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PREFACE 

lnternational Energy Agency 

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

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

Energy Conservation in Buildings and Community Systems 

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

Annex V Air Infiltration Centre 

The IEA Executive Committee (Building 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 its 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 f irm basis for future research in the 
Participating Countries. 

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





INTRODUCTION 

This document is a supplement to the AIC's 6th Conference Proceedings AIC-PROC-6-85. It 
contains five additional papers presented at the Conference, together with a discussion record 
based on written questions and answers prepared by conference participants and authors. 
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INTRODUCTION 

This  paper i s  a companion t o  t h e  one presen ted  by Sandberg e t  a1 

l a t e r  i n  t h i s  conference ( 1 ) .  I n  c o n t r a s t  t o  t h a t  paper,  t h i s  one 

dea l s  wi th  t h e  f low of f r e s h  a i r  i n t o ,  and the spread of p o i n t  

source contaminants  around an u n t i g h t  2 s t o r e y ,  multi-roomed house. 

The l ayou t  o f  t h e  house i s  shown i n  f i g u r e  1. The house, owned by 
Segas, was b u i l t  about  15 y e a r s  ago when energy c o s t s  were n o t  a 

major design c o n s t r a i n t  . I t  was designed f o r  na tura l  v e n t i l a t i o n  
and was l a t e r  sub j ec t ed  t o  some s e a l i n g  o f  t h e  l a r g e r  sou rces  o f  

a i r  i n l e t .  In  a d d i t i o n  t o  t h e  na tu ra l  v e n t i l a t i o n  system t h e r e  is  

a mechanical v e n t i l a t i o n  system t h a t  can a c t  a s  supply o r  e x t r a c t  

only and a s  a balanced u n i t .  F igure  1 g i v e s  d e t a i l s  of  t h e  supply 

and e x t r a c t  p o i n t s .  

Despi te  t h e  b e s t  endeavours,  t h e  house s t i l l  has a s p e c i f i c  flow 
r a t e  of  8 house volumes/h through t h e  bu i ld ing  envelope when press-  

u r i s ed  t o  50 Pa. This  i s  about  10 t imes t h e  leakage of t h e  house 

descr ibed  i n  ( 1 ) .  This  i s  the r a t i o n a l e  f o r  t h e  t i t l e  of  t h e  paper. 

Supply: 

Bedroom 1.2.3.4 
Lounge 
Dining room 

Extract: 

Bathroom 
Toilet 
Landing 
Kitchen 

F i g  1 



1 .  Experimental 

The experiment we undertook was designed as  a two-way comparison 

of the e f fec ts  of ventilation systems and the apperatures of the 

internal doors on the local ventilation rates  and the spread of a 

contaminant released in an extract  or a supply room. Thirteen 

separate experimental runs a re  analyzed in t h i s  paper. Details of 

these runs are given in Table 1. 

Table 1. Detail of experiments undertaken. AT i s  the temperature 

difference between indoor and outdoor. 

Ventilation Type of Apperture AT Wind Wind 
system experiment of doors (OC) speed direction 

(ms-I) 
-- 

Natural 2 7 
Extract concentration 2 6 
Balanced fol 1 owed by 19 

decay 
Open 

Natural 2 5 
Extract Injection 2 2 
Balanced into 23 

Extract bedroom 3 22 
Bal anced Closed 1g  

Natural 22 1.9 W 
Extract Injection 23 2.1 W 
Balanced into the 2 5 2.0 SW 

Extract kitchen 2 1 2.8 S Closed 18 Balanced 3.0 S 

2 2 2.7 
* 3 * 0.9 

The experiments were made possible by the 'Autovent', computer con- 

trol  led ventilation system (2) .  This equipment was designed around 

proprietory components and with programmable logic provided through 

a micro computer. I t  can in jec t  gas or sample the atmosphere in 12  

rooms. The 'Autovent' could easi ly  be programmed to perform constant 

concentration measurements followed by decay or to  follow the con- 

centration history of a contaminant released in a room. 

In these experiments nitrous oxide was used as the t racer  gas. I t  

was detected with a Leybold-Hereus infra-red analyser. 

For decay and contaminant release experiments no mixing was used, 



except i n  the i n i t i a l  dosing of the source room. For constant con- 
centration experiments a small mixing fan was deployed i n  each 

room. 
The experiments took place in the spring and high stack ef fec ts  

were achieved by the operation of a gas f i r ed  heating system with 
the thermostats s e t  a t  300C. Table 1 gives the stack e f fec t  para- 

meter fo r  each r u n  together with the wind speeds and directions. 

The means and standard deviations reveal a reasonably comparable 
se t  of conditions so that  detailed comparisons between ventilation 

systems are  jus t i f ied ,  Time prevented a f u l l e r  experimental pro- 

gramme of more natural ventilation t e s t s  w i t h  the doors closed and 

repeat runs of a l l  experiments. 

Where conditions were repeated, the agreement between resu l t s  was 

acceptable. 

2. Theory 

The framework f o r  analysing these resul ts  i s  presented in detail  in 

( 1 ) .  The methods of reducing the experimental measurements to  use- 

ful parameters have been described in ( 3 ) .  In examining the spread 
of a contaminant around a house the parameter which best characte- 

r i ses  the effectiveness of the ventilation system i s  the r a t io  

Dp/Ds .  The time integrated exposure i n  a particular room, D p ,  divi-  

ded by the integrated exposure i n  the source room, Ds.  This para- 
meter i s  relevant when the major consideration i s  the a b i l i t y  of a 

ventilation system to deal with a contaminant- I f ,  on the other 

hand, the major concern i s  to  judge the way in which fresh outdoor 
a i r  i s  provided by the ventilation system and s t a l e  a i r  i s  removed 

t from the house, then the parameters qm/qm and ;p/<;> a re  indicated. 

The flow of outdoor a i r  to each room, q,, expressed as a proportion 
of the to ta l  flow, qi, i s  a simple way to  re f lec t  the distribution 

of a i r  entry points to  a house. The variation of the r a t io  with 

ventilation system provides some indication of the e f fec t  of the 

system on the incoming a i r  distribution. 

The mean age of the a i r  in each room, ;p, divided by the average 

mean age of the a i r  i n  the whole house, <5>, gives a measure of the 

relat ive time taken to  replace (exchange) the a i r  in a room. 



3 .  Results and Analysis 

3.1 Relative flow ra te  

Figure 2 shows the resul ts  of the analysis of two ra t ios  determi- 

n i n g  the re la t ive  values of fresh a i r  intake and a i r  replacement 

times fo r  each of the three ventilation systems. Limitations of 

experimental time meant tha t  only internal doors open cases were 

considered. 

In te rna l  door s  open 
----- Ext rac t  vent i la t ion 

Kitchen Lounge Dining- Hall Landing Bedr.1 Bedr.2 Bedr.3 Bedr.4 WC B a t h  
room 

- - 
l n t e rna l  door s  open 

Kitchen Lounge Dining- Hall Landing Bedr.1 Bedr.2 Bedr.3 Bedr.4 WC B a t h  
room 

I  round f loo r  2 I F i r s t  f l o o r  

Fig 2 

The r a t io  qrn/q; shows that  fo r  natural ventilation most of the in- 

coming fresh a i r  enters on the ground f loor  and very l i t t l e  on the 

upper floors.  This i s  the classical  stack ef fec t  in operation. When 

the combined ventilation system i s  operated, however, fresh a i r  en- 

t e r s  a l l  the supply rooms and there i s  some modification of the 

stack ef fec t  dominated ventilation pattern. 

The relat ive a i r  replacement ra te  for  each room i s  almost constant 

for  each room under each ventilation system. From th i s  resu l t  one 

could conclude tha t  the exposure to a passive homogeneous pollutant, 



such as Radon, would be the same throughout the house. The house 
i s  behaving very much l ike  a leaky box w i t h  sources of leakage 
we1 1 distributed over i t s  surface. The paper by Sandberg el  a1 ( 1 )  
demonstrated the contrast with a t igh t  house where the leakage i s  
concentrated to  a few places. 

3.2 Pollutant spread from the kitchen 

Figure 3 shows the r a t io  D p / D s ,  the room exposure to  a pollutant 
divided by the source room exposure. For this case the source room 

was the kitchen on the ground f loor  of the building 

lnternal doors open 
----- Extract ventilation 

Kitchen Lounge Dining- Hall Landing Bedr.1 Bedr.2 Bedr.3 Bedr.4 WC Bath 
room 

lnternal doors closed 

Kitchen Lounge Dining- Hall Landing Bedr.1 Bedr.2 Bedr.3 Bedr.4 WC Bath 
room 

L ~ r o u n d  floor 2 I First  floor 

Fig 3 

The f i r s t  contrast  t o  make i s  between doors open and doors closed 

cases. For the former the re la t ive  exposure i s  much more even than 

for  the l a t t e r ,  where the source exposure i s ,  a t  least ,  s ix  times 
that  for  any other room. 

For natural ventilation and open doors the most even pattern i s  
observed. The explanation f o r t h i s  i s  in the driving force of the 



stack e f fec t ,  which carr ies  a i r  from the ground to  the f i r s t  f loor 

and se t s  up recirculation patterns between the floors,  particularly 

in the open s t a i r  well. When the extract  system i s  used with doors 

closed the re la t ive  exposure in a1 1 rooms decreases. The kitchen i s  

an extract  room and so the pollutant i s  removed a t  source. Other ex- 

t r ac t  points are in the bathroom, t o i l e t  and the landing. These 

three rooms have the highest re la t ive  exposures, presumably due to  

a small net increase in flow of a i r  to these rooms as a resu l t  of 

the operation of the mechanical extract system. With the balanced 

system in operation, the combined effects  of extract and supply 

mean tha t  re la t ive  exposures are  the lowest for  th i s  ventilation 

system. I t  i s  also noticeable tha t  re la t ive  exposures on the f i r s t  

f loor a re  s l ight ly  lower than those on the ground floor. This i s  

also a t t r ibutable  to  the e f fec ts  on a i r  being supplied to  a l l  the 

bedrooms and countering the stack effect  t o  some extent. 

3 . 3  Pollutant spread from bedroom 3 

Figure 4 shows a similar s e t  of re la t ive  exposure data f o r  the case 

of the pollutant source room being on the f i r s t  f loor of the house. 

A comparison of the doors open and closed resul ts  reveals the same 

pattern as f o r  the kitchen as source room, namely a f a i r l y  even ex- 

posure with open doors and a dis t r ibut ion biased to the source room 

for  door closed. 

In thiscase the e f f ec t  of closing the door i s  less  marked. This 

could be a function of the t ightness of the internal doors and of 

the communication between bedroom 3 and the adjacent rooms as well 

as the location of the source room, Under natural ventilation and 

with open doors the relat ive exposures of the ground f loor  rooms 

are l e s s  than those of the f i r s t  f loor.  This i s  as would be expec- 

ted under stack ef fec t  dominated ventilation. With the extract  sys- 

tem operating and doors open the same conclusion applies. Even in 

the kitchen, a major extract point,  the re la t ive  exposure i s  not 

significantly different  from other ground f loor  rooms, With the 

balanced system in operation, the ground f loor  relat ive exposures 

increase and approach those of the f i r s t  f loor .  This r e su l t  i s  some- 

what unexpected and i s  a t t r ibuted to  the e f fec t  of a i r  supply t o  
the bedrooms opposing the stack ef fec t  and pushing pollutant a i r  



out onto the landing and into the hall .  When the doors are closed, 

the relat ive exposures are greater than when the pollutant was in- 

jected into an extract  room. For the extract only system, bedroom 

4 has a high exposure. Bedroom 4 i s  adjacent t o  bedroom 3 and could 

possibly have a large intercommunication. With the balanced system 

we again observe an increased re la t ive  exposure on the ground floor 

dueto the  effect  of a i r  supply t o  the source room and other bed- 

rooms. 

lnternal doors open 
----- Extract ventilation 

Kitchen Lounge Dining- Hall  Landing Bedr.1 Bedr.2 Bedr.3 Bedr.4 WC Bath 
room 

lnternal doors closed 

Kitchen Lounge Dining- Hall  Landing Bedr.1 Bedr.2 Bedr.3 Bedr.4 WC Bath 
room -  round f loor 1 I First f loor  A 

100 

80 

fin 

Fig 4 

T 
I 
I 
I 
I 
I .  

4. CONCLUSIONS 

For an untight house a mechanical ventilation system has very l i t t -  

l e  virtue. These resul ts  have demonstrated some small e f fec ts  in 

the redistribution of pollutant from a source room b u t  have also 

demonstrated tha t  the natural, stack dominated ventilation pattern 

i s  not overcome by the mechanical system. The mechanical system 

does offer  the assurance of a minimum flow ra te  to  the supply rooms 
and a minimum exhaust ra te  from the extract  rooms. I t  does not, 



however, guarantee a predictable distribution of a i r  supply to  

the rooms of an untight house. 

The differences between relat ive exposures when the source i s  on 

extract or  a supply room lend weight to  the viewpoint tha t  invest- 

ment in extraction f a c i l i t i e s  in pollutant source rooms i s  much 

more cost beneficial than investment in complex balanced systems. 
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Crown C o p y r i g h t  1985 

INFLUENCE OF OPEN WINDOWS O N  THE INTERZONE A I R  MOVEMENT 
WITHIN A SEMI-DETACHED DWELLING 

by M D A E  S  P e r e r a  a n d  P R War ren  

INTRODUCTION 

A l t h o u g h  m o s t  b u i l d i n g s  i n  a  t e m p e r a t e  c l i m a t e  s u c h  a s  
t h e  U n i t e d  Kingdom r e l y  on n a t u r a l  v e n t i l a t i o n ,  i t s  
p r e d i c t i o n  i s  o n e  o f  t h e  m o s t  d i f f i c u l t  a s p e c t s  o f  
b u i l d i n g  d e s i g n .  When t h i s  i s  f u r t h e r  c l o u d e d  by  
o c c u p a n t  b e h a v i o u r ,  e g .  by  o p e n i n g  windows ,  p r e d i c t i o n  
becomes  e v e n  more  d i f f i c u l t .  

2 S t u d i e s  b y  D i c k  a n d  ~ h o m a s '  a n d  B r u n d r e t t  , a m o n g s t  
o t h e r s ,  h a v e  shown t h a t  o c c u p a n t s  o f  d w e l l i n g s  o f t e n  
o p e n  windows  e v e n  i n  t h e  w i n t e r .  B r u n d r e t t  showed  t h a t  
t h e y  d o  s o  i n  a  s y s t e m a t i c  m a n n e r  w h i c h  i s  s t r o n g l y  
c o r r e l a t e d  w i t h  t h e  o u t s i d e  a i r  t e m p e r a t u r e  a n d  
m o d i f i e d  by w i n d  s p e e d .  I t  was a l s o  f o u n d  t h a t  bed room 
windows w e r e  t h o s e  m o s t  f r e q u e n t l y  o p e n e d .  

I n  t h i s  p a p e r ,  a  m u l t i c e l l  a i r f l o w  c o m p u t e r  p r o g r a m  
c a l l e d  BREEZE i s  u s e d  t o  d e t e r m i n e  t h e  i n f l u e n c e  o f  
o p e n  windows o n  t h e  v e n t i l a t i o n  r a t e s  o f  a  s e m i d e t a c h e d  
h o u s e  f o r  a v a r i e t y  o f  w e a t h e r  c o n d i t i o n s .  F o r  a 
l i m i t e d  number  o f  c a s e s ,  t h e  p r e d i c t e d  v a l u e s  a r e  
c o m p a r e d  w i t h  f i e l d  m e a s u r e m e n t s  t o  i n d i c a t e  t h e  d e g r e e  
o f  c o n f i d e n c e  w h i c h  c a n  b e  p l a c e d  i n  t h e  c o m p u t e r  
s i m u l a t i o n .  T h e  e f f e c t  o f  c l o s i n g  i n t e r n a l  d o o r s  on  
v e n t i l a t i o n  r a t e s  a n d  i n t e r z o n a l  a i r f l o w s  i s  a l s o  
c o n s i d e r e d .  

COMPUTER PROGRAM 

F o r  t h i s  w o r k ,  t h e  BREEZE p r o g r a m  w a s  u s e d  t o  d e t e r m i n e  
t h e  i n t e r z o n a l  a i r f l o w s  a s  w e l l  a s  t h e  v e n t i l a t i o n  
r a t e s .  T h i s  p r o g r a m  i s  a  m o d i f i e d  v e r s i o n  o f  t h e  SMOKE 

3 p r o g r a m  BREEZE i s  w r i t t e n  i n  FORTRAN-4 a n d ,  f o r  
t h e  c o m p u t e r  m o d e l l i n g  r e p o r t e d  h e r e ,  was m o u n t e d  o n  a 
DEC V A X  m a i n f r a m e  c o m p u t e r ,  I t  r e q u i r e s  a b o u t  8 4  kb  o f  
memory a n d  t a k e s  a b o u t  2 0  s e c o n d s  f o r  a  t y p i c a l  
c o m p u t e r  r u n .  



I n  t h e  p r o g r a m ,  t h e  b u i l d i n g  i s  c o n s i d e r e d  a s  a n e t w o r k  
w i t h  z o n e s ,  i n  t h i s  i n s t a n c e  r o o m s ,  r e p r e s e n t e d  by  
n o d e s  a n d  t h e  a i r  f l o w  p a t h  by  b r a n c h e s  c o n n e c t i n g  t h e  
n o d e s .  P r e s s u r e  d i f f e r e n t i a l s  a r e  s e t  u p  b e t w e e n  n o d e s  
d u e  t o  a  c o m b i n a t i o n  o f  s t a c k  a n d  wind  e f f e c t .  The 
r e l a t i o n s h i p  b e t w e e n  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  a n d  
t h e  f l o w  b e t w e e n  n o d e s  i s  d e f i n e d  f o r  e a c h  f l o w  p a t h .  
The  p r o g r a m  a l l o w s  f o r  a number  o f  d i f f e r e n t  t y p e s  o f  
f l o w  p a t h ,  t h e  m o s t  commonly u s e d  b e i n g  o f  t h e  g e n e r a l  
f o r m  

w h e r e  Q i s  t h e  vo lume  f l o w  r a t e ,  A p  t h e  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  a n d  K a n d  n c h a r a c t e r i s t i c s  o f  t h e  
o p e n i n g .  

Wind p r e s s u r e s  a r e  o b t a i n e d  f r o m  wind  t u n n e l  d a t a ,  
g e n e r a l l y  e x p r e s s e d  i n  t h e  f o r m  o f  p r e s s u r e  
c o e f f i c i e n t s ,  C . Then  t h e  s u r f a c e  p r e s s u r e  a t  a n y  
e x t e r n a l  o p e n i n g  i s  g i v e n  b y ,  

w h e r e  U i s  wind  s p e e d ,  p a i r  d e n s i t y  a n d  Po t h e  
f r e e s t r e a m  s t a t i c  p r e s s u r e  i n  t h e  w i n d .  

T h e  s e t  o f  e q u a t i o n s  w h i c h  d e r i v e s  f r o m  t h e  n e t w o r k  i s  
s o l v e d  b y  c o n v e n t i o n a l  n e t w o r k  t h e o r y ,  a n a l o g o u s  t o  
t h a t  u s e d  f o r  t h e  s o l u t i o n  o f  c o m p l e x  e l e c t r i c a l  
c i r c u i t s .  The  d i f f i c u l t y  . . c r e a t e d  by t h e  n o n l i n e a r  
p r e s s u r e - f l o w  r e l a t i o n s h i p  i s  o v e r c o m e  by s u c c e s s i v e  
l i n e a r  a p p r o x i m a t i o n s .  The  l i n e a r  a p p r o x i m a t i o n s  a t  
e a c h  i t e r a t i o n  a r e  b a s e d  upon t h e  s o l u t i o n  t o  t h e  
p r e v i o u s  i t e r s  t i o n .  

I n  a d d i t i o n ,  the p r o g r a m  c o n t a i n s  a f a c i l i t y  f o r  t a k i n g  
i n t o  a c c o u n t  ' s i n g l e - s i d e d '  v e n t i l a t i o n *  T h i s  o c c u r s  
when t h e  o p e n i n g s  c o n n e c t i n g  o u t s i d e  a i r  t o  a s p a c e  a r e  
much l a r g e r  t h a n  t h e  o p e n i n g s  w h i c h  c o n n e c t s  i t  t o  
o t h e r  p a r t s  o f  t h e  b u i l d i n g .  T h i s  f o r m  o f  a i r  e x c h a n g e  
may r e s u l t  f r o m  l o c a l  s t a c k  e f f e c t  o r  t h a t  d u e  t o  t h e  
wind .  T h e  e q u a t i o n s  g o v e r n i n g  t h e  m a g n i  t u d e  o f  t h e s e  
i n t e r c h a n g e s  a r e  d i s c u s s e d  i n  R e f e r e n c e  4. H a v i n g  
p r o c e e d e d  t h r o u g h  t h e  g e n e r a l  s o l u t i o n  t o  d e t e r m i n e  
p r e s s u r e  d r i v e n  f l o w s ,  t h e  p r o g r a m  i d e n t i f i e s  s p a c e s  i n  
w h i c h  s i n g l e - s i d e d  v e n t i l a t i o n  may b e  i m p o r t a n t  a n d  
c o m p u t e s  t h e  f l o w s  d u e  t o  wind a n d  s t a c k .  T h e s e  a r e  
c o m p a r e d  w i t h  t h e  r e s u l t  f r o m  t h e  s o l u t i o n  f o r  p r e s s u r e  
d r i v e n  f l o w s  a n d  t h e  l a r g e s t  o f  t h e s e  t h r e e  t a k e n  a s  
t h e  s o l u t i o n .  



