 

indoor a i r  q u a l i t y  and t o  work o u t  recommendations f o r  minimum 

a i r  requirements o r  t o  replenish  t h e  e x i s t i n g  guide l ines  a s  

is  t h e  case with USA and Sweden, 

The important problem here i s  whether the necessary f r e sh  a i r  can 

be secured by n a t u r a l  v e n t i l a t i o n  - even when the  windows 

a r e  closed. For t h i s ,  knowledge of t h e  a i r  v e n t i l a t i o n  rate of 

t h e  room is  necessary. Calcula t ions  show t h a t  i n  case o f  t r a d i -  

t i o n a l  cons t ruc t ion  s t y l e  and average occupancy and use of 



r e s i d e n t i a l  b u i l d i n g s ,  t h e  demand o f  f r e s h  a i r  is on ly  p a r t l y  

m e t  by a i r  exchanges through j o i n t s  and cracks .  I f  t h e  a i r  ex- 

changes are n o t  guaranteed through n a t u r a l  v e n t i l a t i o n ,  addi-  

t i o n a l  window v e n t i l a t i o n  o r  mechanical v e n t i l a t i o n  systems 

should be  provided according t o  t h e  needs. 

5, Summary: 

Recently a l l  i n d u s t r i a l  n a t i o n s  are making e f f o r t s  t o  conserve 

energy by op t imi s ing  b u i l d i n q  i n s u l a t i o n .  I n  t h i s  connect ion t h e  

h y g i e n i c a l l y  r e l e v a n t  ques t ion  arises as t o  how f a r  t h e  indoor  

a i r  q u a l i t y  i s  modified by such measures. I n v e s t i g a t i o n s  are 

under p rog res s  t o  e v a l u a t e  t h e  a i r  q u a l i t y  as a func t ion  o f  

occupancy, a c t i v i t i e s ,  and v e n t i l a t i o n  rate. The d e c i s i v e  

c r i t e r i a  are temperature ,  r e l a t i v e  humidity,  carbon d iox ide ,  

odours and contaminants from consumer produc ts  and b u i l d i n g  

m a t e r i a l s ,  

Based on occupancy and proposed use  of  t h e  room, g u i d e l i n e s  

f o r  a  minimum v e n t i l a t i o n  rate should be  drawn. 
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DISCUSSION 

SESSION 1 

(Points arising from Max Sherman ' s  presentation (Paper 1 ) 

David Harrje: 

Over the years the mixing problem referred to  by Max Sherman (Paper 1 )  has 
proved not to  be a problem a f t e r  a l l .  By using the mechanical circulation 

systems of large off ice buildings, we have been able to  mix 5 million cubic 

f ee t  of a i r  (4.6 x 105 x 105m3) in 15 minutes. 

Rodney Gale: 

In our work we have obtained sat isfactory mixing in naturally ventilated 

houses by using small mixing fans and by injecting gas in areas of rapid 
a i r  movement, fo r  example near radiators. 

Richard Grot : 

Would Max Sherman c l a r i fy  his definit ion of effective volume and s t a t e  how 
i t  i s  related to  the physical volume ? 

Max Sherman: 

When using the decay method, you are measuring over an effective volume. 

This i s  often smaller than the physical volume and ar ises  when part  of t he  

space does not communicate well w i t h  the remainder. Reasons for  th i s  include 
"dead" spaces, such as cupboards and closets ,  or s t ra t i f ica t ion  which may 
isolate  large volumes of a i r  near ceil ings.  

To determine the a i r  change rate  the volumetric a i r  in f i l t ra t ion  ra te  i s  
divided by the t rue physical volume of the structure. The resultant a i r  

change rate  could be in error  by u p  t o  20%. 

Sometimes the effect ive volume turns out to  be greater than the physical 

volume. This happens when attached spaces, such as a t t i c s  e tc . ,  communicate 
with the living space. 



Peter Warren: 

Can you be sure tha t  your "dead" spaces real ly  ex i s t  ? We have conducted 

ventilation measurements i n  sing1 e housks with internal doors and internal 
ventilators open and have found that  the difference i n  ventilation ra te  
between rooms was small. This rather implied tha t  there a re  no "dead" spaces. 

Max Sheman: 

We have found tha t  in leaky structures o r  when additional mixing is added, 
for  example using circulating fans, there were few "dead" spaces; however, 
when the internal mixing i s  small and the in f i l t r a t ion  i s  low there can be 
"dead" spaces. Furthermore, the room-to-room i n f  i 1 t ra t ion can vary 
significantly.  