3 0 VALIDATION OF COMPUTER MODEL 

To i n v e s t i g a t e  t h e  v a l i d i t y  o f  t h e  c o m p u t e r  s i m u l a t i o n ,  
a  c o m p a r i s o n  h a s  b e e n  c a r r i e d  o u t  f o r  a s e m i d e t a c h e d  
t e s t  h o u s e  a t  C a p e n h u r s t ,  E n g l a n d  b e l o n g i n g  t o  t h e  
E l e c t r i c i t y  C o u n c i l  R e s e a r c h  C e n t r e  ( E C R C ) .  P r e d i c t e d  
w h o l e  h o u s e  i n f i l t r a t i o n  r a t e s  a n d  room v e n t i l a t i o n  
r a t e s  w e r e  c o m p a r e d  w i t h  f i e l d  m e a s u r e m e n t s  c a r r i e d  o u t  
by  t h e  B u i l d i n g  R e s e a r c h  E s t a b l i s h m e n t  ( B R E ) .  

3.1. B u i l d i n g  

T h e  t e s t  b u i l d i n g  i s  a t w o - s t o r e y ,  sma l l ,  
s e m i d e t a c h e d  h o u s e  w i t h  a  b r i c k  g a b l e  w a l l  a n d  
t i m b e r - f r a m e d  f r o n t  a n d  b a c k  w a l l s .  T h i s  h o u s e  l i e s  
( ~ i g u r e  1 )  a t  t h e  s o u t h - w e s t  e n d  o f  row o f  t h r e e  p a i r s  
o f  s e m i d e t a c h e d  h o u s e s  l o c a t e d  i n  r u r a l  t e r r a i n .  The  
p r e d o m i n a n t  w i n d s  f rom t h e  s o u t h - w e s t  b low o v e r  o p e n  
g r o u n d  o n t o  t h e  b r i c k - b u i l t  g a b l e  e n d - w a l l .  

F i g u r e  2 s h o w s  a p l a n  o f  t h e  t e s t  h o u s e .  A l l  w indows  
a r e  m e t a l - f r a m e d ,  s i n g l e - g l a z e d  windows h o r i z o n t a l l y  
p i v o t e d  a t  t h e  m i d p o i n t s  o f  t h e  v e r t i c a l  s i d e s .  A l l  
e x t e r n a l  d o o r s  a r e  wooden f r a m e d  w i t h  s i n g l e  g l a z i n g ,  
The  t e s t  h o u s e  i s  5 . 6  m w i d e  a n d  7.2 m d e e p .  E a c h  
f l o o r  i s  2 . 3  m high a n d  t h e  r o o f  p i t c h  i s  a b o u t  22'. 

3.2. L e a k a g e  c h a r a c t e r i s t i c s  

Componen t  p r e s s u r i s a t i o n  t e s t s  w e r e  c a r r i e d  o u t  on 
a l l  windows a n d  d o o r s  t o  d e t e r m i n e  t h e i r  l e a k a g e  
c h a r a c t e r i s t i c s .  The  r e s u l t s  w e r e  e x p r e s s e d  i n  t h e  
f o r m ,  

w h e r e  Q i s  t h e  f l o w  r a t e  f o r  a n  a p p l i e d  p r e s s u r e  
d i f f e r e n t i a l  . p  ( p a s c a l s )  b e t w e e n  i n s i d e  a n d  o u t s i d e ,  n  
i s  a n  e x p o n e n t  a n d  Q i s  t h e  f l o w  r a t e  a t  50 
P a s c a l s .  ~ e a s u r e m e n t g  showed t h a t  t h e  o v e r a l l  f l o w  
t h r o u g h  c l o s e d  windows a n d  e x t e r n a l  d o o r s  c o u l d  b e  
r e p r e s e n t e d  b y  t h e  a b o v e  e x p r e s s i o n -  

Whole h o u s e  p r e s s u r i s a t i o n  t e s t s  w e r e  a l s o  c a r r i e d  o u t .  
L a r g e  d i f f e r e n c e s  b e t w e e n  t h e  w h o l e  h o u s e  l e a k a g e  a n d  
t h e  summed c o m p o n e n t  l e a k a g e s  showed  t h a t  t h e r e  was 
s u b s t a n t i a l  b a c k g r o u n d  l e a k a g e .  T h e s e  c a n  b e  
s u m m a r i s e d  a s  f o l l o w s :  



Whole h o u s e  l e a k a g e  2 3 2 5  0 - 5 7 0  
T o t a l  l e a k a g e  t h r o u g h  c o m p o n e n t s  8 5 8  0 . 7 0 6  

R e s u l  t i n g  b a c k g r o u n d  l e a k a g e  1 4 6 8  0 . 5 0 1  

T h i s  l a r g e  b a c k g r o u n d  l e a k a g e  m u s t  $ e  t;!enth;:to 
a c c o u n t  i n  a n y  m o d e l l i n g  p r o c e d u r e  . 
i n s t a n c e ,  t h i s  w a s  c a r r i e d  o u t  by  a p p o r t i o n i n g  p a r t  o f  
t h e  l e a k a g e  t o  e a c h  p u r p o s e - b u i l t  c o m p o n e n t  a n d  t h e  
o t h e r  p a r t  t o  l e a k a g e  t h r o u g h  c r a c k s  i n t o  t h e  a t t i c  a n d  
i n t o  t h e  c r a w l - s p a c e .  

T h e  a p p o r t i o n m e n t  w a s  c a r r i e d  o u t  b y  a r e a - w e i g h t i n g  t h e  
p e r m e a b l e  a r e a  a p p r o p r i a t e  t o  t h a t  l e a k a g e  p a t h  as  a  
p r o p o r t i o n  o f  t h e  t o t a l  p e r m e a b l e  a r e a  o f 6 t h e  b u i l d i n g .  
F o r  t h i s  p u r p o s e ,  t h e  l a t t e r  i s  d e f i n e d  a s  t h e  sum 
o f  t h e  a r e a s  o f  t h e  e x t e r n a l  w a l l s  o f  t h e  h o u s e  
t o g e t h e r  w i t h  t h e  a r e a  o f  t h e  g r o u n d  f l o o r  ( w h i c h  was 
p e r m e a b l e  t o  a i r  f l o w )  a n d  t h e  a r e a  o f  t h e  s u r f a c e  
b e t w e e n  t h e  h 6 u s e  a n d  r o o f  s p a c e .  The  l e a k a g e  
c h a r a c t e r i s t i c s  t h u s  c a l c u l a t e d  f o r  t h e  ECRC h o u s e  a r e  
t a b u l a t e d  i n  T ~ b l e  1 .  The T a b l e  a l s o  g i v e s  t h e  
e q u i v a l e n t  a r e a s  c o r r e s p o n d i n g  t o  t h e  m a i n  bed room 
window when t h e y  c o u l d  b e  o p e n e d  t o  t h r e e  ' n o t c h '  
s e t t i n g s .  

3.3. Wind p r e s s u r e  c o e f f i c i e n t s  

Wind p r e s s u r e  c o e f f i c i e n t s  ( ' F a b l e  1 )  f o r  w i n d s  
f r o m  t h e  s o u t h - w e s t  a n d  n o r t h - w e s t  s t r i k i n g  t h e  g a b l e  
e n d - w a l l  a n d  t h e  r e a r  w a l l  r e s p e c t i v e l y  w e r e  o b t a i n e d  
f r o m  a  s e r i e s  o f  w i n d - t u n n e l  mo e l  s t u d i e s .  The  d a i r f l o w  f o r  t h e s e  t e s t s  was  m o d e l l e d  t o  s i m u l a t e  t h e  
b o u n d a r y  l a y e r  f l o w  o v e r  f l a t ,  o p e n  c o u n t r y s i d e  w i t h  
few o b s t a c l e s .  The p r e s s u r e  c o e f f i c i e n t s  a r e  d e f i n e d  
w i t h  r e f e r e n c e  t o  a n  u n o b s t r u c t e d  wind  s p e e d  m e a s u r e d  
a t  a  h e i g h t  o f  1 0  m i n  f u l l  s c a l e .  

3.4. C o m p a r i s o n  b e t w e e n  m e a s u r e d  a n d  p r e d i c t e d  r a t e s  

I n  F i g u r e  3 t h e  p r e d i c t e d  w h o l e  h o u s e  i n f i l t r a t i o n  
r a t e s  a r e  p l o t t e d  a g a i n s t  v a r i o u s  w i n d  s p e e d s  f o r  t h r e e  
t e m p e r a t u r e  d i f f e r e n t i a l s  b e t w e e n  i n s i d e  a n d  o u t s i d e  
a i r ,  I n  t h e  c o m p u t e r  r u n s ,  a l l  i n t e r n a l  d o o r s  w e r e  
k e p t  o p e n  a n d  t h e  wind  was t a k e n  t o  b low f r o m  t h e  s o u t h  
w e s t  t o w a r d s  t h e  g a b l e  e n d - w a l l .  S u p e r i m p o s e d  a r e  
f i e l d  m e a s u r e m e n t s  o f  w h o l e  b u i l d i n g  i n f i l t r a t i o n  r a t e s  



measu red  u s i n g  t h e  c o n v e n t i o n a l  t r a c e r  d e c a y  t e c h n i q u e .  

These  f i e l d  measu remen t s  we re  a l s o  c a r r i e d  o u t  w i t h  a l l  
windows and o u t s i d e  d o o r s  c l o s e d  and  w i t h  a l l  i n t e r n a l  
d o o r s  o p e n -  D u r i n g  t h e  m e a s u r e m e n t s ,  t h e  t e m p e r a t u r e  
d i f f e r e n t i a l  be tween  i n s i d e  and o u t s i d e  was a b o u t  
5 ' ~ .  On a v e r a g e ,  t h e  wind was a l s o  b lowing  o n t o  t h e  
g a b l e  e n d - w a l l  o f  t h e  h o u s e  i n  a  manner  s imi la r  t o  t h e  
compu te r  s i m u l a t i o n s .  F i g u r e  3 shows t h e  good 
c o m p a r i s o n  be tween  measu red  and p r e d i c t e d  whole  house  
i n f i l t r a t i o n  r a t e s .  The p r e d i c t e d  c u r v e s  a l s o  show t h e  
i n f l u e n c e  o f  t e m p e r a t u r e  d i f f e r e n t i a l  and t h e  r e g i o n s  
o v e r  wh ich  buoyancy  e f f e c t s  d o m i n a t e .  

F i g u r e  4 shows s i m i l a r  c o m p a r i s o n  be tween  measured  and 
p r e d i c t e d  room v e n t i l a t i o n  r a t e s  i n  Bedroom 1 ( ~ i ~ u r e  
2 )  w i t h  and w i t h o u t  t h e  window i n  t h a t  room k e p t  open  
t o  Notch  3  a able 1 ) -  D u r i n g  t h i s  s e t  o f  f i e l d  
m e a s u r e m e n t s ,  a l l  i n t e r n a l  d o o r s  we re  k e p t  c l o s e d ,  The 
wind ,  as b e f o r e ,  was b lowing  f rom t h e  g o u t h  w e s t  and 
t h e  t e m p e r a t u r e  d i f f e r e n t i a l  was a b o u t  1 0  C .  

The e x a c t  c o m p a r i s o n  be tween  measu red  and p r e d i c t e d  
room a i r c h a n g e  r a t e s  i s  n o t  good .  T h i s  was t o  be 
e x p e c t e d  s i n c e  t h e  background  l e a k a g e  was d i s t r i b u  ed 
on a n  a r e a - w e i g h t e d  b a s i s .  E t h e r i d g e  and A l e x a n d e r  4 
have  shown t h a t  t h i s  p rob l em c a n  be  s o l v e d  i n  a n  
i t e r a t i v e  manner  by c h o o s i n g  s e v e r a l  d i f f e r e n t  
d i s t r i b u t i o n  p a t t e r n s  which  s a t i s f y  t h e  whole -house  
l e a k a g e  c h a r a c t e r i s t i c  and t h e n  a p p l y i n g  o t h e r  
c o n d i t i o n s  ( s u c h  a s  compa r ing  p r e d i c t e d  r a t e s  w i t h  
measu red  v e n t i l a t i o n  r a t e s )  t o 1 8 b t a i n  t h e  b e s t  p o s s i b l e  
d i s t r i b u t i o n .  A l e x a n d e r  e t  a 1  however ,  d e s c r i b e  
a n  e x p e r i m e n t a l  p r e s s u r i s a t i o n  t e c h n i q u e  whereby  t h e  
d i s t r i b u t i o n  o f  background  l e a k a g e  a r e a s  may be  
d e t e r m i n e d  f o r  u s e  w i t h  t h e s e  p r e d i c t i o n  me thods .  

F i g u r e  4 shows t h a t  t h e  p r e d i c t i o n s  o v e r e s t i m a t e  t h e  
measu red  room r a t e s  when t h e  room window i s  c l o s e d  b u t  
u n d e r e s t i m a t e  when t h e  window i s  opened .  Both  
p r e d i c t i o n s  and m e a s u r e m e n t s ,  however ,  show t h e  
e x p e c t e d  i n c r e a s e  i n  t h e  room v e n t i l a t i o n  r a t e  w i t h  
i n c r e a s i n g  wind s p e e d  and  w i t h  t h e  o p e n i n g  o f  t h e  
window. 

The r e s u l t s  we re  c o n s i d e r e d  t o  be s u f f i c i e n t l y  good t o  
p r o c e e d  t o  a  s e r i e s  o f  c a l c u l a t i o n s  o f  whole  h o u s e  and 
zone  v e n t i l a t i o n  r a t e s  f o r  a  s t a n d a r d i s e d  h o u s e -  The 
zones  were  l a r g e ,  i . e ,  e i t h e r  t h e  whole  u p s t a i r s  o r  
d o w n s t a i r s  s p a c e ,  and we re  e x p e c t e d  t o  be  l e s s  
s e n s i t i v e  t o  background  l e a k a g e  t h a n  i n d i v i d u a l  rooms. 



PREDICTIONS USING 'STANDARD' HOUSE CONFIGURATION 

If t h e  t o t a l  p e r m e a b k e  a r e a  o f  t h e  b u i l d i n g  i s  A , t h e n  
i t  h a s  b e e n  shown t h a t  Q / A  i s  a good i n d i c g t o r  o f  

T .  P  t h e  o v e r a l l  p e r m e a b i l i t y  t o  a x r  f l o w  o f  t h e  b u i l d i n g  
e n v e l o  e .  s o r  t h e  ECRC h o u s e ,  t h i s  i n d e x  w o r k s  o u t  a s  3 1 1 . 8  m h-'/m . T i s  i s  much t - g h t e r  t h a n  t h e  a v e r a g e  3 k i n d e x  o f  22 .1  m h- ' /m2 f o u n d  i n  a smal l  s a m p l e  o f  U K  
h o u s i n g .  

I t  w a s  d e c i d e d  t h a t  f u r t h e r  c o m p u t e r  p r e d i c t i o n s  s h o u l d  
b e  c a r r i e d  o u t  i n  a  ' s t a n d a r d '  h o u s e  w i t h  l e a k a g e  
c h a r a c t e r i s t i c s  more  r e p r e s e n t a t i v e  o f  e x i s t i n g  UK 
d w e l l i n g s .  U s i n g  t h e  same h o u s e  a n d  room c o n f i g u r a t i o n  
a s  t h e  ECRC h g u s e ,  a  ' s t  n d a r d '  h o u s e  m o d e l  j a s  s e t  up  9 u s i n g  v a l u e s  o f  200 m ( c o m p a r e d  t o  197 m f o r  t h e  

- ECRC h o Y s g ]  f o r  t h e  h o u s e  vo lume  t o g e t h e r  w i t h  QT - 
2740  m h  a n d  n  = 0 . 6 0 .  The  c o m p o n e n t  a n d  c r a c k  
l e a k a g e s  w e r e  d e t e r m i n e d  a s  b e f o r e  u s i n g  a r e a - w e i g h t i n g  
a n d  a r e  t a b u l a t e d  i n  T a b l e  1 .  C a l c u l a t i o n s  show t h a t  
t h i s  d i s t r i b u t i o n  r e s u l t s  i n  62% o f  t h e  l e a k a g e  a t  5 0  
Pa b e i n g  b a c k g r o u n d  c r a c k a g e .  T h i s  c  m a r e s  w i t h  t h e  8 
a v e r a g e  60% a s  f o u n d  by W a r r e n  a n d  Webb . 
V a r i o u s  c o m p u t e r  s i m u l a t i o n s  a r e  now c o n s i d e r e d  b a s e d  
o n  t h e  s t a n d a r d  h o u s e .  U n l e s s  o t h e r w i s e  s t a t e d ,  a l l  
s i m u l a t i o n s  w e r e  c a r r i e d  o u t  w i t h  t h e  f o l l o w i n g  
c o n f i g u r a t i o n :  

Wind b l o w i n g  o n t o  t h e  r e a r  o f  t h e  h o u s e .  

T e m p e r a t u r e  d i f f e r e n t i a l  o f  5 ' ~ .  

. I n t e r n a l  d o o r s  o p e n .  

4.1. E f f e c t  o f  w ind  d i r e c t i o n  

S i m u l a t i o n s  w e r e  c a r r i e d  o u t  f o r  w i n d s  b l o w i n g  
t o w a r d s  t h e  f r o n t ,  r e a r  a n d  e n d  w a l l s  o f  t h e  t e s t  
h o u s e .  F i g u r e  5 s h o w s  t h e  w h o l e  h o u s e  i n f i l t r a t i o n  
r a t e s  o b t a i n e d .  A t  l o w  w i n d s p e e d s ,  b u o y a n c y  e f f e c t s  
d o m i n a t e  a n d  wind  d i r e c t i o n  h a s  o n l y  a  s m a l l  i n f l u e n c e  
on  t h e  a i r c h a n g e  r a t e s .  A t  h i g h e r  wind  s p e e d s ,  a n d  a s  
e x p e c t e d ,  t h e  i n f i l t r a t i o n  r a t e s  a r e  much g r e a t e r  f o r  
w i n d s  b l o w i n g  o n t o  e i t h e r  t h e  f r o n t  o r  r e a r  o f  t h e  
b u i l d i n g  t h a n  f o r  w i n d s  b l o w i n g  o n t o  t h e  e n d  w a l l .  The  
l e a k a g e  d i s t r i b u t i o n  i s  s u c h  t h a t  t h e r e  i s  n o  
d i s c e r n i b l e  d i f f e r e n c e  i n  t h e  r a t e s  f o r  w i n d s  b l o w i n g  
e i t h e r  t o w a r d s  t h e  f r o n t  o r  t h e  r e a r  o f  t h e  h o u s e .  



4.2. E f f e c t  o f  o p e n i n g  a n  u p s t a i r s  bed room window 

The  i n f l u e n c e  o f  o p e n i n g  a n  u p s t a i r s  window o n  t h e  
v e n t i l a t i o n  a i r f l o w s  w a s  d e t e r m i n e d  by  a  s e r i e s  o f  
s i m u l a t i o n s  c a r r i e d  o u t  w i t h  t h e  window i n  t h e  l e e w a r d  
Bedroom 4 o p e n  t o  v a r i o u s  n o t c h e s  o n  t h e  window c a t c h .  

F i g u r e  6 . a .  s h o w s  t h e  i n c r e a s e  i n  t h e  w h o l e  h o u s e  
v e n t i l a t i o n  r a t e  when t h e  window i s  o p e n e d  t o  M o t c h  3 
 a able 1 ) .  F i g u r e  6 . b .  s h o w s  t h a t  t h i s  i s  b r o u g h t  
a b o u t  by a n  i n c r e a s e  i n  t h e  f r e s h  a i r  i n f l o w  i n t o  b o t h  
s t o r e y s  o f  t h e  h o u s e .  I t  s h o u l d  b e  n o t e d  t h a t  more  
f r e s h  a i r  f l o w s  i n t o  t h e  d o w n s t a i r s  r e g i o n  t h a n  t h e  
u p s t a i r s  a n d  t h a t  t h e r e  i s  a n e t  f l o w  u p w a r d s  w i t h i n  
t h e  h o u s e .  I n  a l l  t h e s e  a n d  s u b s e q u e n t  f i g u r e s ,  t h e  
f l o w  r a t e s  r e l a t i n g  t o  e a c h  f o o r  h a v e  b e e n  n o r m a l i s e d  3 by t h e  f l o o r  v o l u m e s  o f  1 0 0  m e a c h .  

The e f f e c t  o f  g r a d u a l l y  o p e n i n g  t h e ,  window was  a l s o  
e x a m i n e d ,  A t  a w i n d s p e e d  o f  4 m s  , r e p r e s e n t a t i v e  
f o r  t h e  l o c a l i t y  i n  w h i c h  t h e  t e s t  h o u s e  i s  s i t u a t e d ,  
t h e  r e s u l t i n g  w h o l e - h o u s e  v e n t i l a t i o n  r a t e s  w e r e  a s  
f o l l o w s :  

Window o p e n i n g  p a t t e r n  V e n t i l a t i o n  r a t e  ( a c h )  

Window c l o s e d  0 . 6 9  

Window o p e n  t o  f i r s t  n o t c h  ( # I )  0 .75  

Window o p e n  w i t h  c a t c h  r e s t i n g  o n  0 . 8 4  
f r a m e  ( # 2 )  

Window o p e n  t o  m a i n  s t o p  ( # 3 )  1 .21  

Windows i n  Bedrooms 1 a n d  2  ( w i n d w a r d )  2 . 0 9  
b o t h  o p e n  t o  N o t c h  #3 

4.3. E f f e c t  o f  o p e n i n g  b a n k s  o f  u p s t a i r  windows 

The  e f f e c t  t h a t  o p e n i n g  a l l  w i n d w a r d  o r  l e e w a r d  
u p s t a i r s  w indows  ( i , e .  ' b a n k s '  o f  w indows)  h a s  o n  t h e  
v e n t i l a t i o n  a i r f l o w s  w i t h i n  t h e  b u i l d i n g  was e x a m i n e d .  
S i m u l a t i o n s  w e r e  c a r r i e d  o u t  w i t h  v a r i o u s  c o m b i n a t i o n s  
o f  o p e n  l e e w a r d  a n d  w i n d w a r d  b a n k s  o f  w indows .  

F i g u r e  7 . a .  s h o w s  t h e  i n c r e a s e  i n  t h e  w h o l e  ' h o u s e  
v e n t i l a t i o n  r a t e  w e n  t h e  windows w e r e  o p e n e d ,  A t  a  ==? wind  s p e e d  o f  4 m s  , t h e  v e n t i l a t i o n  r a t e s  f r o m  



t h e s e  s i m u l a t i o n s  w e r e ;  

Windows V e n t i l a t i o n  r a t e  

Windward Leeward  ( a i r  c h a n g e s  p e r  h o u r )  

c l o s e d  c l o s e d  0 . 6 9  

c l o s e d  o p e n  1 . 5 7  

o p e n  c l o s e d  1 . 8 2  

o p e n  o p e n  4 - 3 7  

The  t o t a l  a i r c h a n g e  r a t e  i n  e a c h  f l o o r  f o r  e a c h  o f  t h e  
window o p e n i n g  p a t t e r n s  i s  a l s o  shown i n  F i  u r e  7 . a .  

I t  i n  a  m a n n e r  s i m i l a r  t o  t h a t  g i v e n  b y  D i c k s o n  . 
s h o w s  t h a t  t h e  moa t  s i g n i f i c a n t  i n c r e a s e s  o c c u r  
u p s t a i r s .  F o r  a  4 m s -  w i n d  s p e e d ,  t h e  a i r c h a n g e  
r a t e  u p s t a i r s  t r i p l e s  i n  v a l u e  when e i t h e r  t h e  w i n d w a r d  
o r  l e e w a r d  windows a r e  o p e n e d .  T h i s  i n c r e a s e  i s  
e i g h t f o l d  when a l l  u p s t a i r  w indows  a r e  o p e n e d ,  
Q u a l i t a t i v e l y ,  t h e s e  e f f e c t s  a r e  s i m i l a r  t o  t h o s e  
o b s e r v e d  by ~ i c k s o n ~  f r o m  f i e l d  m e a s u r e m e n t s  on  a  
d e t a c h e d  h o u s e .  

The  v e n t i l a t i o n  r a t e  d o w n s t a i r s  i s  s e e n  t o  d e c r e a s e  
when a l l  u p s t a i r s  w indows  a r e  o p e n e d .  T h i s  c a n  b e  
t r a c e d  ( ~ i g u r e  7 . b . )  t o  a r e d u c t i o n ,  i n  t h i s  i n s t a n c e ,  
o f  t h e  i n f l o w  o f  f r e s h  a i r  i n t o  t h a t  r e g i o n .  I t  i s  
a l s o  i n t e r e s t i n g  t o  n o t e  t h a t ,  i n  t h e  s i m u l a t i o n s  when 
t h e  u p s t a i r  w i n d w a r d  windows w e r e  o p e n e d ,  t h e r e  i s  a  
f l o w  r e v e r s a l  w i t h  a i r  f l o w i n g  down t h e  s t a i r w e l l ,  

I n f l u e n c e  o f  i n t e r n a l  d o o r s  

A s e r i e s  o f  s i m u l a t i o n s  w e r e  c a r r i e d  o u t  t o  
d e t e r m i n e  t h e  e f f e c t ,  i f  a n y ,  o f  c l o s i n g  i n t e r n a l  d o o r s  
o n  t h e  v e n t i l a t i o n  f l o w s .  S i m u l a t i o n s  w e r e  c a r r i e d  o u t  
w i t h  t h e  window i n  e i t h e r  t h e  u p s t a i r  l e e w a r d  Bedroom 

1 o p e n  t o  N o t c h  3  o r  w i t h  t h e  d o w n s t a i r s  k i t c h e n  
window o p e n  by t h e  s a m e  a m o u n t .  S i n c e  i t  h a s  b e e n  
shown p r e v i o u s l y  t h a t  t h e r e  i s  n o  d i s c e r n i b l e  
d i f f e r e n c e  i n  t h e  a i r c h a n g e  r a t e s  f o r  w i n d s  b l o w i n g  
e i t h e r  o n t o  t h e  f r o n t  o r  r e a r  o f  t h e  h o u s e ,  t h e  wind  
was t a k e n  t o  b low t o w a r d s  t h e  f r o n t  o f  t h e  h o u s e  when 
t h e  k i t c h e n  window was o p e n e d .  



F i g u r e s  8 . a .  a n d  8 . b .  show c l e a r l y  t h a t  t h e  w h o l e  
h o u s e  v e n t i l a t i o n  r a t e  i s  r e d u c e d  o n l y  when i n t e r n a l  
d o o r s  a r e  s h u t  i n  +-he f l o o r  i n  w h i c h  t h e  window i s  
o p e n .  A t  4 m s -  , t h i s  r e d u c t i o n  w a s  25% when t h e  
u p s t a i r  window was o p e n  a n d  18% when t h e  d o w n s t a i r  
window was  o p e n .  

D I S C U S S I O N  

P r e d i c t e d  w h o l e  h o u s e  i n f i l t r a t i o n  r a t e s  h a v e  b e e n  
shown t o  c o m p a r e  v e r y  w e l l  w i t h  f i e l d  m e a s u r e m e n t s ,  
T h e  c o m p a r i s o n  w a s ,  h o w e v e r ,  p o o r  when i n d i v i d u a l  room 
r a t e s  w e r e  d e t e r m i n e d -  I t  was  s u g g e s t e d  t h a t  t h i s  was  
p o s s i b l y  d u e  t o  a n  i n c o r r e c t  d i s t r i b u t i o n  o f  t h e  
b a c k g r o u n d  l e a k a g e  a m o n g s t  t h e  rooms  when i n p u t  a s  d a t a  
i n t o  t h e  c o m p u t e r  m o d e l .  

F o r  t h i s  s t u d y ,  i t  was shown t h a t  o p e n i n g  u p s t a i r s  
w indows  s t r o n g l y  i n f l u e n c e s  t h e  v e n t i l a t i o n  f l o w .  
O p e n i n g  a  l e e w a r d  window w a s  shown t o  d o u b l e  t h e  w h o l e  
h o u s e  i n f i l t r a t i o n  r a t e  w h i l s t  o p e n i n g  a  window i n  e a c h  
o f  t h e  two m a i n  b e d r o o m s ,  o n e  on t h e  windward  a n d  t h e  
o t h e r  o n  t h e  l e e w a r d  s i d e  o f  t h e  h o u s e ,  t r e b l e d  t h e  
r a t e .  T h i s  i n c r e a s e  w a s  m a g n i f i e d  when b a n k s  of  
w indows  w e r e  o p e n e d  u p s t a i r s .  

F i n a l l y ,  f o r  t h e  p a r t i c u l a r  c o n d i t i o n s  c o n s i d e r e d ,  t h e  
s i m u l a t i o n s  showed t h a t  c l o s i n g  i n t e r n a l  d o o r s  r e d u c e s  
t h e  w h o l e  b u i l d i n g  v e n t i l a t i o n  r a t e  b u t  o n l y  i f  t h e  
d o o r s  a r e  s h u t  i n  t h e  f l o o r  i n  w h i c h  a  window i s  o p e n .  

6. C O N C L U S I O N S  

T h e  c o m p u t e r  p r o g r a m  B R E E Z E  h a s  b e e n  u s e d  t o  e v a l u a t e  
t h e  i m p o r t a n c e  o f  

- window o p e n i n g  p a t t e r n s ,  

- o p e n  o r  c l o s e d  i n t e r n a l  d o o r s ,  

- w i n d  s p e e d ,  w ind  d i r e c t i o n  a n d  d i f f e r e n c e  i n  
i n t e r n a l  a n d  e x t e r n a l  t e m p e r a t u r e s ,  

o n  t h e  v e n t i l a t i o n  a i r f l o w s  i n  a  t y p i c a l  s e m i d e t a c h e d  
h o u s e .  



I t  i s  shown  t h a t  BREEZE c a n  p r o v i d e  a  u s e f u l  d e s i g n  
t o o l  w i t h  w h i c h  t o  a s s e s s  t h e  i n f l u e n c e  o f  c h a n g e s  o f  
b u i l d i n g  f a b r i c ,  o f  f o r m  o r  l o c a t i o n  on  t h e  v e n t i l a t i o n  
o f  t h a t  b u i l d i n g .  I t  i s  e q u a l l y  a p p l i c a b l e  t o  l a r g e r  
b u i l d i n g s  s u c h  a s  o f f i c e s  a n d  t o  s m a l l e r  b u i l d i n g s  s u c h  
a s  t h e  d w e l l i n g s  d i s c u s s e d  i n  t h i s  p a p e r .  To make t h i s  
p r o g r a m  more  w i d e l y  a v a i l a b l e ,  BREEZE h a s  now b e i n g  
d e v e l o p e d  a n d  i m p l e m e n t e d  a s  a n  i n t e r a c t i v e  
u s e r - f r i e n d l y  p a c k a g e  o n  a n  I B M  p e r s o n a l  c o m p u t e r .  
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Figure 2 - Plan o f  t e s t  house 
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Figure 3 - Comparison of measured versus predicted infiltration rate 
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Figure 4 - Airchange rate in Bedroom + 1 for ECRC house 
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INTERPRETATION AND ERROR ANALYSIS OF MULTI-TRACER GAS 
MEASUREMENTS TO DETERMINE AIR MOVEMENT IN A HOUSE. 

by R R Walker 

1 .  INTRODUCTION 

Although infiltration of outside air across the 
envelope of a building has been considered of prime 
interest in relation to energy conservation and indoor 
air quality, it also important to understand the way in 
which air moves between zones within a building. A 
knowledge of the air movement pattern enables the 
transfer of pollutants or heat to be determined. In 
order to achieve this, a number of experimental methods 
have recently been developed, using either single or 
multiple tracer gases. (See, for instance, references 
19296,799) 0 

It is important in any method to assess the confidence 
which can be placed in the resulting flow rates. This 
paper discusses methods for analysing and evaluating 
errors arising from measurements made using three 
tracer gases. The test data presented are taken from a 
programme of measurements to determine the infiltration 
rates and air interchange between three zones of a 
mehanically ventilated experimental house. The full 
programme is designed to investigate the effect of 
operating the mechanical ventilation system and the use 
of internal doors, as well as meteorological factors. 

2. THE TEST HOUSE 

The house was built on site at Garston in 1978 as a 
'low energy' test house, and incorporates a high 
standard of insulation and a mechanical ventilation 
system with an air to air heat exchanger for heat 
recovery. The elevations and floor plans are shown in 
Figures 1 and 2. 

The mechanical ventilation system supplies fresh air 
via ducting to the three bedrooms and the living room. 
Stale air is similarly extracted from the bathroom, 
downstairs toilet, kitchen dining area and from the 
cooker hood. 



s u p p l y  and e x t r a c t  f  ow r a t e s  h a v e  been  measured  t o  3 a p p r o x i m a t e l y  8 1 m  / h r  t o  t h e  bedrooms and 
3 / h r  t o  t h e  l ounge .  The i n d i v i d u a l  e x t r a c t  r a t e s  

have  n o t  b e e n  measu red ,  and a r e  e s i m a t e d  t o  be 
a p p r o x i m a t e l y  i n  t h e  r a t i o  1:3 f rom t h e  ba throom 
u p s t a i r s  and f rom b o t h  k i t c h e n  and t o i l e t  d o w n s t a i r s .  
The t o t a l  s u p p l y  and e x t r a c t  r a t e s  a r e  i n  b a l a n c e .  

3. INJECTION STRATEGY 

F o r  t h e  p r e s e n t  p u r p o s e s  t h e  h o u s e  was n o t i o n a l l y  
d i v i d e d  i n t o  t h r e e  z o n e s ;  t h e  g round  f l o o r ,  f i r s t  f l o o r  
and l o f t  s p a c e ,  c a l l e d  z o n e s  1, 2  and  3 r e s p  c t i v e l y .  3 Zones 1 and  2  have  a  nomina l  volumes o f  9 7 . 5 1 ~  . The 
l o f t  s p a c e ,  which  i s  common t o  a l l  t h r e e  h o u s e s  and 
e x t e  d s  a c r o s s  t h e  whole  t e r r a c e ,  h a s  a  volume of  3 260m . 
Three  t r a c e r  g a s e s ,  C O 2 *  N20 and  SF6 were  u s e d ,  
one i n i t i a l l y  d i s t r i b u t e d  t h r o u g h o u t  e a c h  zone .  C02 
was i n j e c t e d  t o  a  t a r g e t  o f  2000-5000ppm i n  t h e  g round  
f l o o r ,  N 0  t o  200ppm i n  t h e  f i r s t  f l o o r ,  and SF6 t o  
e i t h e r  5 6  o r  2OOppm i n  t h e  l o f t .  These  c h o i c e s  were 
d e t e r m i n e d  by t h e  a v a i l a b l e  a n a l y s e r s ,  d e s c r i b e d  below. 

T r a c e r  g a s  was d e l i v e r e d  t o  e a c h  zone v i a  s i n g l e  4mm I D  
n y l o n  t u b e s .  I n  zone  1 t h i s  t h e n  b r anched  i n t o  each  
room and t h e  h a l l .  T h e r e  were  s i m i l a r  n e t w o r k s  f o r  
zones  2  and  3 .  

The t r a c e r  g a s  d e l i v e r e d  by e a c h  b r a n c h  was d i s p e r s e d  
t h r o u g h  f a n s ,  and t h e  d e l i v e r y  r a t e  a d j u s t e d  w i t h  
n e e d l e  v a l v e s .  Fans  were  u s e d  d u r i n g  i n j e c t i o n  t o  a i d  
mix ing  o f  t r a c e r  g a s  w i t h i n  each  zone .  These  c o n s i s t e d  
o f  p a i r s  b lowing  i n  o p p o s i t e  d i r e c t i o n s ,  l o c a t e d  on t h e  
t h r e s h o l d s  o f  e ach  room and a l o n g  t h e  l o f t  s p a c e .  I n  
a d d i t i o n ,  o s c i l l a t i n g  d e s k  t o p  f a n s  were  p l a c e d  i n  t h e  
c e n t r e  o f  e a c h  room. 

I n j e c t i o n  t i m e s  f o r  e a c h  t r a c e r  we re  e s t a b l i s h e d  by 
t r i a l  and e r r o r .  These  were  a l l  l e s s  t h a n  one minu t e .  
The m i x i n g  f a n s  were  s w i t c h e d  o f f  f i f t e e n  m i n u t e s  a f t e r  
i n j e c t i o n .  



4. SAMPLING OF T R A C E R  GASES 

The a n a l y s e r s  u s e d  were  two c o n t i n o u s  o u t p u t ,  d u a l  
c h a n n e l ,  n o n - d i s p e r s i v e  i n f r a r e d  i n s t r u m e n t s  by Leybold  
He raeus .  C h a n n e l s  were  d e d i c a t e d  t o  a n a l y s i s  o f  e i t h e r  
one  o f  SF6,  N20 o r  C02. Depending  on t h e  u n i t  
u s e d ,  SF6 a n a l y s l s  was on e i t h e r  a  200ppm o r  a  50ppm 
r a n g e ,  and  i n j e c t i o n  t i m e s  were  a l t e r e d  a c c o r d i n g l y .  

A i r  s a m p l e s  we re  drawn f rom e a c h  zone  v i a  a  n e t w o r k  o f  
t u b i n g ,  which  e x a c t l y  m i r r o r e d  t h e  i n j e c t i o n  n e t w o r k .  
Thus s a m p l e s  f r o m  e a c h  l o c a t i o n  w i t h i n  a  zone  were 
b l e n d e d  b e f o r e  p a s s i n g  back  t o  t h e  a n a l y s e r s .  I n  
a d d i t i o n ,  a  s i n g l e  l i n e  r a n  t o  o u t s i d e  t o  o b t a i n  a  
r e f e r e n c e  l e v e l  f o r  e a c h  t r a c e  a n a l y s i s .  Two f u r t h e r  
' f l y i n g  l e a d s '  were  u s e d  t o  o b t a i n  i n d i v i d u a l  g round  
and f i r s t  f l o o r  room s a m p l e s .  I n  t h i s  way t h e  e v e n n e s s  
o f  i n i t i a l  c o n c e n t r a t i o n  l e v e l s  w i t h i n  e a c h  zone  c o u l d  
be  c h e c k e d ,  and t h e  t r a c e r  i n j e c t i o n  r a t e  s e t  
a c c o r d i n g l y .  

The t o t a l  o f  s i x  sample  l i n e s  were  t h e n  b r o u g h t  back  t o  
i n d i v i d u a l  s o l e n o i d  v a l v e s ,  which  were  u n d e r  t h e  
c o n t r o l  o f  a n  I T T  D i r e c t o r  m i c r o p r o c e s s o r  u n i t .  T h i s  
u n i t  was programmed t o  c o n n e c t  e a c h  s amp le  l i n e  i n  t u r n  
t o  t h e  two a n a l y s e r s .  The c o n c e n t r a t i o n s  o f  t h e  t h r e e  
t r a c e r s  p r e s e n t  i n  e a c h  s amp le  were  r e c o r d e d  on 
c a s s e t t e s  by a  d a t a  l o g g e r  u n i t ,  u s i n g  a n  a r b i t r a r y  
s c a l e  of  0 - 200 u n i t s .  The d a t a  were  l a t e r  
t r a n s c r i b e d  u s i n g  a n  o f f - l i n e  compu te r .  A s h e m a t i c  
l a y o u t  o f  t h i s  s y s t e m  i s  shown i n  F i g u r e  3 .  

T e s t s  began  by s w i t c h i n g  o f f  t h e  m i x i n g  f a n s  and  by 
s t a r t i n g  t h e  s a m p l i n g  s y s t e m .  Each t e s t  c o n t i n u e d  f o r  
t h i r t y  m i n u t e s .  

5. T H E O R Y  

The t h e o r e t i c a l  b a s i s  f o r  d e r i v i n g  v e n t i l a t i o n  and 
i n t e r z o n e  a i r f l o w  r a t e s  f rom measu remen t s  o f  m u l t i p l e  
t r a c e r s  i s  d e t a i l e d  i n  R e f e r e n c e  1. It  was shown how 
i n  t h e  ' d e c a y  method '  t h e  c o n s e r v a t i o n  o f  t r a c e r  g a s  i n  
a  zone ( k )  c a n  be w r i t t e n  i n  t h e  form:  

where  t h e  c o r r e s p o n d i n g  e l e m e n t s  a r e ,  r e s p e c t i v e l y :  



w h e r e  b ( i k )  i s  t h e  K r o n e c k e r  d e l t a ,  a n d  t h e  o r d e r  o f  
t h e  m a t r i c e s  i s  e q u a l  t o  t h e  number  o f  z o n e s ,  n .  The 
m e a s u r a b l e  q u a n t i t i e s  a r e :  

V 
( k )  

= t h e  vo lume  o f  z o n e  ( k )  

C = t h e  c o n c e n t r a t i o n  o f  t r a c e r  ( i )  
i j i n  z o n e  ( j )  

C 
i ( k )  

= t h e  t i m e  d e r i v a t i v e s  o f  t h e  
c o n c e n t r a t i o n s  C 

i ( k )  

w h i c h  a r e  u s e d  t o  s o l v e  f o r  t h e  unknowns:  

S 
( k )  

= t h e  t o t a l  o u t f l o w  o f  a i r  f r o m  z o n e  ( k )  

'i 
= t h e  f l o w  f r o m  z o n e  ( i )  t o  z o n e  ( j )  

a n d  s u b s e q u e n t l y  a l s o  f o r  t h e  i n f i l t r a t i o n  (QOi) a n d  
e x f i l t r a t i o n  (QiO) t e r m s .  