David Harrje: 

In experiments tha t  we have performed we found tha t  the a i r  change ra te  
between a room and closet  was approximately 5 ac/hr. In general the in te r ior  
comnunication was bet ter  than tha t  w i t h  the outside. 

Richard Grot: 

The continuity equation given by: 

Term 1 Term 2 

t 
- A(s)ds where Q( t , r )  = response function = e 

Co = t racer  gas concentration a t  time to. 

Ct  = t racer  gas concentration a t  time t. 

A = a i r  i n f i l t r a t ion  ra te  

T = mixing period 

s = source terrnlunit volume 

has an exact classical solution. In the constant flow technique, referred t o  
by Max, the assumption i s  made that  Term 2 of the equation drops out. This 
i s  not true. This assumption i s  only valid i f  the inf i l t ra t ion  ra te  i s  constant. 



M a x  Sherman: 

When we speak o f  i n f i l t r a t i o n  we are t a l k i n g  about a quan t i t y  t h a t  i s  averaged 

over a pa r t i cu l a r  volume. Since the minimum time f o r  a s ignal  t o  propagate i n  

t h a t  volume i s  the mix ing time, i t  would be nonsense t o  t a l k  about a time- 

averaged i n f i l t r a t i o n  w i t h  a t ime scale shorter  than the mixing time. Therefore 

i t  i s  not  only desirable but  necessary, t o  use averaged i n f i l t r a t i o n  values o f  

t h i s  length; the assumption of constant i n f i l t r a t i o n  over a 30 minute per iod 

i s  a consequence o f  t h i s .  

David Harrje: 

Would Max Sherman g ive a more de ta i led  descr ip t ion o f  t h i s  long-term constant 

f low technique using i n j e c t i o n  and sampling bags. I n  par t i cu la r ,  what are the 

time schedules involved f o r  leaving the equipment i n  the bu i ld ing  and how 

does the technique take i n t o  account such fac tors  as window opening behaviour 

and c l imat i c  var ia t ions ? 

Max Sheman: 

Two bags, one empty and one f i  1 l ed  w i t h  a known quan t i t y  o f  SF, are' brought 

i n t o  the bu i ld ing.  A two-channel pump i s  used t o  gradually i n f l a t e  the i n i t i a l l y  

empty bag w i th  a i r  from the bu i ld ing  and t o  gradual ly  evacuate the bag o f  SF6. 

A t  the end o f  the t e s t  period, usua l ly  1 month, the apparatus i s  brought back 

t o  the laboratory f o r  analysis. The t o t a l  amount of t racer  gas discharged 

and the SF6 concentration i n  the i n i t i a l l y  empty bag i s  measured. The resu l t s  

are used t o  ca lcu la te  the average inverse i n f i l t r a t i o n .  Because the a i r  

i n f i l t r a t i o n  over the per iod i s  no t  constant, a cor rect ion factor  (as described 

i n  the paper) must be appl ied t o  convert the resu l t s  t o  average i n f i l t r a t i o n .  

Peter Jackman: 

Would anyone l i k e  t o  comment on the comparison o f  d i f f e r e n t  t racer  gas 

techniques ? 

Rodney Gale: 

We have monitored a i r  i n f i l t r a t i o n  i n  each room of the B r i t i s h  Gas t e s t  house 

using t racer  gas decay and have compared the resu l t s  w i t h  those using the 

constant concentration method. We be1 i eve tha t  there was some over-estimation 

w i t h  the decay method but  the di f ferences were not  greater than 10%. There 

was not  much d i f ference i n  resu l t s  between d i f f e r e n t  t racer  gases. 



Peter Jackman: 

Has anyone experienced adsorption o r  absorption problems ? 

Rodney Gaze: 

SF6 getsabsorbed by bedding and curtains.  N20 also gets absorbed by these 
materials b u t  not t o  the same extent as SF6. 

David Etheridge: 

One of the advantages of the constant concentration techniques is that  t h i s  
problem has only an i n i t i a l  effect .  

Peter Hartmann: 

We have performed a number of N20 experiments i n  a closed box i n  which d i f fe rent  
building materials were placed. There was no evidence of absorption. We have 
not performed these experiments w i t h  so f t  furnishings. 

Richard Grot: 

We have performed absorption experiments on building materials but not s o f t  
furnishings. O u r  resu l t s  confirm the findings of Peter Hartmann. 