E q u a t i o n  ( 1 )  c a n  b e  r e p l a c e d  by  n ( n + l )  s i m u l t a n e o u s  
e q u a t i o n s  d e s c r i b i n g  t h e  mass  b a l a n c e  o f  n  t r a c e r s  a n d  
a i r ,  i n  t e r m s  o f  n ( n + l )  unknown e x c h a n g e s  b e t w e e n  n  
z o n e s  a n d  t h e  o u t s i d e .  T h i s  i s  c o n s i d e r e d  l a t e r  i n  
S e c t i o n  1 1 ,  a n d  A p p e n d i x  B .  

I t  w i l l  b e  n o t e d  t h a t  i n  o r d e r  t o  s o l v e  t h e  e q u a t i o n s  
i n  t h e i r  p r e s e n t  f o r m ,  t h e  i n p u t  d a t a  r e q u i r e  t h e  
' s l o p e s q  o f  t h e  C i . ( t )  c u r v e s  t o  b e  e s t a b l i s h e d  f o r  
e a c h  t r a c e r  i n  e a a h  z o n e .  T h i s  w i l l  be  r e f e r r e d  t o  a s  
t h e  G r a d i e n t  Me thod .  An a l t e r n a t i v e  a p p r o a c h  i s  t o  
i n t e g r a t e  t h e  m a s s  b a l a n c e  e q u a t i o n s  t h r o u g h o u t  w i t h  
r e s p e c t  t o  t i m e ,  o v e r  some p e r i o d r .  T- m i g h t  b e  c h o s e n  
t o  b e  t h e  w h o l e  d u r a t i o n  o f  t h e  t e s t  f o r  e x a m p l e .  The 
f l o w  m a t r i x  r e m a i n s  u n a f f e c t e d ,  b u t  t h e  e l e m e n t s  o f  [ A ]  
a n d  {B) become:  

? 

w h e r e  



J:ij 
. d t  = t h e  a r e a  u n d e r  t h e  c u r v e  C .  ( t )  

o f  t h e  t r a c e r ( i )  r e c o r d e a J i n  
zone  ( j ) ,  o v e r  t h e  p e r i o d T *  

O C i ( k )  
= change  i n  c o n c e n t r a t i o n  o f  t r a c e r  ( i )  

i n  zone  ( k )  o v e r  t h e  d u r a t i o n T ,  

T h e r e  w i l l  be  a  ' s m o o t h i n g  e f f e c t '  on  t h e  d a t a  by  u s i n g  
t h e  e q u a t i o n s  i n  t h i s  i n t e g r a t e d  fo rm.  T h i s  w i l l  b e  
r e f e r r e d  t o  a s  t h e  I n t e g r a l  Method. 

6 .  D A T A  ANALYSIS 

F o r  t h e  G r a d i e n t  Method t h e  c o n c e n t r a t i o n s  and 
d e r i v a t i v e s  a t  a  s i n g l e  t i m e  p o i n t  were  o b t a i n e d  f rom 
t h e  c o n c e n t r a t i o n  p r o f i l e s  p l o t t e d  on  a  s e m i l o g a r i t h m i c  
s c a l e .  A s t r a i g h t  l i n e  was drawn t h r o u g h  d a t a  p o i n t s  
l o c a l  t o  t h e  s p e c i f i e d  t i m e .  The d e r i v a t i v e  was t h e n  
computed f rom t h e  c o n c e n t r a t i o n  a t  t h a t  t i m e ,  on t h e  
l i n e  f i t ,  and t h e  s l o p e  o f  t h e  l i n e .  

F o r  t h e  I n t e g r a l  Nethod t h e  c u r v e s  were  i n t e g r a t e d  
n u m e r i c a l l y  o v e r  a  s p e c i f i e d  p e r i o d  u s i n g  a  s i m p l e  
t r a p e z o i d a l  method.  The o v e r a l l  c h a n g e s  i n  
c o n c e n t r a t i o n  o v e r  t h i s  p e r i o d  were  a l s o  n o t e d .  

The d a t a ,  i n  e i t h e r  t i m e  d e r i v a t i v e  o r  t i m e  i n t e g r a l  
f o r m ,  were  t h e n  u sed  t o  s o l v e  f o r  t h e  f l o w s  by 
c o m p u t e r ,  u s i n g  t h e  Gauss  e l i m i n a t i o n  method.  I t  i s  
p o s s i b l e  f o r  s m a l l  n e g a t i v e  v a l u e s  t o  be  computed;  
t h e s e  h a v e  no p h y s i c a l  i n t e r p r e t a t i o n  3n  t h e  p r e s e n t  
c o n t e x t .  A l e a 3 t  s q u a r e s  p r o c e d u r e  a d v o c a t e d  by 
Penman a n d  R a s h i d  was a v a i l a b l e  t o  c o n s t r a i n  t h e  
s o l u t i o n s  t o  h a v e  p o s i t i v e  v a l u e s .  F o r  t h e  p u r p o s e s  o f  
e r r o r  a n a l y s i s ,  t h i s  was n o t  u s e d .  

7. E R R O R  ANALYSIS 

The a ims  o f  t h e  d a t a  a n a l y s e s  i n  t h e  f o l l o w i n g  S e c t i o n s  
a r e  f i v e f o l d :  

1 .  t o  d i s c u s s  p r o c e s s s i n g  by t h e  G r a d i e n t  Method and 
I n t e g r a l  Method 



2 .  t o  e v a l u a t e  t h r e e  schemes  o f  e r r o r  a n a l y s i s ,  ba sed  
on v e c t o r  norms ,  p e r t u r b a t i o n ,  and  d i f f e r e n t i a t i o n ,  
r e s p e c t i v e l y  

3 .  t o  d i s c u s s  t h e  r o l e  o f  r e c o n s t r u c t e d  c o n c e n t r a t i o n  
p r o f i l e s  i n  v a l i d a t i n g  s o l u t i o n s  

4.  t o  compare  t h e  p e r f o r m a n c e  o f  t h e  schemes o f  e r r o r  
a n a l y s i s  a g a i n s t  o t h e r  p u b l i s h e d  d a t a .  

5 .  t o  e s t a b l i s h  c o n f i d e n c e  l e v e l s  i n  t h e  f l ow  
s o l u t i o n s  

A 1 1  e r r o r  e s t i m a t e s  a r e  b a s e d  on t h e  f l u c t u a t i o n s  i n  
t h e  c o n c e n t r a t i o n  p r o f i l e s ,  wh ich  r e p r e s e n t  z o n a l  
a v e r a g e s  i n  t h e  s e n s e  t h a t  t h e y  a r e  measu remen t s  of  
p h y s i c a l l y  b l e n d e d  a i r  s a m p l e s .  These  f l u c t u a t i o n s  
were  t a k e n  t o  a p p r o x i m a t e l y  a v e r a g e  +/-I l o g g e r  u n i t s .  
I n  t h e  t i m e  i n t e g r a t i o n  p r o c e d u r e ,  s a y  o v e r  N p o i n t s ,  
t h e  e r r o r  was assumed t o  sum i n  p r o p o r t i o n  t o  1 / 0 ,  t o  
t a k e  some a c c o u n t  o f  t h e  " s m o o t h i n g '  e f f e c t .  Over t h i s  
p e r i o d  t h e  n e t  change  i n  c o n c e n t r a t i o n  o f  t r a c e r  was 
e s t i m a t e d  t o  be  a c c u r a t e  w i t h i n  + / - 2  u n i t s  i n  t h e  zone 
o f  s e e d i n g ,  and I u n i t  e l s e w h e r e .  E r r o r s  i n  
d e r i v a t i v e s  u s i n g  t h e  G r a d i e n t  Method were  e s t i m a t e d  
v i s u a l l y .  

8. AIRFLOW RESULTS 

F i g u r e  4 shows t h e  c o n c e n t r a t i o n  p r o f i l e s  o f  C O  
r e c o r d e d  i n  T e s t  1 .  The r e c o n s t r u c t e d  c u r v e s  a r e  a f s o  
shown a n d  a r e  d i s c u s s e d  i n  S e c t i o n  13. The d a t a  
e x t r a c t e d  f o r  p r o c e s s i n g  by t h e  I n t e g r a l  Method a r e  
g i v e n  i n  T a b l e  1 ,  and  f o r  p r o c e s s i n g  by t h e  G r a d i e n t  
Method i n  T a b l e  2 .  

F o r  T e s t s  1 a n d  2 ,  s o l u t i o n s  were  o b t a i n e d  u s i n g  t h e  
I n t e g r a l  Method o v e r  t h i r t y  m i n u t e s  ( I  d a t a )  and 
f i f t e e n  m i n u t e s  ( I  d a t a ) ,  and t h e  GradTsn t  Method 
a t  e l e v e n  m i n u t e s  Q ? a p s e d  t i m e  ( G  , d a t a )  and a t  f i v e  
m i n u t e s  ( G  d a t a ) .  These  a r e  l i s l e d  i n  T a b l e  3 f o r  
T e s t  1 ,  2nd i n  T a b l e  4 f o r  T e s t  2 .  The mean and 
s t a n d a r d  d e v i a t i o n s  were  c a l c u l a t e d  f o r  t h e s e  
s o l u t i o n s .  F o r  T e s t  1 t h e s e  a r e  l i s t e d  i n  T a b l e  5.  
The G s o l u t i o n s  were  d i s c o u n t e d  f o r  r e a s o n s  
d i s c u s z e d  below.  



Where a  p a r t i c u l a r  c o n c e n t r a t i o n  p r o f i l e  d e p a r t s  
s i g n i f i c a n t l y  f rom a  smooth c u r v e ,  t h e n  i t  i s  v e r y  
d i f f i c u l t  t o  measu re  a n  a p p r o p r i a t e  d e r i v a t i v e .  I n  
T e s t  1 a  low e s t i m a t e  o f  t h e  d e c a y  r a t e  o f  N20 i n  t h e  
l o f t ,  a t  f i v e  m i n u t e s ,  l e d  t o  v a l u e s  b e i n g  computed f o r  

:a2 t Z n Q 2 0  
wh ich  were  a p p r o x i m a t e l y  50% l o w e r  t h a n  

e s u l t s .  S i m i l a r  d i s c r e p e n c i e s  a r e  a p p a r e n t  
i n  t h e  G I ,  r e s u l t s  o f  T e s t  2. 

The p rob l em a r i s e s  b e c a u s e  a  c u r v e  was f i t t e d  o v e r  a  
l i m i t e d  number o f  d a t a  p o i  t s  o n l y .  O t h e r  r e s e a  c h e r s  8 Ti  anson son, I r w i n  and Howarth  , and P r i o r  e t  a 1  ) 
have  u s e d  p r o c e d u r e s  which  e n t a i l  a t h e o r e t i c a l  c u r v e  
b e i n g  f i t t e d  t o  t h e  whole  o f  t h e  d a t a .  However, i t  i s  
n o t  a l w a y s  p o s s i b l e  t o  f i t  a n  a p p r o p r i a t e  c u r v e ,  and 
t h e s e  p r o c e d u r e s  a r e  n o t  w i t h o u t  p rob l ems .  I t  i s  
s u g g e s t e d  t h a t  r e p e a t e d  s o l u t i o n  a t  s e v e r a l  t i m e  p o i n t s  
would b e  a n  improvement  on t h e  method p r e s e n t e d  h e r e ,  
p e r h a p s  u s i n g  f i n i t e  d i f f e r e n c e  t e c h n i q u e s  t o  o b t a i n  
t h e  g r a d i e n t s .  

S o l u t i o n s  o b t a i n e d  u s i n g  i n t e g r a t i o n  a r e  n o t  s u b j e c t  t o  
s u c h  l a r g e  v a r i a t i o n s .  I n  T e s t s  1 a n d  2 ,  t h e  s o l u t i o n s  
o b t a i n e d  by i n t e g r a t i o n  e x h i b i t e d  l e s s  v a r i a t i o n  a b o u t  
t h e  mean. 

9. T H E O R Y  OF ERROR ANALYSIS USING VECTOR A N D  M A T R I X  
NORMS. 

A p r o c e d u r e  f o r  t h e  r i g o r o u s  e r  o  a n a l y s i s  o f  m a t r i x  
p r o c e s s e s  i s  g i v e n  by Wilkinson"'. The f o l l o w i n g  i s  
a  b r i e f  summary o f  t h i s  p r o c e d u r e ,  which  i s  p r e s e n t e d  
more f u l l y  i n  Appendix  A .  

Use i s  made o f  v e c t o r  and  m a t r i x  norms.  The norm g i v e s  
a n  a s s e s s m e n t  o f  t h e  s i z e  o f  a  v e c t o r  o r  m a t r i x .  The 
( i n f i n i t y ' )  norm, IIX11, o f  a  v e c t o r  {x) i s  i n t e r p r e t e d  
a s  t h e  modulus  of  t h e  l a r g e s t  e l e m e n t .  C o r r e s p o n d i n g  
t o  t h i s  v e c t o r  norm, t h e  m a t r i x  norm A i s  d e f i n e d  a s  
t h e  maximum row sum of  t h e  m o d u l i i  o f  t h e  e l e m e n t s .  

Wi th  r e f e r e n c e  t o  e q u a t i o n  1 ,  p e r t u r b a t i o n s  i n  t h e  
m a t r i x  [ A ]  and t h e  r i g h t - h a n d  s i d e s  ' B '  a r e  c o n s i d e r e d .  
The f o l l o w i n g  e x p r e s s i o n  i s  d e r i v e d :  



T h i s  r e s u l t  p r o v i d e s  a n  u p p e r  bound f o r  t h e  l a r g e s t  
e x p e c t e d  p e r t u r b a t i o n  i n  t h e  e l e m e n t s  o f  {x] due 
t o  p e r t u r b a t i o n s  [ & A ]  a n d  { 6 ~ ) ( ~ )  i n  t h e  e l e m k E i i  of  
[ A ]  and  {B) (k). r e s p e c t i v e l y .  

I t  i s  i n s t r u c t i v e  t o  c o n s i d e r  e q u a t i o n  2 e x p r e s s e d  i n  
t e r m s  o f  r e l a t i v e  e r r o r s :  

I t  c a n  b e  s e e n  t h a t  a  d e c i s i v e  q u a n t i t y  i s  I I A I I . I I A - ' . I I .  
T h i s  e x p r e s s e s  t h e  s e n s i t i v i t y  o f  t h e  s o l u t i o n  t o  
p e r t u r b a t i o n s  i n  t h e  p a r a m e t e r s ,  and  i s  t e r m e d  a  
' c o n d i t i o n  numberq  f o ~  t h e  p rob lem.  I l l - c o n d i t i o n i n g  
i s  i n d i c a t e d  by I I A I I . I I A  11 much g r e a t e r  t h a n  u n i t y .  

E x p r e s s i o n  2 was e v a l u a t e d  f o r  t h e  r e s u l t s  o f  f o u r  
t e s t s .  A s  a n  example ,  r e s u l t s  a r e  l i s t e d  f o r  t h e  T e s t  
1 ,  I d a t a  i n  T a b l e  5. I n  any  z o n e ,  (SX] a p p e a r s  
pessimistic compared t o  t h e  s t a n d a r d  d e v i a t i o n s  o f  t h e  
f l ow  s o l u t i o n s ,  e s p e c i a l l y  i n  zone t h r e e .  E r r o r  norm 
l i m i t s  computed f rom t h e  d a t a  o f  t h e  G r a d i e n t  Method 
were g e n e r a l l y  l a r g e r .  

F o r  t h e  I n t e g r a l  Method t h e  g r e a t e r  p r o p o r t i o n  o f  t h e  
computed e r r o r  bound was due t o  t h e  u n c e r t a i n t y  i n  t h e  
measurement  o f  t h e  n e t  c h a n g e s  i n  c o n c e n t r a t i o n .  Fo r  
t h e  G r a d i e n t  Method, t h e  dominan t  c o n t r i b u t i o n  came 
f rom t h e  u n c e r t a i n t i e s  i n  t h e  d e r i v a t i v e s .  

The v a l u e s  computed c a n n o t  s t r i c t l y  be a s c r i b e d  t o ,  o r  
d i s t r i b u t e d  a m o n g s t ,  any  p a r t i c u l a r  a i r f l o w s .  A t  b e s t  
t h e y  a r e  a n  i n d i c a t i o n  o f  t h e  p o s s i b l e  s i z e  o f  e r r o r s  
i n  t h e  f l o w s .  

10. E R R O R  ESTIMATION USING PERTURBATION OF D A T A .  

The s e n s i t i v i t y  of  t h e  s o l u t i o n s  t o  c h a n g e s  
( p e r t u r b a t i o n s )  i n  t h e  d a t a  can  be  checked  d i r e c t l y  by 
making s m a l l  c h a n g e s  i n  t h e  d a t a ,  and  t h e n  compu t ing  
new ( p e r t u r b e d )  s o l u t i o n s .  A p a r t i c u l a r  s e t  o f  
p e r t u r b a t i o n s  c o u l d  be  c h o s e n ,  s a y  a l l  e r r o r s  o c c u r i n g  
t o g e t h e r  w i t h  t h e  same s i g n .  T h i s  c a n  be  t a k e n  a s t e p  
f u r t h e r ,  t o  t a k e  i n t o  a c c o u n t  a l l  p o s s i b l e  c o m b i n a t i o n s  



o f  e r r o r s ,  w i t h  t h e  p r o p o s e d  scheme  a s  f o l l o w s .  

C o n s i d e r  a n y  a i r f l o w  s o l u t i o n  Q i j  as  a  f u n c t i o n  o f  
a l l  m s a s u r e d  q u a n t i t i e s  a  b  

i j '  i ( k )  

A s m a l l  c h a n g e  ( S Q . . )  i n  Q i j ,  d u e  t o  s m a l l  c h a n g e s  
( & a i .  a n d  6 b  f J  i n  a n d  b i ( k )  c a n  b e  
e x p r d s s e d  u s i n g  i ( k d  p  r t '  l a  1 d ; $ ? e r e n t i a l s .  

w h e r e  f  i s  a s s u m e d  t o  b e  a p p r o x i m a t e l y  l i n e a r  o v e r  t h e  
s m a l l  c h a n g e s  & a i .  a n d  5bi  . A p p r o x i m a t i n g  t h e  
d i f f e r e n t i a l s  t h e m d e l v e s  by kki s m a l l  c h a n g e s  6 f  
a n d  & a i  j. a n d  6 f  i j a n d  b b  

i ( k ) '  we o b t a i n :  

T h i s  s a y s  t h a t  t h e  s i z e  o f  t h e  e r r o r ,  + / - & a i .  , i n  a  
s o l u t i o n  Q .  i s  l e s s  t h a n  t h e  sum ( w i t h o u t  $ e g a r d  t o  
s i g n )  o f  a l i  t h e  s m a l l  p e r t u r b a t i o n s  i n  Q ,  ,, f o u n d  by 
m a k i n g  s m a l l  c h a n g e s  i n  a l l  a  a n d  b  A 

i ( k )  
i n  t u r n .  

i j 

The  r e s u l t s  o f  t h i s  s cheme  f o r  t h e  I o f  T e s t  1 a r e  
p r e s  n t e d  i n  T a b l e  5 .  F o r  t h e 3 0 1 a r g e s t  a i r f l o w ,  8 3 1 8 8 m  / h r ,  t h e  compu ted  e r r o r  was 72m / h r .  92% o f  
t h i s  e r r o r  i s  d u e  t o  e r r o r s  i n  $ 6 ~ 1 ,  i . e .  i n  t h e  
e s t i m a t i o n  o f  t h e  n e t t  c h a n g e s  i n  c o n c e n t r a t i o n .  

1 1 .  ERROR ANALYSIS BY DIFFERENTIATION - M A T R I X  FORM 

I t  w a s  s t a t e d  a b o v e  t h a t  t h e  b a s i c  e q u a t i o n s  c a n  b e  
w r i t t e n  i n  t h e  f o r m  o f  n ( n + l )  s i m u l t a n e o u s  e q u a t i o n s ,  
s o  a s  t o  e x p l i c i t l y  i n c l u d e  e x c h a n g e s  b e t w e e n  t h e  z o n e s  
a n d  t h e  o u t s i d e  a i r  m a s s :  



I t  i s  d i f f i c u l t  t o  d e r i v e  a  s y s t e m a t i c  n o t a t i o n  which 
d e f i n e s  e a c h  o f  t h e  m a t r i x  and v e c t o r  e l e m e n t s .  It was 
found  n e c e s s a r y  t o  s e t  o u t  t h e  e q u a t i o n s  i n  f u l l ,  a s  
g i v e n  i n  Appendix  B. 