Max Shemnan: 

Our experiments show tha t  SF6is absorbed to  a negligible extent on plast ic  
furnishings. Adsorption can be important i f  p las t ic  l ines  are  used in the 
injection or  sampling of the t racer  gas. 

Peter Jackman: 

Are there any points on the general safety aspects of t racer  gases ? 

Max Shewnan: 

We have abandonded the use of N20 as we are not permitted to  use concentrations 
of greater than 25 ppm in occupied areas. 

Peter Warren: 

What regulations govern the use of nitrous oxide as a tracer gas i n  the USA ? 



M a x  Shermun: 

The National Ins t i tu te  f o r  Occupational Safety and Health recommended standard 
i s  50 ppm; our laboratory safety s t a f f  then required us to  conform t o  a 25 ppm 
maximum. While I personally feel tha t  t h i s  restr ic t ion i s  too s t r ingent ,  
there have been some defini t ive studies showing long-term health e f fec ts  a t  
the 1 eve1 of several hundred parts-per-mi 11 ion. 

The fu l l  reference of t h i s  NIOSH standard i s  

"Occupational exposure t o  waste anesthetic gases and vapours" 
US Department of Health Education and Welfare 
Public Health Service Center fo r  Disease Control 
National Ins t i tu te  f o r  Occupational Safety and Health 
DHEW (NIOSH) Publication No. 77-140 
March 1977 

David Harrje: 

SF, tends to have a very high margin of safety as we only need concentrations 
less  than one ten thousandth of the maximum permitted concentration. This 

means that  we can use i t  i n  automated systems with complete safety because, 
even i n  the event of a total  discharge of the gas cylinder, the SF6 concentration 
will s t i l l  be in the safe range. 

Richard Grot: 

Regarding public reaction to  the use of SF,, we have found that ,  provided we 
explain to  occupants what we are doing, there i s  generally no host i le  reaction 
to  i t s  use. 

(Points arising from David Etheridge ' s  presentation (Paper 2 )  ) 

Johnny KronvaZ 2: 

Would David Etheridge define his meaning of leakage area ? 

David E t  heridge : 

The leakage area i s  determined by pressure testing a t  pressures we11 above 
those induced by the weather. Use of the crackflow equation described i n  the 
paper gives an "effective area" of openings which i s  independent of the applied 



pressure. Thus the  leakage area may be determined simply from t h e  f l ow  r a t e  

and pressure d i f f e rence .  This i s  n o t  so f o r  power law equations as the area 

becomes a f u n c t i o n  o f  t h e  pressure d i f ference.  I n  a d d i t i o n  t o  being 

dimensional ly cor rec t ,  I t h i n k  t h a t  our  crackf low equation can be app l ied  as 

e a s i l y  as power law equations. 

Peter Warren: 

The power law equation o f  t he  form Q = k ( A  P) '4 i s  a reasonable 

approximation i f  you do n o t  know the prec ise  geometry o f  t he  cracks. Although 

i t  must be regarded as an approximation i t  i s  j u s t  as acceptable as the use o f  

t he  power 1 aw v e l o c i t y  p r o f  i 1 e equation. 

David Harrje : 

The power law exponent a l lows you t o  do very p r a c t i c a l  th ings .  For  example, 

we can use i t  t o  r e a d i l y  compare t h e  e f f e c t i v e  leakage areas o f  many bu i ld ings .  

Max Sherman: 

We use the  power law as an empi r ica l  desc r ip t i on  o f  crack f low. While i t  may 

n o t  have a p h y s i c a l l y  j u s t i f i a b l e  form, i t  has been repeatedly shown t o  

describe measured data very  we l l .  The a l t e r n a t i v e  i s  t o  measure the  exact 

geometry o f  each crack and apply t h e  appropr iate crack equations - t h i s  i s  

imprac t ica l  as a f i e l d  technique. 

SESSION 2 

(Points arising from Robert Dwnont ' s  presentation (Paper 3)) 

M a x  Sherman.: 

How o f t e n  do you c a l i b r a t e  t h e  gas chromatograph ? 

Peter Jackman: 

Also, how do you perform the SF6 c a l i b r a t i o n  ? 

Robert Dwnont : 

The gas chromatograph i s  c a l i b r a t e d  a t  three-monthly i n te rva l s .  There i s  no 

s i g n i f i c a n t  change between periods. The c a l i b r a t i o n  process invo lves  

i n j e c t i n g  i n t o  t h e  chromatograph a known q u a n t i t y  o f  100% SF6 using a hypodermic 

s y r i  nge. 