Us ing  a  s t a n d a r d  t e c h n i q u e  a n a l y s i s  and 
d i f f e r e n t i a t i n g  ( a s  o u t l i n e d  by P e r e r a  we o b t a i n ,  
i n  m a t r i x  n o t a t i o n :  

The a p p r o p r i a t e  a b s o l u t e  e r r o r s  a r e  i n s e r t e d  i n  p l a c e  
o f _ , t h e  i n f i n i t e s s i m a l  u a n t i t i e s  IdB] and [ d ~ ] ,  and 
[ A  ] i s  computed f rom [ A  . M a t r i x  c o m p u t a t i o n s  a r e  
t h e n  made,  w i t h o u t  r e g a r d  t o  s i g n s ,  t o  compute  e r r o r  
l i m i t s  j d ~ j .  

T h i s  p r o c e d u r e  was p e r f o r m e d  f o r  t h e  I d a t a  o f  T e s t  
1 ,  and t h e  r e s u l t s  a r e  l i s t e d  i n   able^!?. These  do n o t  
s i g n i f i c a n t l y  d i f f e r  f rom t h e  r e s u l t s  o b t a i n e d  u s i n g  
t h e  p e r t u r b a t i o n  scheme above .  
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The a u t h o r  i s  unaware  o f  any  p u b l i s h e d  r e s u l t s  of  
measurements  o f  i n t e r z o n a l  a i r  movement which i n c l u d e  a  
f u l l  e r r o r  a n a l y s i s  o f  r e s u l t s .  However D ' O t t a v i o  
work ing  a t  Brookhaven ,  U.S.A., h a s  pe r fo rmed  a n  e r r o r  
a n a l y s i s 8  ( u n p u b l i s h  d )  on measu remen t s  mads w i t h  9 D i e t z  and G o o d r i c h  . U n f o r t u n a t e l y  d e t a i l s  o f  t h e  
scheme were  n o t  a v a i l a b l e ,  however  i t  i s  known t h a t  i t  
i n v o l v e s  p a r t i a l  d i f f e r e n t i a l s  t o  e x p r e s s  t h e  
s e n s i t i v i t y  o f  t h e  computed a i r f l o w s  t o  e r r o r s  o f  
measurement  i n  t h e  c o n c e n t r a t i o n s .  

Two o f  t h e  schemes  o f  e r r o r  a n a l y s i s  d e s c r i b e d  above 
were  a p p l i e d  t o  t h e  d a t a  s u p p l i e d  by D i e t z ,  and  t h e  
r e s u l t s  i n t e r - c o m p a r e d .  

D i e t z ' s  e x p e r i m e n t s  d i f f e r  f rom t h o s e  r e p o r t e d  above  i n  
t h a t  c o n t i n u o u s  e m i s s i o n  o f  t r a c e r  g a s  was employed ,  
and  a v e r a g e ,  q u a s i  s t e a d y - s t a t e  c o n c e n t r a t i o n s  were  
measured  i n  e a c h  zone .  D i f f e r e n t  t y p e s  o f  t r a c e r  
s o u r c e  were  p l a c e d  w i t h  one i n  e a c h  o f  t h r e e  z o n e s .  



The r e l e a s e  r a t e s  o f  t h e  s o u r c e s  and  t h e  c o n c e n t r a t i o n  
measu remen t s  a r e  l i s t e d  i n  T a b l e  6.  No e r r o r  e s t i m a t e s  
were  p r o v i d e d  f o r  measu remen t s  o f  s o u r c e  r a t e s .  To 
s o l v e  f o r  a i r f l o w  r a t e s ,  t h i s  d a t a  s e t  c a n  be  p r o c e s s e d  
i n  e x a c t l y  t h e  same way a s  f o r  t h e  d a t a  ( e g .  T a b l e  1 )  
o f  t h e  t e s t s  above .  T a b l e  7 l i s t s  t h e  s o l u t i o n s  and 
r e s u l t s  o f  t h e  e r r o r  a n a l y s i s  a s  p r o v i d e d .  

The e r r o r  norm scheme was a p p l i e d  by t r e a t i n g  t h e  
s t a n d a r d  d e v i a t i o n s  a s  s i m p l e  e r r o r s .  I n  a p p l y i n g  t h e  
p e r t u r b a t i o n  scheme,  e q u a t i o n  4 was m o d i f i e d  i n  t h e  
fo rm o f  a  sum o f  s q u a r e d  t e r m s ,  and  t h e  s q u a r e  r o o t  o f  
t h e  t o t a l  was t a k e n  t o  g i v e  t h e  s t a n d a r d  d e v i a t i o n .  
The m a t r i x  d i f f e r e n t i a t i o n  scheme c o u l d  n o t  be  s o  
s i m p l y  c o n v e r t e d  t o  d e a l  w i t h  s t a n d a r d  d e v i a t i o n ,  and 
was n o t  a p p l i e d .  

The r e s u l t s  o f  t h e  e r r o r  a n a l y s i s  by p e r t u r b a t i o n s  a r e  
l i s t e d  i n  T a b l e  7.  Good a g r e e m e n t  i s  e v i d e n t  be tween  
t h e  s u p p l i e d  r e s u l t s  and  t h o s e  o f  t h e  p e r t u r b a t i o n  
scheme.  However,  t h e  computed e r r o r  norm l i m i t s  were  
more t h a n  a n  o r d e r  o f  m a g n i t u d e  g r e a t e r ,  and a s  s u c h  
a r e  u s e l e s s .  

1 3 .  V A L I D A T I O N  BY RECONSTRUCTING C O N C E N T R A T I O N  
PROFILES 

E q u a t i o n  1 d e s c r i b e s  a s e t  o f  f i r s t  o r d e r  l i n e a r  
d i f f e r e n t i a l  e q u a t i o n s .  Knowing t h e  i n t e r z o n e  a i r f l o w s  
and  t h e  i n i t i a l  c o n c e n t r a t i o n s ,  i t  i s  p o s s i b l e  t o  
o b t a i n  t h e  p a r t i c u l a r  s o l u t i o n s  f o r  t h e  c o n c e n t r a t i o n s  
i n  e a c h  zone  a s  a  f u n c t i o n  o f  t i m e s  To p e r f o r m  t h i s ,  a  
compu te r  p rog ram h a s  p r e v i o u s l y  been  w r i t t e n  
u t i l i s i p g  t h e  Runge-Kutta-Merson r o u t i n e  f rom t h e  N A G  
l i b r a r y  . 
A s  a n  example ,  F i g u r e  4 shows  t h e  r e c o n s t r u c t e d  c u r v e s  
f o r  b o t h  t h e  I and G s o l u t i o n s  f o r  T e s t  1 ,  
s u p e r i m p o s e d  ove r3?he  e x p e r q m e n t a l  d a t a  p o i n t s  o b t a i n e d  
f o r  t h e  C02 d a t a .  

The q u e s t i o n  a r i s e s  a s  t o  how f a r  s u c h  c o m p a r i s o n s  o f  
r e c o n s t r u c t e d  c u r v e s  w i t h  t h e  o r i g i n a l  d a t a  c a n  b e  u s e d  
t o  v a l i d a t e  t h e  a i r f l o w  s o l u t i o n s .  We s h o u l d  e x p e c t  
t h e  r e c o n s t r u c t e d  c u r v e s  t o  r e f l e c t  t h e  e r r o r s  i n  t h e  
o r i g i n a l  measu red  q u a n t i t i e s .  C l e a r l y  t h e  G 5  
s o l u t i o n s  a r e  n o t  a c c e p t a b l e .  



However, i t  s h o u l d  be  c l e a r  t h a t  t h e  e r r o r s  i n  t h e  
a i r f l o w s  r e p r e s e n t  a n  a c c u m u l a t i o n  o f  t h e  e r r o r s  i n  
t a k i n g  measu remen t s  f rom t h e  o r i g i n a l  d a t a ,  and c a n n o t  
t h e r e f o r e  be  q u a n t i f i e d  t h r o u g h  t h i s  e x e r s i z e .  

13.1 I m p l i c a t i o n s  f o r  P r e d i c t i n g  C o n t a m i n a n t  L e v e l s  

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

I n  t h i s  c o n n e c t i o n  we m i g h t  l i k e  t o  u s e  t h e  computed 
a i r f l o w  r a t e s  t o  p r e d i c t  t h e  c o n c e n t r a t i o n  l e v e l s  o f  a  
c o n t a m i n a n t  wh ich  r e s u l t  due t o  a  known c o n s t a n t  s o u r c e  
r a t e .  We a r e  t h e n  i n t e r e s t e d  t o  know how s e n s i t i v e  a r e  
s u c h  p r e d i c t e d  l e v e l s  t o  e r r o r s  i n  t h e  a i r f l o w s .  An 
example  o f  s u c h  a  r e l a t i o n s h i p  be tween  a i r f l o w s  and  
c o n c e n t r a t i o n  l e v e l s  i s  i l l u s t r a t e d  by D i e t z ' s  r e s u l t s ,  
T a b l e  6. 

F o r  t h e  p u r p o s e s  o f  c o m p a r i s o n ,  t h e  e r r o r s  i n  t h e  
a i r f l o w s  migh t  be e x p r e s s e d  i n  t e r m s  of  t h e  l a r g e s t  
e r r o r  d i v i d e d  by t h e  l a r g e s t  f l o w ,  i . e .  v e c t o r  norms 
X and s i m i l a r l y  f o r  t h e  e r r o r s  i n  t h e  
c o n c e n t r a t i o n s ,  I A I /  I I A I  F o r  t h e  r e s u l t s  i n  T a b l e  6 ,  
t h e s e  q u a n t i t i e s  a r e  45% compared w i t h  10% 
r e s p e c t i v e l y .  T h i s  d e m o n s t r a t e s  how r e l a t i v e l y  
i n s e n s i t i v e  a r e  t h e  p r e d i c t e d  c o n c e n t r a t i o n  t o  e r r o r s  
i n  t h e  a i r f l o w s .  

14.  DISCUSSION 

E r r o r  a n a l y s i s  showed t h a t  f o r  t h e  I n t e g r a l  Method t h e  
i n f l u e n c e  o f  u n c e r t a i n t i e s  i n  t h e  measurement  o f  n e t  
c h a n g e s  i n  c o n c e n t r a t i o n  we re  dominan t .  S i m i l a r l y  f o r  
t h e  G r a d i e n t  Method e r r o r s  i n  t h e  e s t i m a t e s  o f  
d e r i v a t i v e s  we re  t h e  most  i m p o r t a n t ,  and o c c a s i o n a l l y  
t h e s e  c o u l d  be  v e r y  l a r g e .  I t  was s u g g e s t e d  t h a t  t h i s  
Method c o u l d  b e  improved  by s o l v i n g  a t  many t i m e  
p o i n t s .  

E r r o r  norm a n a l y s i s  p roduced  l a r g e  e r r o r  bounds  f o r  
a i r f l o w s  a s s o c i a t e d  w i t h  zone 3 i n  T e s t  1 ,  and 
u s e l e s s l y  p e s s i m i s t i c  v a l u e s  when a p p l i e d  t o  D i e t z ' s  
d a t a .  T h e r e  i s  e v i d e n t l y  a  f u n d a m e n t a l  f a i l i n g .  



The u n d e r 1  i n g  p rob lem i s  t h a t  t h e  e l e m e n t s  o f  t h e  
m a t r i x  [ A f  i n  T e s t  1 a r e  s p r e a d  i n  v a l u e  o v e r  a r a n g e  
o f  two o r d e r s  o f  m a g n i t u d e ,  a s  a r e  t h o s e  o f  [A-'1 i n  
consequence .  The c o r r e s p o n d i n g  q u a n t i t i e s  o f  D i e t z '  
d a t a  a r e  s p r e a d  o v e r  f o u r  o r d e r s  o f  m a g n i t u t e .  I n  
t a k i n g  norms ,  i . e .  maximum row sums ,  t h e  i n f l u e n c e  o f  
t h e  s m a l l e r  e l e m e n t s  i s  n o t  r e p r e s e n t e d .  A s  a  r e s u l t  a  
g r e a t e r  a c c u m u l a t i o n  o f  e r r o r  i s  computed.  

T h e r e  i.s no e v i d e n c e  t h a t  t h e  p rob l em i s  
i l l - c o n d i t i o n e d ,  f o r  a n y  o f  t h e  d a t a  s e t s  c o n s i . d e r e d .  
S i m i l a r  c o n d i t i . o n  numbers ( < l o )  w e r e  computed f o r  b o t h  
D i e t z ' s  and t h e  t e s t  d a t a  r e p o r t e d  h e r e .  I n  a d d i t i o n ,  
i n s p e c t i o n  o f  t h e  s t a n d a r d  d e v i a t i o n s  and p e r t u r b a t i o n s  
l i s t e d  i n  T a b l e s  5 and  7 d o e s  n o t  s u g g e s t  t h a t  t h e  
s o l u t i o n s  were  o v e r - s e n s i t i v e  t o  c h a n g e s  i n  t h e  i n p u t  
d a t a .  

The schemes  o f  m a t r i x  d i . f f e r e n t i . a t i o n  and of  r e p e a t e d  
p e r t u r b a t i o n  were  shown t o  be i n  good a g r e e m e n t  w i t h  
e a c h  o t h e r  when a p p l i e d  t o  t h e  T e s t  1 d a t a ,  and 
p roduced  p l a u s i b l e  r e s u l t s .  F u r t h e r m o r e ,  t h e  l a t t e r  
scheme gave  s i m i l a r  r e s u l t s  t o  a n  i n d e p e n d a n t l y  
p r o p o s e d  p r o c e d u r e ,  when a p p l i e d  t o  t h e  same d a t a .  

The a i r f l o w s  and t h e i r  a s s o c i a t e d  e r r o r s  computed u s i n g  
t h e  p e r t u r b a t i o n  scheme a r e  shown f o r  T e s t  1 ( I  ) i.n 

30 F i g u r e  5 .  The s m a l l  downward a i rmovemen t s  f rom zone  3 
may b e  due t o  l e a k s  i n  j u n c t i o n s  o f  t h e  m e c h a n i c a l  
v e n t i l a t i o n  s y s t e m  s i t u a t e d  i n  t h a t  zone.  

I t  s h o u l d  be n o t e d  t h a t  no a c c o u n t  h a s  been  t a k e n  o f  
p o s s i b l e  e r r o r s  i n  t h e  measu remen t s  o f  t h e  e f f e c t i v e  
zone vo lumes .  The e f f e c t  o f  any s u c h  e r r o r 3  c a n  be  
s e e n  by c o n s i d e r i n g  e q u a t i o n  1 f o r  t h e  zone  f l ow  
s o l u t i o n s  1x1 . The d i f f e r e n t i a l  f o rm ,  a n a l o g o u s  
t o  e q u a t i o n  ( f !  shows t h a t  an  e r r o r  i n  a  zone  volume 
( i . e .  [dB)Lke)  p r o d u c e s  a  p r o p o r t i o n a l  e r r o r  i n  a l l  
f l ow  s o l u t i  n  f o r  t h a t  zone .  

15.  FINAL CONCLUSIONS 

Two methods  o f  p r o c e s s i n g  m u l t i t r a c e r  decay  
measu remen t s  t o  o b t a i n  i n t e r z o n e  a i r f l o w s  were  
c o n s i d e r e d .  I n  t h e  G r a d i e n t  Method,  t h e  d e r i v a t i v e s  o f  
t h e  c o n c e n t r a t i o n - t i m e  c u r v e s  we re  measured .  The 
I n t e g r a l  Method,  i n  which  t h e  a r e a s  u n d e r  t h e  
c o n c e n t r a t i o n  c u r v e s  a r e  measu red ,  w a s  found t o  be  t h e  
more r e l i a b l e .  



Although relatively simple to calculate, error norm 
limits were shown to be an unreliable indicator of 
errors in airflow solutions obtained from multitracer 
measurements. 

The two schemes of error analysis involving 
differentiation in matrix form, and the sum of 
perturbations, produced similar and plausible results. 
They are ideally suited to a computer. The latter of 
the two was found to be the simplest to apply in 
practice. This scheme was shown to be in good 
agreement with an independantly developed procedure, in 
one case. 

The procedure of reconstructing concentration profiles 
was shown to be a useful qualitative check on the 
airflow solutions. 

Finally, an example set of results complete with error 
estimates, has been presented. 
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APPENDIX A 

T H E O R Y  OF E R R O R  ANALYSIS USING V E C T O R  A N D  M A T R I X  NORMS. 

The f o l l o w i n g  i s  a n  example  o f  a  w e l l  e s t a b l i s h e d  
p r o c e d u r e  f o r  t h e  r i g o r o u s  e  r r a n a l y s i s  o f  m a t r i x  
p r o c e s s e s ,  a s  g i v e n  by W i l k i n s o n  '" . T h i s  i n v o l v e s  
t h e  u s e  o f  v e c t o r  and m a t r i x  norms ,  and t h e s e  a r e  now 
d e f i n e d .  

The norm g i v e s  a n  a s s e s s m e n t  o f  t h e  s i z e  o f  a  v e c t o r  o r  
m a t r i x .  T h e r e  a r e  t h r e e  norms i n  common u s e ,  d e f i n e d  
by 

where  11x11, i s  i n t e r p r e t e d  a s  maxi 1x.l The norm 
Ilxl12 i s  t h e  l e n g t h  o f  t h e  v e c t o r  x The ' i n f i n i t y '  
norm i s  i m p l i e d  t h r o u g h o u t  t h i s  p a p e r .  C o r r e s p o n d i n g  
t o  t h i s  v e c t o r  norm, t h e  m a t r i x  norm ~ I A I ! ~  i s  d e f i n e d  a s  

W i l k i n s o n  c o n s i d e r s  t h e  f a c t o r s  wh ich  d e t e r m i n e  t h e  
s e n s i t i v i t y  o f  a  s o l u t i o n  o f  t h e  s y s t e m  o f  l i n e a r  
a l g e b r a i c  e q u a t i o n s  

w i t h  r e s p e c t  t o  c h a n g e s  i n  t h e  m a t r i x  [ A ]  and  t h e  
r i g h t - h a n d  s i d e s  ( B ) .  These  c h a n g e s  a r e  r e p r e s e n t e d  by 
p e r t u r b a t i o n s  (wh ich  need  n o t  be  s m a l l ) .  I n  t h e  
d i s c u s s i o n  be low ,  f o r  c l a r i t y  t h e  s q u a r e  m a t r i x  [ A ]  i s  
r e p r e s e n t e d  by A and  t h e  column v e c t o r s  (x) and  ( B )  a r e  
r e p r e s e n t e d  by X and  B r e s p e c t i v e l y .  

I f  A i s  changed  t o  ( A + ~ A )  and  B i s  changed  t o  (B+SB)  
t h e n  



By making u s e  o f  t h e  p r o p e r t y  of  norms 

f o r  any  two v e c t o r s  o r  m a t r i c e s  P and  Q ,  i t  c a n  be 
shown t h a t  

p r o ~ i d e d  I I A - ~ ~ ~ A I I  < 1 .  The t e r m s  I I A - ' . ~ A I I  and 
1 1 ~ -  . 6 ~ l l  (norm of  m a t r i x  p  o d u c t s )  c a n  f u r t h e r  be -7 r e p l a c e d  by /~A-'II  S ~ l l  a n d  ~ I A  11 .I16~!l ( ~ r o d u c t s  o f  

norms) .  I n  d o i n g  t h i s ,  t h e  i n e q u a l i t y  becomes more 
p e s s i m i s t i c .  

R e f e r r i n g  t o  e q u a t i o n  ( I ) ,  t h i s  r e s u l t  ( 5 )  p r o v i d e s  an 
u p p e r  bound f o r  t h e  l a r g e s t  e x p e c t e d  p e r t u r b a t i o n  i n  
t h e  e l e m e n t s  o f  1x3 d u e  t o  p e r t u r b a t i o n s  i n  t h e  
e l e m e n t s  s f  [ A ]  $ $ i 9 i B ]  I n  t h e  c a s e  where  t h e  
e q u a t i o n s  o f  mass b a l a n c e ( k Q r e  s e t  o u t  a s  n ( n  +,) 
s i m u l t a n e o u s  e q u a t i o n s ,  t h e n  a s i n g l e  u p p e r  bound i s  
computed f o r  t h e  l a r g e s t  e x p e c t e d  e r r o r  w i t h  r e g a r d  t o  
a 1 1  of  t h e  f l o w  s o l u t i o n s .  

A p p l i c a t i o n  o f  t h e  E r r o r  Norm Bound E x p r e s s i o n  

The e r r o r  n  r m  e x p r e s s i o n  ( 5 )  i n v o l v e s  t h e  t e r m s  
IIA-' .6~11 and  IIA-'. bl311, which  r e q u i r e  a c t u a l  s e t s  of 
e r r o r s  and t h e i r  s i g n s .  These  a r e  n o t  n o r m a l l y  known; 
u s u a l l y  we have  a  s e t  o f  p o s s i b l e  e r r o r s ,  which  may 
have  e i t h e r  s i g n ,  and which may o c c u r  i n  any  
c o m b i n a t i o n .  I t  i s  t h e r e f o r e  d i f f i c u l t  t o  c h o o s e  an  
a p p r o p r i a t e  s e t  of  p e r t u r b a t i o n s  [ 6 ~ ]  and 1 3 ~ ) .  

One p o s s i b i l i t y  i s  t o  assume a l l  e x p e r i m e n t a l  e r r o r s  
o c c u r ,  w i t h  t h e  same sign. In t h i s  c a s e  t h e  e r r o r  norm 
bound computed c a n  o n l y  be  t a k e n  a s  a  g u i d e ,  p o s s i b l y  
e r r i n g  on e i t h e r  t h e  o p t i m i s t i c  o r  t h e  p e s s i m i s t i c  
s i d e .  



A s e c o n d  o p t i o n  +s t o  r e p l a c e l t h e  a b o v e  t e r m s  by t h e  
norm p r o d u c t s  !A- 1 1 .  116~11 a n d  llA" 1 1 .  116~11, r e s p e c t i v e l y .  
The d e f i n i t i o n s  o f  t h e  v e c t o r  and m a t r i x  norms g i v e n  
a b o v e  i n v o l v e s  o n l y  t h e  m o d u l i  o f  t h e  e l e m e n t s ,  a n d  s o  
i n  t h i s  fo rm t h e  p r o b l e m  o f  c h o o s i n g  s i g n s  f o r  t h e  
e r r o r s  i s  a v o i d e d .  The d rawback  i s  t h a t  t h e r e  w i l l  b e  
a  t e n d e n c y  t o  compute  a n  o v e r - p e s s i m i s t i c  l i m i t  f o r  Ubxll- 

C o n d i t i o n  Number 

I t  i s  i n s t r u c t i v e  t o  c o n s i d e r  e q u a t i o n  5 e x p r e s s e d  
i n  t e r m s  o f  r e l a t i v e  e r r o r s :  

Y 

I ~ X  11 lib A ~ I  
1 - I ~ A ~ ~ = . ~ ~ A ~ ~ I I  .m 

w h e r e  t h e  norm p r o d u c t s  h a v e  b e e n  s u b s t i t u t e d  
t h r o u g h o u t ,  a n d  u s e  h a s  b e e n  made o f  t h e  p r o p e r t i e s  o f  
norms ( 4 )  t o  r e p l a c e  llx 1 1  by l l b l l / l i ~ l l  o n  t h e  r i g h t  hand 
s i d e .  

I t  c a n  b e  s e e n  t h a t  a  d e c i s i v e  q u a n t i t y  i s  1 1 1 1 1 . 1 1 1 1 - ' 1 1 .  
T h i s  e x p r e s s e s  t h e  s e n s i t i v i t y  o f  t h e  s o l u t i o n  t o  
p e r t u r b a t i o n s  i n  t h e  p a r a m e t e r s ,  and i s  t e r m e d  a  
' c o n d i t i o n  n u m b e r "  t h e  p r o b l e m .  I l l - c o n d i t i o n i n g  
i s  i n d i c a t e d  by I I A [ ~ . ( ( A  much g r e a t e r  t h a n  u n i t y .  



APPENDIX B 

The e q u a t i o n s  g o v e r n i n g  t h e  c o n t i n u i t y  o f  a i r  and t h r e e  
t r a c e r  g a s e s  i n  t h r e e  zones  a r e  s e t  o u t  a s  f o l l o w s  

Where 

C I J  = C o n c e n t r a t i o n  i n  I t h  zone ,  of  J t h  t r a c e r  
Q I J  = A i r f l o w  from zone  I t o  z o n e  J ;  zone 0 

r e f e r s  t o  t h e  o u t s i d e  a i r  mass 
VJ = Volume o f  zone  J  
C ' I J  = Time d e r i v a t i v e  o f  C I J  

To o b t a i n  t h e  e q u i v a l e n t  e x p r e s s i o n  f o r  t h e  e q u a t i o n s  
i n  i n t e g r a l  f o r m ,  r e p l a c e  C I J  by j $ ! ~ ~ . d t ,  and  C ' I J  by 
ACIJ  ( n e t t  change  i n  c o n c e n t r a t i o n  o v e r  t h e  p e r i o d 2 .  



Table 1 : I n t e g r a l  Method, Tes t  1. Measured q u a n t i t i e s  evaluated 
over 30 minutes 

ZONE : 1 2 3 1 2 3 

VOLUME: 93.5 81.5 260 m3 

ZONE : 1 2 3 1 2 3 

VOLUME: 93.5 81.5 260 m3 

v . a c . .  : m3xconc 
J 1 J  

C02 (1) -3179 -1060 -260 
+ 187 +81.5 +260 - - - 

N20 ( 2 )  -3833 -4971 -2340 
t93 .5  + 163 + 260 - - - 

SF6 ( 3 )  0 - 326 -15080 
+93.5 163 + 5020 

Jci j  .dt : conc.xmin 
-r 

1098 696 120 

1910 2708 8 54 

377 58 5 4987 

es t imated  e r r o r  - + 1 conc.unit  

200 conc . u n i t s  = 200ppm SF /N,O ; 5000ppm C02 6 2 

- - 

es t imated  e r r o r  + 7 concxmins - 

200 conc. u n i t s  = 200 ppm SF / N  0 ; 5000ppm COP 
6 2 

0 - b  
Vj. C i j  : m3 xconcxmin 

CO, (1) - 119 - 33 - 16 
+ 1 0 + 6  + 5  - - - 

N20 ( 2 )  - 105 -161 -101 
+ 19 + 24 + 21 - - - 

SF6 ( 3 )  0 0 -629 

Table 2 : Gradient  Method, Tes t  1. Measured q u a n t i t i e s  evaluated 
a t  11 minutes e lapsed  time 

'ij 
: conc .uni t s  

41.5 2 6 4 .5  

72.5 103.5 31.5 

13.5 21.5 186 
- - +I09 - 



Table 3 : Tes t  1 a i r f l o w  Table 4 : Tes t  2 a i r f l o w  
r e s u l t s  by a l l  r e s u l t s  by a l l  
methods methods 

r 

I n t e g r a l  Gradient  
Method Method 

'30 '15 G1l *G5 

I n t e g r a l  Gradient  
Method Method 

'30 I15 Gll G5 

Q1o 
188 162 

Q20 
62 113 

Q30 
164 152 

Q01 
142 149 

Q21 
64 79 

931 
9 8 

?02 
97 102 

Q12 
23 28 

Q32 
10 11 

Q03 
175 176 

Q13 
4 47 

Q23 
3 -51 

Qlo 
223 242 

Q20 
-2 -4 

Q30 
323 334 

Qol 
148 159 

Q21 
124 132 

Q31 
6 9 

QO2 115 118 

Qi2 71 71 

Q32 
i4 13 

QO3 281 295 

Q13 -16 -13 

Q23 
78 74 

223 272 

0 -10 

187 83 

128 178 

104 108 

5 7 

79 89 

21 33 

11 13 

202 78 

6 -12 

7 38 

164 271 

40 -2 

256 357 

131 174 

93 138 

1 12 

116 122 

87 66 

13 14 

213 330 

-26 -13 

83 66 

m3 / h r  

* suspec ted  
underes t imat ion  of 
zone 3 N,O d e r i v a t i v e  

L 

m3 / h r  



Table 5 : Mean and s t anda rd  dev ia t ion  of Test  1 
r e s u l t s ,  and e r r o r  e s t ima te s  us ing  I 
d a t a  Tes t  1 30 

Means; 
Tes t  1 

Q10 
191 2 5 73 77 

Q20 
58 46 67 71 

Q30 
168 14 10 12 

QO1 
140 9 9 10 

Q21 
82 16 36 20 2 1 

Q31 
7 2 2 2 

Q02 
9 3 10 6 6 

Q12 
24 3 28 14 15 

Q32 
11 <1 3 1 

Q03 
184 12 17 17 

Q13 
19 20 67 3 6 36 

Q23 
-14 26 34 34 

m3 / h r  

Std.Devn. 
measured 

Norm.limit Pertbns Dif fe rn .  



Table 6 Measured da t a ,  continuous source method (Dietz e t  a l )  

ZONE : 1 2 3 1 2 3 

VOLUME: 255 250 123 m3 

Dietz/D ' Ottavio Pertbns norms 
a i r f l ows  Std.  Devn. r 116~ I\ 

Qlo 20 28 30 

Q20 
103 33 28 

30 
-1 7 2 

Q01 
7 3 3 

Q21 
117 32 3 5 388 

Q31 
<1 2 2 

Q02 
7P 11 8 

Q12 
104 53 64 690 

Q32 
47 10 7 

'03 
4 5 9 7 

Q13 
<1 <1 1 115 

Q23 
1 <1 1 

m3 /hr 

SOURCE RATE n l / h r  

GAS : 

PDCH ( 1 )  1319 - - 

PMCH ( 2 )  - 3045 - 

PDCB(3) - - 1153 

Table 7 : Resul t s  of e r r o r  ana lys i s  us ing  
per turba t ions  and e r r o r  norm bounds, 
compared with independant scheme. 

AVERAGE CONC. nl'/m3 

19.22 9.12 0.17 
*(1 .5)  (2.39) (0.02) 

23.51 24.99 0.44 
(0.29) (0.39) (0.06) 

9.08 9.63 25.3 
(0.19) (0 .23)  (4.29) 

(no e r r o r  es t imate  suppl ied)  * ( ) standard devia t ions  
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SY NOPS I S 

I f  the energy losses due to  ventilation have obviously become 
an important problem since the energy c r i s i s ,  there is s t i l l  a l o t  t o  
be done w i t h  respect t o  the behaviours. Previous research has given 
resul t s  about the share of venti la t ion  losses i n  the energy balance, and 
the rational reasons t o  introduke fresh a i r  in to  the house. 
Annex VIII is specialized in the a t t i tudes  of the inhabitants, i n  their  
habits w i t h  regard to  ventilation and even i n  t h e i r  apparent i r r a t i o -  
nal i ty .  That should lead to know whether the ventilation behaviour of 
the i nhabi tants can be modi f ied and to  estimate the amount of energy 
savings which might r e su l t  therefrom. To reach these f inal  goals, the 
Annex VIII foresees three levels.  The f i r s t  one will tempt t o  describe 
how people behave with regard to  vent i la t ion,  the second level will  try 
to  find the reasons of such a behaviour, and the third level will  
estimate the amount of energy loss due to  this behaviour. 

A t  the present time, some countries have already carried out one 
or several steps of the Annex, b u t  i t  i s  s t i  11 too early to  go deeply in to  
the conclusions. A behaviour as plain as open a window, b u t  so important 
w i t h  regard t o  energy s t i l l  stays par t ly  an unknown. 





I .  INTRODUCTION 

The Annex VIII s ta r ted  o f f i c i a l ly  one year a??, the 24th July 
1984, b u t  Switzerland had already proposed to  create it i n  1978. 
Unfortunately, although Switzerland made a pi l o t  study, i t  could not 
ac t  as operating agent. Nevertheless, the subject had i n b r e s t e d  other 
countries and i n  1982, Holland, Germany and Belgium presented a project 
for  the Annex VII I t o  the Executive Comi t t ee  w i t h  Be1 g i  um as operating 
agent. Since the o f f i c i a l  s ta r t ing  meeting, the United Kingdom and 
Switzerland have followed the progress of the Annex as observers, and 
there i s  hope tha t  they will  join as o f f i c i a l ly  participating countries. 

This short  history of the Annex shows tha t  the problem of the 
inhabitants Qehaviour w i t h  regard to  venti 1 ation is not a new one, 
b u t  has aroused an increasing in teres t  since the energy c r i s i s .  
Although some researches have already been done on this  topic, none has 
gone as f a r  as t o  assess whether and how the ventilation behaviour 
can be modified i n  order to  save energy. The f inal  aim of Annex VIII 
i s  t o  try to  answer these questions . 

11. BACKGROUND 

Why does i nhabi tants  ' behavi our w i t h  regard to  ventil a t i  on 
become so important f o r  energy policy ? 
In order to  answer this question, l e t  us br ief ly  examine the energy 
balance of an occupied residential  building as i n  f igure 01. 
The energy balance of a residential  building gets,  on the one hand, as 
energy inputs, obviously the heat plant and the so lar  radiation, b u t  
also extra inputs from the e l ec t r i c  and cooking appliances, the hot 
water generation and even from the occupants themselves. 
On the other hand, the energy losses consist of the transmission losses, 
the discharge water losses and the i n f i l t r a t i o n ,  ventilation and air ing 

Heating system Transmi s s i  on 

7 

Figure 1 : Energy balance of an occupied residential  
building. 



Homeowners have done a l o t  since the energy c r i s i s  t o  r e s t r i c t  
the transmission losses, by a t t i c  insulation fo r  instance, o r  by side- 
wall and crawl space insulation. However, they do not appear t o  ge t  a 
f a i r  appraisal of the heating and cooling energy load which can be 
attributed to  a i r  i n f i l t r a t i o n  and to  ventilation. Yet, i t  takes a 
part i n  the energy consumption that  may not be neglected. 
For example, one study showed about 35 percent energy loss i n  a well 
insulated house under both heating and cooling modes due to  a i r  
in f i  1 tration (1). Another study explained that  the recent improvements 
in  fabric  insulation make th i s  venti lation factor proportionately more 
important and can represent 50 % of the total  loss (2) .  Moreover, the 
major unknown i n  a l l  the energy consumption patterns is the energy loss 
due to  the ventilation behaviour of the occupants. Indeed, t h i s  cannot 
readily be calculated direct ly  and has to  be estimated. 

This shor t  review of the energy losses shows tha t  the consump- 
tion of the heating energy i n  residential  buildings i s  not only a 
question of the heat-insulation of the exterior walls and the e f f i  ciency 
of the heating system, b u t  i s  also decisively influenced by the venti- 
lation habits of the residents. Thisleads us t o  the conclusion tha t  
the variety and the causes of inhabitants 'behaviour  with regard t o  
ventilation have to  be looked in to  carefully.  

There are  a l o t  of good reasons t o  introduce fresh a i r  i n to  a 
room. As the figure 2 shows i t ,  one of them is  the moisture control ( 3 )  . 
The values of 70 % and 40 % re la t ive  humidity are the upper and lower 
1 imi t s  of re1 a t i  ve humi di ty usual ly recornended M i  t h  values higher than 
70 %, the risk grows of creating a mould problem inside the house. 
Values below 40 % are l ikely to introduce e l ec t ros t a t i c  shocks when 
walking on the carpet. These l imits  depend on the temperature of the 
room. Moisture content of a i r  

g/kg dry a i r  
15 

10 

5 Lower l imit  t o  avoid 
e l ec t ros t a t i c  shocks 

Si t t ing  room temperature O C  

Figure 2 : Moisture level i n  s i t t i n g  room according to  spot 
measurements ( N  = 42). Source : ( 3 )  



Another aim of ventilation as i l l u s t r a t ed  i n  figure 3  i s  t o  
provide the necessary oxygen for  survival and t o  d i lu te  the level of 
contamination to  one tha t  i s  acceptable and safe ( 3 ) .  The contamination 
can simply be odours coming from the occupants themselves or from the 
cigarette smokers. 

Fresh a i r  
m3/h 

30 Minimum to  maintain 60% r.h. 21°C 
(evaporation 40 g/h) 

2 0 

- - - -  --  Minimum for  body odour 
dilution 

10 

,.....................*.... Minimum f o r  dilution of 
carbon di oxi de 

0 

0 10 20 
Outdoor a i r  temperature O C  

Figure 3 : Ventilation needs fo r  an adult  in Britain.  
Source : ( 4 ) .  

Last, i t  may not be forgotten tha t  one of the main objectives of 
introducing fresh a i r  i s  the cooling of the house. Indeed, i n  some well 
insulated houses with some twenty square meters of south facing windows, 
the so la r  gains can eas i ly  lead t o  overheating. Even i n  winter, 
ventilation i s  the eas i e s t  way to  refresh an overheated room. 

So, i t  i s  obvious tha t  some ventilation i s  necessary. In 
theory i t  i s  possible to  calculate the needed ventilation rate f o r  each 
house under any weather conditions. B u t  in practice,  the occupants 
often choose a "wrong behaviour", t ha t  i s  to  vent i la te  less than 
necessary, or as showed i n f i gure 4, t o  do i t more than useful . The 
shaded area indicates excess energy consumption due t o  excess ventilation 
compared to  theori ti cal consumpti on w i t h  closed windows . 



Figure 4 : Actual daily energy consumption for  a 4.5 kW 
terraced house according t o  ventilation and 
outside temperature. 
Source : (4 ) .  

Hypotheses have been expressed concerning the differencies 
between the expected behaviour and the real behaviour. The "wrong beha- 
viour" that  leads to  under ventilation should be explained by the 
motivations of the inhabitants w i t h  regard to  the energy savings or  by 
a lack of fu l l  and accurate informations (5) .  The overventilation 
should be due t o  the a t t i tudes  of the occupants w i t h  regard t o  hygiene, 

health and comfort. 
I t  should also r e su l t  from the habits of using the windows and from the 
i r ra t iona l i ty  of the people who, for  instance, forget  t o  shut the 
casements when they leave the i r  house. These factors are those which 
are the less well-known whi 1 s t  they are  the only ones tha t  could be 
modified i n  the shor t  run by an energy policy, taking the form of a 
social  marketing s t rategy (6-9) .  



111. OBJECTIVES 

The t r i c k  o f  such a research i s ,  precisely,  t o  d is t ingu ish  the 
desirable behaviour from the "wrong behaviour". Previous 
research has shown, t h a t  ven t i l a t i on  pat terns change w i t h  the c l  imate 
(sunshine duration, humidity, wind . . .) , w i t h  the d i f f e r e n t  physical  
features o f  the house, w i t h  the s i ze  o f  the households, and w i t h  the 
house occupancy. But these f ind ings do n o t  give informations about the 
frequency o f  the "wrong behaviour", i t s  determinants and the way t o  
change i t . These are, i n  f ac t ,  the main questions f o r  the Annex V I I  I, 
schernati zed by f i g u r e  5 .  

Can such a behaviour be modif ied ? 

-U- 

Figure 5 : Objectives o f  the Annex V I I I .  

The f i r s t  ob jec t ive  o f  the Annex i s  t o  determine the actua l  
behaviour of the inhabi tants  and t o  cor re la te  i t  t o  the outdoor and 
indoor cl imate. Indeed, almost every author agrees t o  assert  t h a t  the 
number o f  open windows i s  a d i r e c t  func t ion  o f  outdoor temperature and 
o f  the wind speed. For instance, i n  a study o f  D I C K  and THOMAS, i t  
was found t h a t  the externa l  temperature alone accounted f o r  over 70 
percent o f  the observed variance i n  the number o f  vents and casements 
open, and a f u r t h e r  10 percent o f  variance could be a t t r i bu ted  t o  wind 
speed (10) .  

The second aim i s  t o  estimate the amount o f  energy loss due t o  
t h i s  behaviour. Avai lable analysis suggests t h a t  a t h i r d  o f  the losses 
are a t t r i bu ted  t o  ven t i l a t ion ,  the remainder through the bu i l d i ng  
fabr ic  (11). This vent i  1 a t i on  loss seems equal ly  d iv ided betweeni n f i l  t r a t i o n  
and window opening. It i s  i n  the range of Annex V I I I  t o  ca lcu la te  



these proportions for  d i f fe rent  kinds of houses and fo r  different 
insulation levels. 

The t h i r d  objective i s  t o  study the inhabitants ' relevant 
behaviour motivation. I t  is  now accepted tha t  there are three types of 
venti 1 a t i  on needs : a physiological one, a d i  1 ution of contaminants 
need and a sumner cooling. I t  i s  important to  know to what extent each 
type has a great influence on the behaviour, and what has t o  be devoted 
to cul lure,  habi t  or i r r a t iona l i ty  . 

Finally, the l a s t  objective is  t o  study whether such a behaviour 
can be modified, and to  estimate the amount of energy savings which 
might resu l t  therefrom. 

IV. METHODOLOGY 

To reach these objectives, Annex VI I1 foresees three levels of 
studies.  The f i r s t  one is an enquiry on a t  leas t  500 dwellings t o  
describe the actual behaviour of the householders w i t h  regard to  
ventilation, and to  give a f i r s t  look a t  the i r  motivations. The sample 
s ize and design must ensure s t a t i s t i c a l l y  valid resu l t s .  The aim of 
the second s tep  i s  t o  study more precisely the way and the reasons of 
such behaviours on a sample of 40 dwellers; and f ina l ly ,  each par t i -  
cipant w i  11 execute elaborate masurernents on ventilation patterns in 
a t  leas t  4 dwellings to  assess the energy l o s t  due to  the venti lation 
behaviour. The resul ts  provided by these steps wi 11 allow to define 
some kinds of actions tha t  can modify the behaviour i n  order t o  respect 
two points of view : the energy consumption and the comfort of the 
inhabitants. The figure 6 i l l u s t r a t e s  the methodology followed by the 
Annex VI I I ,  and the way to  execute i t. 