David Etheridge: 

Would you please g i v e  more d e t a i l s  o f  t he  fan you used. 

Robert Dmont: 

Th is  i s  an a i r c r a f t  surp lus a x i a l  f l o w  fan. It runs o f f  24 v o l t s  DC b u t  may be 

mod i f ied  t o  run from the  mains. 

David H w e :  

You are measuring v e n t i l a t i o n  ra tes  o f  0.2 a i r  changes per  hour. How f a r  does 

t h i s  go t o  meeting i n t e r n a l  v e n t i l a t i o n  needs ? 

Robert Dumont: 

We have tes ted  houses constructed from 1910 onwards. The a i r  change r a t e s  f o r  

t he  o l d e r  houses have been found t o  be much the  same as those f o r  t he  newer 

dwel l ings.  Many o f  t h e  p o l l u t a n t s  a re  a1 so s t i l l  t he  same. The measured 

v e n t i l a t i o n  ra tes  seem t o  be s a t i s f a c t o r y .  

(Points arising from Peter Hartmannrs presentation (Paper 4 ) )  

David Harrje: 

The i n d i c a t i o n  from your  r e s u l t s  i s  t h a t  a l l  the  rooms perform i n  the  same way. 

What type o f  in te rconnect ions  between rooms do you have ? 

Peter Hartmann: 

Room in terconnect ion  was v i a  part-open doors. 

John Shaw: 

I n  your chamber experiments, have you checked your equipment f o r  f lows below 

1 a i r  change per  hour ? We are  having problems a t  a i r  change ra tes  below 0.4/hr 

and I t h i n k  t h a t  t h i s  i s  due t o  the  mix ing  f a n  c r e a t i n g  l o c a l  pressure d i f fe rences.  

Richard Grot: 

We have experienced s i m i l a r  problems w i t h  small chambers - we were g e t t i n g  

i n s u f f i c i e n t  mixing. With l a r g e r  chambers we had no problem. 

Peter Hartmann : 

We have n o t  had any problems measuring v e n t i l a t i o n  r a t e s  w i t h  t h i s  equipment, 

b u t  d i d  n o t  go below an a i r  change o f  0.8/hr. 



(Points arising from Richard Grot ' s  presentation (Paper 5)  ) 

Max Sherman: 

How many zones can'the system deal with ? 

Richard Grot: 

The system i s  able t o  cope w i t h  up to  10 sampling points and 5 injection points. 

John Slum: 

What kind of tubing did you use f o r  your sample tubes ? We have t r i ed  copper 
tubing in an attempt to  eliminate the adsorption problems associated with nylon 

tubes but have experienced poor resu l t s  due to  leaking. 

Richard Grot: 

We have been using nylon tubes without serious problems for  sampling. These 

are  of 2" bore f o r  the long fetches to  the sampling pumps and of bore f o r  
the sample 1 ines. 

M a x  Sherman: 

What type of t racer  gas decay do you get; are the curves smooth enough to be 

sampled a t  such widely spaced intervals ? 

David Harrje: 

The decay curves in these buildings are  smooth, therefore i t  i s  possible t~ take 

samples from each part sequentially rather than monitoring jus t  one zone 

continuously. The f l ex ib i l i t y  of the computer allows i s  to look a t  any zone a t  
any times. 

Rodney Gaze: 

I s  the flow through the sample tube continuous ? 

Richard Grot: 

Yes, but in order to  get a good sample the flow has to  be quite high. 



SESSION 3 

(Points arising from W i Z Z e m  de Gids ' s  presentation (Paper 6 ) )  

Peter Warren: 

What exponent, n ,  do you use for  your building components ? 

WiZZen de Gids: 

1 1 For the total  shell we use values between /1.6 to  /1.7 
1 1 For individual components the exponent ranges from between /1.2 and /1.8 

John Shuw: 

How do you measure the leakages through various components ? 

WiZZem de Gids: 

We pressurize each room in turn and tape off a l l  outside cracks. If  there i s  

leakage to  adjacent rooms, these cracks are  also sealed. 

Peter CoZZet: 

You have quoted leakage rates  through building components a t  a pressure of 1 

Pascal. Bearing in mind tha t  the pressure t e s t s  must be conducted a t  much higher 

pressures than th i s ,  so tha t  the resul ts  are not influenced by the effects  

of weather, i s  i t  reasonable to  quote the leakages a t  such a low pressure ? 