Why do people behave ? 

Measurements 

What are  the possible 
e f fec ts  on energy ? 

Fi  gure 6 : The method01 ogy fol 1 owed by Annex VI 11. 



To achieve the f i r s t  leve l ,  each country w i l l  in terv iew house- 
holders w i t h  the he lp  o f  a questionnaire. I t s  main topics w i l l  be the 
composi ti on of the fami l y  , the periods o f  occupation, the heat ing 
system, and, of course, the v e n t i l a t i o n  pat tern.  Questions w i l l  be 
aimed a t  the physical  possi b i  li t i e s  o f  vent i  l a t i  on, the frequency, the 
durat ion and the reasons f o r  opening and c los ing the frames. The 
a t t i t udes  of the occupants w i t h  regard t o  energy, comfort, hea l th  and 
hygiene w i l l  a lso  be considered. The method o f  interv iews i s  necessary 
t o  provide a l o t  o f  informations bu t  there i s  a problem o f  r e l i a b i l i t y .  
Inaeed,people are tempted t o  exp la in  what they have done only r e l a ted  
t o  the two o r  three weeks before the interv iew, and they tend a lso t o  
adapt t h e i r  answers t o  how they th ink  they ought t o  behave. One so lu t ion  
t o  cont ro l  the r e l i  abi 1 i ty o f  the resu l t s  concerni ng the v e n t i l a t i o n  
pat tern  i s  t o  observe the f ronts o f  the houses; b u t  t h i s  i s  only possib le 
f o r  a small sample. 

This cont ro l  can be done a t  the l eve l  o f  the 40 dwellings. There 
are d i f f e r e n t  methods t o  observe the casements. The best  one i s  the 
use o f  the switches and microswi tches f i x e d  on the frames. I n  theory, 
there i s  no feedback on the behaviour and i t  i s  a very accurate method. 
But i t  i s  very expensive and i t  i s  n o t  always accepted by the inhabi-  
tants.  Another way i s  t o  use observers who w i l l  photograph the windows 
open a t  d i f f e r e n t  moments during the day. This method has the advan- 
tages t o  be cheap as we1 1 as easy t o  car ry  out  and t o  have no 
inf luence on the behaviour. But i t  has as drawbacks t h a t  the durat ion 
of the openings i s  n o t  known, t h a t  a11 kinds o f  houses cannot be 
observed because some windows are i n v i s i b l e  and t h a t  no observations 
during the n i gh t  are possible. A t  the same time t h a t  these observations 
are made t o  determine how people behave, a very de ta i l ed  questionnaire 
w i l l  be administrated t o  the 40 occupants t o  know how they say they 
behave and the reasons they give. From the comparison between the 
actual observed behaviour and the admitted behavi our, the re1 i abi 1 i ty o f  
selfadminis t r a ted  questionnaires and the a t t i t udes  o f  the inhabi tants  w i th  
regard t o  vent i  1 a t i  on can be i n f e r r e d  . I n  addi ti on, measurements 

w i l l  be undertaken t o  analyze the techn ica l  features o f  the houses. This 
measurements w i  11 be i ns i de  and outside temperature measures, humidity 
leve l ,  a i r  leakage o r  pressur izat ion tes ts  ; moreover the c l  irnate data t ha t  
could p a r t l y  exp la in  the vent i  l a t i  on pa t t e rn  w i  l l  be col lected.  

I n  the 1 as t  step, elaborate techni cal  measurements w i  11 be 
undertaken i n  f o u r  dwell ings t o  assess the e f f e c t  o f  v e n t i l a t i o n  beha- 
v iour  on the energy consumption. The needed data t o  compute i t  are 
suppl ied by a i r  leakage tes ts  o f  the bu i l d i ng  envelope and o f  the 
d i s t r i b u t i o n  over the envelope, by analysis o f  the pressure d i s t r i b u t i o n  
and by indoor and outdoor a i r  temperature. The previous step 
(40 dwel lers)  w i l l  provide w i th  a v e n t i l a t i o n  behaviour pa t te rn  so t ha t  
we w i  11 be able t o  introduce t h i s  pa t te rn  and the measurements data i n  
a model t ha t  w i  11 compute t h e i r  e f f e c t  on energy consumption. 



V .  STATE OF PROGRESS 

Some of the participating countries and of the observers have 
already carried out one o r  several steps of the Annex. The resu l t s  
w i  11 be compi led and published under a same reporting format. 

From the prel imi nary reports,  some resul t s  seem i nterres ting to  
present. The Dutch team found tha t  the frequency and the length of time 
the windows and the venti l a t i  on gri 1 l e s  are used i n  occupied dwell ings 
are influenced by the following factors .  Especially i n  bedrooms , 
the air ing i s  correlated w i t h  the wind speed, the wind direction, the 
snow, the rainfal l  , the sunshine, and the outside temperature. The 
ventilation behaviour i s  also higher, i n  the whole house, when the 
basic ventilation is lower, when the room is very well insulated, when 
there i s  condensation on the glasses,  and when the inside temperature 
is  not easy to  regulate. The habits of the inhabitants are very impor- 
t an t  i n  the way they a i r  the i r  house. Indeed, the dwellers who smoke 
a l o t  open more the i r  casements, and the opening of the window in the 
l iving room varies w i t h  the clothing habits,  with the presence of 
l i t t l e  children, and i s  often due t o  the cooking smells. The dwellers 
who think ventilation i s  important and who prefer freshness usually use 
more the ventilation g r i l l e s ,  too. 

A t  t h i s  stage, i t  i s  s t i l l  too ear ly t o  draw general conclusions, 
b u t  i t  seems t h a t  the resul ts  obtained by the research made i n  each 
countries will  corroborate t o  some extend the hypotheses coming from 
the l i te ra ture .  B u t  i t  i s  not ye t  possible t o  answer to  the f ina l  
questions : "Can the ventilation behaviour be modified ? And what i s  
the amount of energy savings which might r e su l t  therefrom ?"  A f i r s t  
summary report of the surveys which are a1 ready finished w i  11 be pre- 
sented by the end of the year. The f inal  publication will synthetize 
a l l  the investigations and w i  11 be available by the end of 1986. 

VI. CONCLUSIONS 

If the energy losses due to  ventilation have obviously become an 
important problem since the energy c r i s i s ,  there is s t i l l  a l o t  t o  be 
done with respect to  the behaviours. Previous research has given 
resul ts  about the share of ventilation losses i n  the energy balance, 
and the rational reasons t o  introduce fresh a i r  into the house; i n  
other words, moisture control , oxygen f o r  survival and cooling of the 
house. Annex VIII is specialized in  the at t i tudes of the inhabitants, 
i n  t h e i r  habits w i t h  regard to  ventilation and even i n  t he i r  apparent 
i r ra t iona l i ty .  That should lead to  know whether the ventilation 
behaviour of the inhabitants can be modified and t o  estimate the amount 
of energy savings which m i g h t  r e su l t  therefrom. To reach these f inal  
goals, the Annex VIII foresees three levels. The f i r s t  one will  tempt 
to  describe how people behave w i t h  regard to  ventilation on a sample of 
500 dwellings a t  leas t ,  the second level will t r y  to  . f ind  the reasons of 
such a behaviour on 40 dwellings a t  l eas t ,  and the third level will  
estimate the amount of energy loss due t o  th is  behaviour on 4 dwellings. 



A t  the present time, some countries have a1 ready carr ied out  one 
or several s teps  of the Annex, b u t  i t  i s  s t i l l  too ea r ly  t o  go deeply in to  
the conclusions. A behaviour as plain as open a window, b u t  so  important 
w i t h  regard to  energy s t i  11 s tays  par t ly  an unknown. 
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SYNOPSIS 

Measurement of air exchange rates, ages of air, and 
nominal and local ventilation efficiencies in large buildings 
is often complicated by the building size and 
compartmentalization, and by the presence of multiple 
ventilation systems. To allow characterization of the 
ventilation process in such buildings, a unique experimental 
system, that employs multiple tracer gases, is being developed 
at Lawrence Berkeley Laboratory. The tracer gases are sulfur 
hexafluoride and five halocarbons. The system is designed to 
be non-obtrusive, highly automated, and relatively easy to 
ins tall in buildings. Included in the system is a 
programmable tracer-gas injector thac automatically initiates 
and terminates the process of tracer injection. One injector 
will be used for each tracer gas. Another component of the 
system is a programmable sampler that collects up to 15 small 
samples of air; these samples can be stored and analyzed at a 
later time in the laboratory. One sampler will be placed at 
each sampling location. Because each tracer gas injector and 
sampler is a stand-alone device, long runs of tubing are not 
required to inject tracer or take samples. The concentrations 
of tracer gas in the samples are determined using a gas 
chromatograph with an electron capture detector. 

This paper first provides background information on the 
ventilation of large buildings and a discussion of age of air 
and ventilation efficiency. Various tracer gas techniques are 
briefly reviewed and equations to analyze the tracer gas data 
from the step-up and decay techniques are presented. The 
experimental system is described in detail and the results of 
two tests of system performance are presented. In these 
tests, four of the six tracer gases yielded the same result 
(i.., air exchange rate, age of air, or ventilation 
efficiency) within approximately 15 percent. In an experiment 
conducted in a well-mixed test space, these four tracer gases 
also yielded an air exchange rate, or age of air, that 
differed by no more than 12 percent from a reference 
measurement made with an orifice plate flow meter. Further 
work is required to increase the accuracy of our measurements 
with the other two tracer gases. 

1. INTRODUCTION 

1.1 Ventilation Systems 

Large buildings almost always contain a mechanical 
ventilation system and some also have provisions for natural 
ventilation (e.g., openable windows). Uncontrolled 
infiltration { ~ i r  leakage) can also be significant in these 
buildings. Several independent or semi-independent mechanical 
ventilation systems may be present in a single building. A 
number of ventilation system designs are in common use; only 
features that are common in many of these designs and that are 
especially relevant to this paper are described here. 



The airflow configuration of a typical large-building 
ventilation system is shown in Figure I. The air supplied to 
the building is generally a mixture of outside air and a 
larger amount of recirculated air. When heating or cooling 
loads are high because of high or low outdoor temperatures, 
the entry rate of outside air may be adjusted to a minimum 
value in order to save energy. Conversely, when outdoor air 
is at a temperature that makes it useful for cooling, the 
supply air may be entirely outdoor air. The position of the 
three major dampers in the system, which determines the flow 
rates of outside air and exhaust air, is regulated 
automatically in response to thermal loads and outdoor 
temperature. Some ventilation systems also contain variable 
air volume (VAV) control units, which regulate the flow of 
supply air out of a group of supply diffusers in response to 
thermal loads in the region served by the diffusers. 

It is important to recognize that actual ventilation 
systems are much more complex than indicated by the simple 
diagram in Figure 1. Actual systems generally contain a 
complex system of ductwork and dampers, large numbers of 
supply diffusers and exhaust registers, heating and cooling 
coils, filters, and a complex control system that regulates 
supply air temperature and humidity and air flow rates. 
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Fig~re 1. Simplffied schematic diagram of air flow pathways 
in ~jpical large-building ventilation systems. 



1.2 Air Exchange Rate. Age of Air. and Ventilation Efficiencies 

The objectives of the ventilation process in a large 
building are to remove or supply heat and moisture and to 
remove indoor-generated pollutants from the building. These 
objectives are accomplished by conditioning (e.g., heating or 
cooling) of the recirculated air and by exchange of indoor air 
with outside air. Numerous factors affect the performance and 
efficiency of the ventilation process. In this paper we are 
concerned primarily with the following factors: 1) the nominal 
air exchange rate; 2) the overall pattern of air flow between 
supply diffusers and exhaust registers; and 3) the spatial 
pattern (e.g., evenness) of outside air distribution 
throughout the building. 

The nominal air exchange rate is simply the rate at which 
outside air enters the building divided by the indoor volume. 
A nominal time constant or turnover time can be computed by 
taking the inverse of the nominal air exchange rate. 

The second parameter, the overall airflow pattern, is 
more difficult to describe. The pattern of airflow can, in 
theory, vary from one extreme, in which much of the air 
exiting the supply diffusers rapidly short-circuits to the 
exhaust registers, to the other extreme where the flow between 
supply and exhaust approaches a piston-type or displacement 
flow. Between these extremes is perfect mixing of the indoor 
air. The benefit of displacement flow and disadvantage of 
short-circuiting is perhaps best understood if one considers a 
hypothetical room throughout which pollutants or heat are 
generated uniformly. In the case of displacement flow, the 
air exiting the room will contain pollutants (or heat if the 
room is being cooled) at a concentration that is higher than 
the average within the room. Conversely, with a less- 
efficient short-circuiting flow pattern, the exiting air will 
have a lower pollutant concentration or temperature than the 
average within the room. 

The performance index that characterizes the overall 
airflow pattern is the nominal ventilation efficiency. The 
most unambiguous, but unfamiliar, interpretation of this 
parameter is provided by Sandberg and Sjoberg in their paper 
that applies age distribution theory to ventilated buildings.' 
In this theory, the age of an infinitesimal parcel of air is 
the elapsed time since that parcel entered the building and 
the nominal ventilation efficiency equals the turnover time 
(described above) divided by the mean age of all air parcels 
within the building. Because the turnover time equals the age 
of air within the building for the reference case of perfect 
mixing, the nominal ventilation efficiency also equals this 
reference case age of air divided by the actual mean (spatial 
average) age of air within the building. The theoretical 
maximum value of nominal ventilation efficiency is two for a 
perfect displacement flow, the theoretical minimum is zero for 
complete short-circuiting, and this nominal efficiency equals 



unity with perfect mixing. 

Sandberg et a1. and others3-= have shown in laboratory and 
field experiments that the nominal ventilation efficiency can 
vary widely, from substantially below unity to substantially 
above unity, and that efficiency depends on such factors as 
the relative positioning of supply diffusers and exhaust 
registers, the type of supply diffuser, the relationship 
between supply and exhaust temperature, the nominal air 
exchange rate and the geometric configuration (e . g . , number of 
rooms) of the ventilated space. However, the applicability of 
available data on ventilation efficiency for the majority of 
large buildings is uncertain. Previous studies of ventilation 
efficiency were conducted with ventilation systems that did 
not recirculate indoor air, which contrasts with the typical 
system in a large building. In addition, the majority of 
available data are based on laboratory experiments with supply 
air that was warmer than the indoor air ( i . .  when the 
building was being heated). In many large buildings, the 
supply air is often cooler than the indoor air (i.e., supply 
air is used for cooling). Virtually no measurements of 
nominal ventilation efficiencies have been made large, 
mechanically-ventilated buildings. 

The third factor of interest is the spatial pattern of 
outside air distribution throughout the building. The pattern 
of outside air distribution is influenced by several 
characteristics of the ventilation system including the 
balancing of air flow through various sections of supply 
ductwork and supply diffusers, the degree of mixing between 
the outside air and recirculated air, and the modulation of 
air flow by the VAV control units. In buildings with multiple 
ventilation systems, the various systems may also supply 
different amounts of outside air to the zones they serve. The 
degree of short-circuiting in various regions of the building, 
as noted above, is one final parameter that will influence the 
distribution of outside air. 

The appropriate performance index for outside air 
distribution patterns is the local ventilation efficiency. 
Again, age distribution theory provides the most unambiguous 
interpretation of the performance index1. The local 
ventilation efficiency is the turnover time, which equals the 
age of all air within the building if the air is perfectly 
mixed, divided by the age of air at a specific point within 
the building. By comparing local ventilation efficiencies 
measured at different locations, the evenness of ventilation 
can be assessed4. 

Each of the parameters described above, nominal air 
exchange rate and mean and local ages of air and ventilation 
efficiencies, can be measured using tracer gases. Various 
tracer gas techniques are reviewed in the next section and 
expressions for computing the age of air and ventilation 
efficiency are given. Finally, in the remainder of the paper, 



a multi-tracer experimental system being developed at Lawrence 
Berkeley Laboratory (LBL) is described in detail. 

2. TRACER GAS TECHNIQUES 

A variety of tracer gas techniques can be employed to 
assess ventilation system performance in a large building. In 
this paper, these techniques are divided into two categories: 
transient techniques and the constant injection rate 
technique. 

2.1 Transient Tracer Gas Techniques 

Tracer decav: The most common transient technique is the 
tracer gas decayE-'. With outside air dampers closed, a volume 
of tracer gas is released, usually at a number of locations, 
within the building. After mixing between the tracer and the 
indoor air has occurred for a period of time, outside air 
dampers are opened and fresh tracer-free air is brought into 
the building. The dilution of indoor air with outside air 
causes indoor tracer concentrations to decrease or decay. 
Tracer concentrations are monitored as a function of time at 
various locations within the building and in the exhaust 
ductwork. Two methods of data analysis can be employed. In 
the first, the natural log of tracer gas concentration is 
plotted versus time, and the slope of the straight line that 
is the best fit to the data is computed and used as a measure 
of ventilation rate. If the slope is computed from the 
latter linear portion of the decay curve, it is an appropriate 
indicator of the overall ventilation rate (i.e., nominal air 
exchange rate multiplied by nominal ventilation efficiency). 
However, it has been shown clearly that the slopes of decay 
curves are poor indicators of local ventilation ratesg if there 
is a substantial amount of air exchange between the different 
points or zones of measurement. In fact, under such 
circumstances the slopes measured at different locations will, 
in theory, eventually become equal2''. 

The second method of analyzing tracer gas decay data 
is to apply age distribution theory1. The mean age of air (A) 
within the room or zone and the local age of air (Ap) at point 
p can can be computed using the equations: 

where C(T) is a tracer gas concentration at time r, subscript 
e refers to the exhaust duct, V is the indoor volume, and Q is 
the entry rate of outdoor air. The nominal air exchange rate 



(Q/V) and its inverse the turnover time (V/Q) are computed 
with the equation 

which is easily derived from mass balance considerations. The 
turnover time (V/Q) also equals the age of air in the exhaust 
duct ( A e ) ;  therefore, it can also be computed directly from 
Equation 2. The nominal and local ventilation efficiencies, 
en and E are then calculated using the expressions 

P' 

A major constraint associated with usage of equations 1-3 
above is that the tracer must be uniformly mixed throughout 
the building at the start of the decay. The tracer decay 
technique has been employed in 38 commercial buildings by our 
colleagues at LBL' and in the majority of these buildings, 
especially those with multiple ventilation systems, 
satisfactory mixing could not be achieved. Therefore, the 
requirement of initial mixing limits the usefulness of the 
decay technique in large buildings. 

Tracer step-up: A second transient technique, referred to as 
the step-up method, involves continuous injection of tracer 
into the stream of outside air that enters the building. The 
injection is continued until steady state concentrations are 
achieved. Tracer concentrations are measured as a function of 
time in the building and at points within the HVAC system. 
The step-up technique is analogous to a tracer gas decay. In 
the decay technique the indoor air is uniformly labeled with 
tracer gas and in the step-up technique the incoming outside 
air is uniformly labeled with tracer gas. The mean and local 
ages of air from a step-up are computed with the expressions1: 

and the entry rate of outside air (Q) is computed with 



where m is the injection rate of tracer gas into the incoming 
outside air. The indoor volume (V) is determined from 
physical measurements and ventilation efficiencies are 
computed from Equations 4 and 5. Alternately, the turnover 
time (V/Q), which equals A*, can be computed directly from 
Equation 7 and then the ventilation efficiencies from 
Equations 4 and 5. A disadvantage of the step-up technique is 
that only the air entering the building through the HVAC 
system can be labeled with tracer gas, i.e., infiltrating air 
can not be labeled. However, the infiltration rate can be 
determined by comparing the steady state concentration of 
tracer in the incoming outside air to the steady state 
concentration in the exhaust. An important advantage of the 
step-up method is that initial mixing of tracer throughout the 
building is not required, however, the tracer must mix well 
with the outside airstream and good mixing may be difficult to 
achieve in some ventilation systems. In a building with 
multiple ventilation systems, and air flow between the zones 
served by separate systems, it is necessary to have the same 
concentration of tracer in each stream of outside air, which 
is impractical, or to use a unique tracer in each system. 

Tracer ~ulse: A third transient technique, which is only 
mentioned here, is to suddenly release a fixed volume or pulse 
of tracer in the incoming outside air. Expressions for the 
entry rate of outside air and mean and local ages of air and 
ventilation efficiencies are provided by Sandberg and s j obergl. 