WiZZem de Gids: 

These t e s t s  were usually conducted a t  50 Pascals. The resul ts  were then scaled 

down and expressed a t  a pressure difference of 1 Pascal. By doing th i s  the 

leakage i s  expressed direct ly  in SI  units. 

Max Sherman: 

By calculating the leakage in the manner Willem has proposed, he i s  implicitly 

assuming that the flow i s  proportional to  the pressure. Therefore, the leakage 
number he quotes i s  calculated by dividing the measured flow a t  50 Pascals by 50. 

If the leakage i s  not l inear ,  t h i s  number will have no relation to the actual 

flow a t  1 Pascal. 



The flow ra te  (qv) i s  proportional to  the pressure difference (ap) to  a cer tain 
1 

Power ( / n  1. 

In formulae: 
1 

q v  = c ( 5 ~ )  
'n in which C = a i r  leakage coefficient 

This coefficient i s  in f a c t  a flow ra te  by 1 Pa pressure difference. I t  i s  
achieved by extrapolating the measured values, which normally goes to  about 

5 Pa. I agree, nevertheless, tha t  there i s  no relation with the actual flow 

a t  1 Pa. 

(Points arising from Per OZof Ny Zund ' s  presentation (Paper 7) 

W i Z Z m  de Gids: 

What pressure difference did you use in these t e s t s  ? 

Per OZof Ny Zund: 

For the reciprocity t e s t s ,  pressures of between 20 t o  25 Pascals were used. 
This i s  about normal fo r  th i s  type of work. For pressure tes t ing i n  general 

1 we use 50 to 100 Pascal s .  A pressure of 1 Pascal i s  too small . 
I 

(Points arising from John Shm ' s  presentation (Paper 8 )  ) 

David Harrje: 

You mentioned part-opened loading doors as a source of a i r  i n f i l t r a t ion .  Do you 

find that  drop-ceilings are a problem ? 

John Shaw: 

Yes, these are also an important source of a i r  i n f i l t r a t ion .  



SESSION 4 

(Points arising from Johnny KronvaZZ's presentation (Paper 9 ) )  

WiZZem de Gids: 

How do you deal with openings to  the roof, when pressure differences have only 

been measured across the facades of the building ? Also, what allowances do 

you make for  wind direction ? 

Jo hnny Kronva Z Z : 

The effects  of roof openings and ~ i n d ~ d i r e c t i o n  have not been considered in 

t h i  s example. 

David Harrje: 

In your early work you had a reasonable correlation between similar houses. 

Do you have good correlations for  a wider range of houses ? 

JO h ~ ~ p i ~  Kron:~a Z 7. : 

We require more work on other houses before we can say. 

(Points arising from Peter Warren's presentation (Paper 1 0 )  ) 

Rodney Gale: 

The distribution in leaks can be important. Does your method take t h i s  into 

account ? 

Peter Warren: 

These results are based on the assumption that leaks are uniformly distributed. 

For our purpose t h i s  seems to be a reasonable assumption. The mdel allows 

for  variation of leakage between surfaces. 

David Harrje: 

I n  some instances we have found a non-uniform distribution of leaks. Windows 

and doors may account for  only 25% of the total  openings. Cracks in ceilings 

can be an important source of leaks. 



Rodney Gale: 

There i s  no d i f f icu l ty  i n  determining the component of a i r  i n f i l t r a t ion  through 

ceil ings.  All t h i s  i s  required i s  the use of a different  t racer  gas in the l o f t  

to  the r e s t  of the building. 

(Points arising from Max Sherman's presentation (Paper 11)) 

Martin Liddament: 

If  the measured exponent of the power law function i s  significantly different  

from the value of 0.5 used in th i s  approach, then large errors i n  computed 

flow may resul t  when the pressure difference deviates from 4 Pascals. 

Max Sherman: 

The fractional error  will be a t  most equal to  the ra t io  of the average pressure 

over 4 Pascals raised to  the difference between the actual exponent and one-half. 

For example, i f  the mean surface pressure were 5 Pa and the exponent were .65, 

then the maximum amount of error would be: 

Martin Liddmnent: 

For more severe pressure differences, say those corresponding to  high stack 

pressures or high wind speeds, the error  will be much greater. For exampl,, 

an exponent of 0.7 and a pressure difference of 10 Pascals would yield a 

maximum error of 20%. 

Max Sherman: 

There are two types of error  that  we ta lk  about - the average er ror  of the 
mean or  the maximum er ror  in a sample. In my example, I have selected values 

to  represent the mean conditions to  get an estimate of the mean error .  In 
your example you have selected values to  represent the worst case and, hence, 

get a maximum error .  Either method of presenting th i s  data i s  acceptable 

provided that  i t  i s  c lear  which method we are talking about. 

Rodney Gale: 

An easy way to determine the various values of component leakage would be to  
carry out t racer  gas t e s t s  using more than one t racer  gas. Thus, for  example, 

the leakage across the ceil ing may be determined by injecting carbon dioxide 
in the roof space and sulphur hexafluoride in the remainder of the building. 
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SESSION 5 

(Points arising from Peter Robertson's presentation (Paper 1 2 ) )  

David Etheridge: 

How does the computer logic cope w i t h  the gap i n  pitch response ? Also, have 
you thought of using laser  doppler s h i f t  ? 

Peter Robertson: 

The cosine response i s  a function of the sensor i t s e l f .  All the computer does 
i s  to  receive the information from the sensor. Laser doppler equipment i s  too 
bulky fo r  our work. 

Hans Phaff: 

Is  the output voltage of the instrument l inear  with respect t o  velocity ? 

Peter Robertson: 

No. A calibration equation i s  programmed into the computer to  give a d i rec t  
readout. 

Peter CoZZet: 

Have you thought of using a t r i -axial  probe ? 

Peter Robertson: 

This gives more information than we require and increases the complexity of the 

computing. A1 1 three readings would have to  be computed. 

Does the velocity measurement go as low as you require ? 

Peter Robertson: 

Yes. The instrument measures velocity down to  0.2 m.s-'. 

Peter CoZZet: 

Can you measure direction and wind speed a t  low velocities simultaneously ? 



Peter Robertson: 

- 1 
Below 0.2 m,s. measurement of direction becomes unreliable because the frequency 
response i s  too low. 

(Points arising from Hans Phaffts presentation (Paper 22)) 

David Etheridge : 

Do you have any evidence for the flow patterns through the window you illustrated ? 

Is this  a full-scale window ? 

Hans Phaff: 

The flow pattern i s  only an opinion. I t  i s  a full-scale window b u t  a small 

wi ndow . 
Peter CoZZet: 

Did you use a Val idyne differential pressure transducer ? 

Hans Phaff: 

Yes. 

(Points arising from GabrieZ Huber ' s  presentation (Paper 13 )  

David Etheridge: 

How do you choose and prepare human subjects ? 

Gabriel Huber: 

The subjects inside the tes t  chamber ("producing odours") are selected by chance 
without special cri teria.  For each tes t  the following parameters are considered: 
- time of las t  bath before the beginning of the tes t ,  
- time of las t  meal before the beginning of the tes t ,  
- clothing during the tes t .  

Aclimatisation can be a problem. However, we take what precautions we can t o  
prevent the aclimatisation to odours upsetting results. 



Further Discussions 

A t  the completion of the formal sessions there followed a general discussion on 
the use of units. T h i s  discussion was introduced by Rob Dumont who sought views 
on the units to  be used t o  express ventilation and a i r  in f i l t ra t ion  rates .  
Should one use SI u n i t s  o r  express a i r  i n f i l t r a t ion  i n  terms of the number of 
a i r  changes per hour ? 

David Harrje said tha t  the ASHRAE guide specifies fresh a i r  requirements for  
people i n  units of l i t r e s / sec .  On the other hand the use of a i r  changeslhour 
gives a good indication of the adequacy of the ventilation rate ,  provided 
bui 1 ding s ize and accuracy are  adequately described. 

More important, however, was a i r  quality. As homes become t ighter ,  will the 
ventilation rate  be adequate during certain times of the year ? I t  would be 

useful to  have year-on measurements of ventilation rates  so that  the seasonal 
variation of these rates cou1 d be observed. 

Peter Jackman stated that  there was no real answer to  the problem of u n i t s ,  
The units used re la te  very much to  the problem being solved. 

The effects  of season and the ageing of a building on a i r  i n f i l t r a t ion  rates was 
also discussed. Peter Warren cited resul ts  fo r  an unoccupied, timber-framed 
house in which there was a 30% difference in leakage between summer and winter. 
This difference was at t r ibutable  ent i rely to  changes i n  background leakage. 
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