2.2 Constant Iniection Rate Techniaue 

An alternative to transient techniques, which require 
tracer concentrations to be measured as a function of time, is 
to employ a constant injection rate technique1' which relies on 
measurements of time-averaged tracer concentration. 
Typically, tracer is injected continuously at a controlled and 
known rate for an extended period of time (e.g., several days) 
into the supply airstream(s) or at a number of locations 
within the building and some technique is used to measure the 
time-averaged tracer concentration at several points within 
the building. If the building has multiple ventilation 
systems a unique tracer should be used with each system. The 
data are generally analyzed using a single-zone or multi-zone 
steady-state mass balance model to compute the entry rate of 
outside air and, if multiple tracers are employed, to compute 
rates of air flow between zones. An assumption implicit in 
the steady-state mcdels is that the air within each zone is 
perfectly mixed. I, addition, the measurement period should 
be much greater than the amount of time required to achieve 
steady state tracer concentrations, which is roughly three to 
four turnover times. The constant injection rate technique is 
best suited for buildings that have a nearly constant or 
slowly-changing ventilation rate. An assessment should be 
made of the errors that result from using this technique over 
an extended period of time in buildings with large deviations 
from steady state, such as nightly shutdowns of the HVAC 



sys tem. 

The primary advantages of the constant injection rate 
technique are that only a simple experimental system need be 
deployed in the building, such as the convenient passive 
tracer gas sources and samplers developed at Brookhaven 
National ~aborator~", and that the average ventilation rate 
for an extended period of time can be measured in a single 
experiment. The nominal ventilation efficiency and local age 
of air or ventilation efficiency cannot be measured using the 
constant injection rate technique because the data analysis is 
based on the assumption of perfect mixing within each zone and 
ventilation efficiencies result from imperfect mixing. 

3. MULTI-TRACER EXPERIMENTAL SYSTEM 

The remainder of this paper describes a multi-tracer 
experimental system under development at LBL and summarizes 
the results of experiments conducted to verify system 
performance. The design objectives were as follows: 1) a 
flexible system that can be utilized for a variety of tracer 
gas techniques without major modifications; 2) a system that 
can measure ventilation efficiencies and local ages of air 
within a zone; 3) a system that can be deployed rapidly in a 
building; 4) a system suitable for use during periods of 
building occupancy; and 5) a system suitable for use in 
buildings with multiple ventilation systems. We plan to use 
this multi-tracer system to study ventilation system 
performance in a substantial number of large mechanically- 
ventilated buildings and to assess the impacts of changes to 
ventilation systems. Some of these future studies will be 
conducted as part of more comprehensive investigations of 
ventilation and indoor air quality in large buildings. 

The experimental system consists of six tracer gases and 
instrumentation for measuring tracer gas concentrations, stand- 
alone tracer gas injection systems, and stand-alone samplers. 
In buildings with six or fewer ventilation systems, the step 
up or constant injection rate techniques can be employed by 
injecting a different tracer gas into each ventilation system. 
The injection of each tracer gas will be controlled by a 
distinct stand-alone injection system placed in the building 
near the point of injection. The stand-alone samplers will 
also be placed at various locations within the building near 
to points where the time-history of tracer gas concentration 
is required. These samplers collect and store small air 
samples taken at different times during an experiment (e.g., 
every 15 minutes during a step up experiment). The 
concentration of each tracer gas in the samples can then be 
determined in the laboratory after completion of the 
experiment. 

3.1 Tracer Gases and Tracer Gas Measurement Svstem 

Selection of tracer gases: Selection of tracer gases was a 



major early consideration. Suitable tracers must be non- 
toxic, chemically unreactive in buildings, naturally present 
in buildings only at concentrations that are low compared to 
those encountered during experiments, readily available at an 
acceptable cost considering the amount of tracer required, and 
not prone to substantial physical adsorption on indoor 
surfaces. Another consideration is whether the tracer is a 
gas or liquid at normal indoor temperature and pressure; 
liquids are more conveniently stored, but gases are more 
easily injected into the building at a controlled rate and may 
be less prone to physical adsorption. The measurement proces,; 
also imposes important constraints on tracer selection. 
Measurement of tracer concentration over approximately two 
orders of magnitude, is highly desirable. The time required 
to separate and analyze a mixture of tracers must be 
reasonable (e.g., less than about ten minutes). Finally the 
cost of the measurement system is a major consideration. 

The two groups of tracers that were considered are: 1) a 
set of four perfluorocarbon tracers (PFTs) used routinely at 
Brookhaven National ~aborator~'~~'', and 2) sulfur hexaf luoride 
plus selected halocarbons. The PFTs can be utilized at very 
low concentrations" (parts per trillion) due to their 
extremely low background concentrations. Generally to collect 
sufficient PFT for analysis, the PFT from a volume of air is 
adsorbed and thus concentrated onto a solid sorbent". The 
PFTs are then thermally desorbed from the sorbent just prior 
to analysis in the laboratory. An expensive analytical system 
(approximately $30,000) is required to desorb the PFTs from 
the solid sorbent and determine the amount of each PFT 
desorbed. If PFTs were used in the parts per billion 
concentration range, a less expensive analytical system might 
be suitable, however, this alternative is impractical because 
of the high cost of PFTs, 100 to 500 $/kg1' (45 to 225 $/lb). 
The fact that PFTs are liquids at room temperature makes 
storage convenient, however, an automated system for 
evaporation and injection of PFTs at a controlled rate posed a 
difficult design challenge considering the extremely small 
quantities of liquid required. 

Because of the considerations regarding the use of PFTs 
noted above, and the expectation that a system of more than 
four tracers could be developed, we selected sulfur 
hexafluoride (SF,) and several halocarbons as a preferred group 
of tracers for our application. Each of the tracers selected 
is a gas at typical indoor temperature and pressure. SF6 has 
been used routdnely as a tracer in large buildings6-' and three 
halocarbons have also been previously used as tracers in 
buildings13. After preliminary experimentation with a large 
number of halocarbons, a group of five (R-13B1, R-115, R-12, R- 
12B1, and R-114) plus SF6 were selected. The chemical 
formula, approximate cost, and other relevant data on these 
tracers are given in Table 1. We intend to conduct our 
experiments so that the peak concentration of R-13B1, R-115, R- 
12, and R-114 is 1000 parts per billion (ppb) and the peak 



concentration of SF, and R-12B1 is 100 ppb. In buildings with 
substantial leakage of refrigerants from refrigeration 
equipment, one may encounter substantial background concen- 
trations of R-12 and R-115. We have taken air samples from 
several buildings, and in one building, specifically chosen 
because its mechanical system had a large refrigerant leak, 
the concentration of R-12 was approximately 225 ppb, which is 
sufficiently high to prohibit our use of R-12 as a tracer in 
this building. 

Table 1. Selected Properties of Gaseous Tracers 

Refrig- Boiling U.L. Approx. 
erant Chemical Molecular Point TLV Safety Cost 
 umber* Chemical Name Formula weight (OC) (PPM)+ ~ r o u ~ * *  ( $ / K ~ ) *  

- - -  Sulfur 146.1 -64 1000 12 
Hexafluoride 

13B1 Bromotri- CBrF, 148.9 - 58 1000 6 2 1 
f luorome thane 

115 Chloropenta- CClF,CF, 154.5 - 39 1000 19 
f luoroethane 

12 Dichlorodi- CC1,Fz 120.9 - 30 1000 6 5 
f luorome thane 

12B1 Bromochlorodi- CBrClF, 165.4 -4 - - 12 
f luorome thane 

114 1,2-dichloro- CClF,CClF, 170.9 +4 1000 6 l1 . 
tetrafluoro- 
ethane 

* Refrigerant number designation of the American National Standards 
Institute. 

+ Threshold Limit Value published by the American Conference of 
Governmental Industrial Hygienists. 

** Underwriters Laboratories safety Group 6 is for "gases or vapors 
which in concentrations up to at least about 20 percent by volume 
for durations of exposure of about 2 hours do not appear to 
produce injury". 

tt. Costs vary widely depending on purity and quantity purchased. 

Tracer gas analysis: A microprocessor-controlled instrumen- 
tation system is used to determine the amount of each tracer 
present in small air samples. This system consists of a 
Hewlett Packard (HP) 5890A Gas Chromotagraph (GC) with an 
electron capture detector and a ten-port sampling valve with a 
0.25 cc sample loop, a H P  33928 Integrator, and a H P  19405A 
Sample Event Control Module which controls operation of the 
sampling valve. This instrumentation system costs 
approximately $14,000. The carrier gas is a mixture of 7% 
methane and 93% argon. A standard backflushing procedura, 
with a 0.15 m (0.5 ft) pre-column and 2.4 m (8 ft) mePn 
column, is employed to prevent extraneous high-retention-tine 
gases within the sample from entering the main column. 
Backflushing is initiated 0.75 min after injecting the con- 
tents of the sample loop into the pre-column. Both columns 



contain Chromosil 310, 60/80 mesh packing in a stainless steel 
tube with an outer diameter of 0.32 cm (0.125 in). The flow 
rate of carrier gas is maintained at 20 cc/min. The initial 
oven temperature of 35°C is maintained for 2.75 min after 
which the oven temperature is increased at a rate of 30°C/min 
to a maximum of 60°C. The entire cycle is completed in 
approximately eight minutes. 

Figure 2 shows a typical chromatogram, a tabulation of 
retention times and areas under each peak based on the 
printout of the HP 3392A Integrator, and additional 
information for characterizing each peak. The sensitivity of 
the electron capture detector to each tracer can be computed 
from the information given. The printed output of the 
integrator is also recorded on magnetic tape and subsequently 
read into a mainframe computer system. Calibration is 
accomplished by injecting and analyzing six to eight mixtures 
of calibration gas with known concentrations of each tracer. 
Because the calibration curves are not entirely linear, a 
third degree polynomial is fit to the calibration data using a 
curve fitting routine available on the mainframe computer 
sys tem . 

Retention 
Time (min) Area Component 

0.86 

1.98 0.86 1.9700E+07 Air 
1.33 5291 40 SF, 
1.98 3098700 R-1361 
2.63 74651 R-115 

4-76 3.14 1426800 R-12 
4.76 7478000 R-12B1 
5.63 657790 R-114 

Conc. 
(PPb) 

XBL 858-9897 

Figure 2. Example chromatogram and table of information that 
characterizes each peak. 

Tracer gas safety considerations: It was stated above that a 
suitable tracer must be non-toxic. However, any tracer can be 
hazardous to health if sufficiently high concentrations are 
encountered. A more precisely-stated requirement is the 
following: the investigators must be sure that normal usage 
of the tracer gas, and feasible accidents, will not harm any 
of the building occupants. In the following paragraphs we 
discuss briefly the safety of our selected tracer gases and 
tracer gas technique. However, until this issue is reviewed 
by qualified experts, no definitive conclusions should be made 
by the reader regarding the safety of these tracers or our 
procedures. 



Included in Table 1 are two safety-related parameters. 
The first of these is the Threshold Limit Value-Time Weighted 
Average (TLV) published by the American Conference 
Governmental Industrial Hygienists (ACGIH). The TLV is 
defined by the ACGIH as follows: "time-weighted average 
concentration for a normal 8-hour work day and a 40-hour work 
week to which nearly all workers may be repeatedly exposed, 
day after day, without adverse affect". The maximum TLV 
established by the ACGIH is 1000 parts per million (pprn) even 
when no harm is expected from exposures to concentrations much 
higher than 1000 ppm. For all of the tracers except R-12B1, 
the TLV is 1000 pprn which is 1000 to 10,000 times greater than 
the maximum concentrations that will be encountered in our 
experiments. No TLV has been published for R-12B1. In his 
review of fluorocarbon toxicity, clayton14 indicates that R- 
12B1 should be less toxic than R-12B2, for which the TLV 
equals 100 pprn or 1000 times greater than the maximum 
concentration of R-12B1 expected in our experiments. However, 
Clayton indicates that R-12B1 should be more toxic than R-13B1 
for which the TLV is 1000 ppm. Other information on the 
toxicity of R-12B1 is provided by Beck et ale1' who exposed 
various animals to R-12B1. Most of the experiments involved 
concentrations in the range of 1 to 30 percent and significant 
adverse effects were noted, however, no adverse effects were 
noted when rats were exposed to 3300 pprn of R-12B1 (i. e. , 
33,000 times our maximum) 6 hr/day, 5 days/week, for three 
weeks. 

The second safety-related parameter in Table 1 is the 
Underwriters Laboratories (U.L.) safety group. Three of the 
tracers have been assigned to Group 6 which is for "gases or 
vapors which in concentrations up to about 20 percent by 
volume for durations of exposure of about 2 hours do not 
appear to produce injury". A concentration of 20 percent is 
200,000 times greater than the one pprn maximum of our 
experiments. U.L. has not assigned a safety group number for 
SF,, R-115, or R-12B1. 

Based on these two safety-related parameters, exposure of 
building occupants to maximum concentrations of tracer gas of 
1000 ppb or 100 ppb, depending on the tracer, does not appear 
to be of concern. However, an accidental rapid release of a 
large amount of tracer gas from a pressurized cylinder into a 
small room could result in tracer concentrations much higher 
than 1000 ppb. To preclude this possibility, we have designed 
a tracer injection system (described later) that eliminates 
the need for pressurized cylinders in the building and that 
limits the maximum quantity of each tracer within the building 
to approximately 100 liters. 

A third safety-related issue is the thermal decomposition 
of the halocarbon tracers. It is known that halocarbons can 
decompose to toxic products (phosgene, halogens, and halogen 
acids) if heated to high temperatures such as those 



encountered in flames or at the surface of electric 
heating elementdi'8 Neither open flame gas heaters nor a 
substantial quantity high-temperature electric heating are 
generally present in the buildings we plan to study; when 
present we will avoid usage of the tracer system. Another 
concern is the possibility of decomposition of the tracers 
when they pass through burning tobacco. Hanst et a1.17 
determined that R-11 and R-22 did not decompose when 2000 ppm 
of these gases passed through a lighted cigarette within their 
detection limit of 0.1%. However, we have identified no 
analogous experimental data for the five selected halocarbons 
tracers. Based on some preliminary calculations we believe 
that decomposition of these tracers in burning tobacco is 
unlikely to be a problem. Further analysis is warranted 
before these tracers are used routinely. 

One should place our safety concerns into proper 
perspective. We are trying to be extremely careful. It is 
our impression (as yet unconfirmed) that many industrial 
workers and others including smokers, are routinely exposed to 
these halocarbon gases in concentrations and for a duration 
that greatly exceed those in our experiments without any 
apparent adverse affects. 

3.2 Programmable - Stand-Alone Sampler 

Real time analysis of tracer gas concentrations during an 
experiment, by placing the GC in the building and drawing 
samples to the GC through sample tubing run to various 
locations within the building, is generally not a practical 
alternative when multiple tracer gases are employed. For 
example, the time required to analyze a single sample with our 
system is eight minutes. If measurements are required at ten 
locations, and often monitoring at more than ten locations is 
desirable, data could be obtained from each location only once 
every 80 minutes, which is too infrequent for any transient 
tracer gas technique. Even without this constraint, we would 
have decided against real-time analysis and multi-point 
sampling using sample tubing because of the large amount of 
time and labor required to set up the GC in the building and 
string the sampling tubes out of the way of building 
occupants. 

To meet our sampling requirements we designed the 
programmable stand-alone sampler depicted in Figure 3. The 
sampler utilizes a 34-port, 16-position valve (Valco 
Instruments Multiposition Valve with ST type flowpath) mounted 
on a Valco electric actuator. The valve has an inlet port, an 
outlet port and a pair of ports at each of the 16 positions. 
A six position version of the valve is shown schematically in 
Figure 4. In each valve position, a different sample 
collection loop can be purged and filled with a sample. In 
our experiments a 2.1 m (7 ft) length of copper tubing, with 
outer and inner diameters of 0.32 cm (0.125 in) and 0.165 cm 
(0.065 in.), respectively, is used as the sample collection 



loop; a shorter piece of tubing with a larger inner diameter 
may be used in the future. Since one pair of valve ports must 
always be open to the inlet and outlet of the valve, a sixteen 
position valve can store only fifteen samples. A small pump 
is used to draw air through the valve. 

Sample mnlet 

AC power caMe 
to electric actuator 

MtB-wire 
connectw 

Figure 3. Schematic diagram of automated stand-alone sampler. 
The actual sampler contains 15 sample collection loops. 

Figure 4. Schematic diagram of flow path in six position 
valve. A-16 position valve is used in sampler. 



The multiposition valve is positioned by the electric 
actuator. During normal operation a sampler control system 
(described later) uses binary coded decimal (BCD) logic to 
position the electric actuator, and thus the valve, in the 
desired position. The valve can also be stepped to the next 
position or moved to position #1 manually, using a toggle 
switch. 

The sampler control system consists of an Epson HX20 
microcomputer, communicating via its serial RS 232 port with a 
small microcontroller board (Basicon MC-IN). The micro- 
controller board, along with a power supply and three 
miniature solid-state relays are installed in a small metal 
housing attached to the underside of the HX20. The micro- 
controller board has three eight bit binary ports which sends 
control signals to the electric actuator, senses actuator 
position and controls the solid state relays. One of the 
relays controls the pump, one turns the electric actuator on 
and off, and the remaining relay is a spare. A BASIC program 
burned into read-only memory of the microcontroller allows 
communication with the Epson HX20. The Epson microcomputer is 
also programmable in BASIC, keeps track of date and time with 
a real time clock, and contains a built-in keyboard, liquid- 
crystal display screen, printer, and micro-cassette tape 
sys tem . 

To minimize programming or operator errors when numerous 
samplers are deployed, a single micro-cassette tape can be 
used to load programs or control data files into each sampler. 
An appropriate operating procedure is the following. Prior to 
the experiment a control data file is loaded into the Epson 
and also printed on the Epson's printer. The valve is 
automatically rotated to position #1, which does not contain a 
sample loop, and all solid state relays are switched to the 
off position. A few minutes before the first sample is 
required, the electric actuator is turned on, the valve is 
rotated to position #2  and the pump and actuator are turned 
on. During the following few minutes the sample loop and the 
short length of tubing leading from the sampler to the desired 
sampling location is purged of the previous sample. At the 
desired sample collection time, the valve is rotated to 
position #3 and the pump is turned off. This basic procedure 
is repeated until all samples are taken. A record of all 
valve operations and changes in state of the relays can be 
printed on the Epson's printer or recorded on magnetic tape. 
The system is highly flexible; the sample loops can be filled 
in any desired sequence and at any desired time in the future. 
By repositioning the pump, the sampler can also automatically 
inject samplers into the GC for analysis. 

The multiposition valve with sample collection loops 
connected is easily removed from and reinstalled on the 
electric actuator. Thus, by purchasing more than one multi- 
position valve for each sampler, the sampler can be reused 
before or during analysis of the previous samples. However, 



the $375 price of the multiposition valve makes the purchase 
of more than a few valves for each sampler prohibitively 
expensive. The total cost of all major components of a 
sampler with a single multiposition valve, excluding a case to 
house the components (which has not yet been selected), is 
approximately $2000. 

Mixtures of calibration gases containing all six tracer 
gases have been stored in the sample loops connected to a 
multiposition valve for as long as three weeks. Within the 
precision of our measurement system (approximately five 
percent) the concentration of each tracer within these sample 
loops has remained constant except in a few instances that we 
attribute to procedural errors. Longer-term tests of tracer 
storage are planned. 

3.3 Tracer Gas Iniection Svstem 

To complete our experimental system a subsystem for 
injection of tracer gases is required. We have designed a 
simple stand-alone automated injection system that is well 
suited for the step-up tracer gas technique. A separate 
injection system will be utilized for each tracer gas. The 
major components are depicted in Figure 5. As shown, a 
peristaltic pump (Cole Parmer Masterflex) draws tracer gas 
from a 100 liter gas storage bag (Calibrated Instruments) and 
pumps this tracer through a length of injection tubing. The 
rotational speed of the peristaltic pump is regulated within 
+1% of the digital set point (according to manufacturers 
specifications) with a variable speed drive (Cole Parmer 
Ismatec No. T-7610-30). Because several different size 
peristaltic pumps can be mounted on the variable speed drive, 
and two pumps can be mounted simultaneously, the rate of 
tracer gas injection can be varied over a wide range 
(approximately 1 to 1200 cc/min). Starting and stopping of 
the drive is under control of a programmable timer. The 
optional integrating flowmeter placed downstream of the pump 
(Singer Model DTM-115-3), with a manufacturers rated accuracy 
of 22% and a resolution of 10 cc, can be read before and after 
each experiment to determine the total amount of tracer 
injected during the experiment. The system should be 
calibrated by measuring flow rate versus the digital set point 
on the variable speed drive with a highly accurate flow meter 
(for example, the Mast Development Co. Model 832 electronic 
bubble flowmeter). The cost of all major system components, 
excluding a housing, is approximately $1900. 

The 100 liter volume of tracer in the gas storage bag 
should be sufficient for the majority of experiments and two 
or more bags can be connected together if desired. The bag 
holds sufficient tracer to maintain 100 ppb of tracer in the 
supply air of a large ventilation system (47 m3/s or 100,000 
cfm) for a period of six hours with 100% outside air. In more 
typical situations, with smaller ventilation systems and/or 
less than 100% outside air, a 100 liter bag will hold enough 



tracer for more than a single experiment. The seven-layer bag 
is fairly rugged but should be protected by some type of 
enclosure. The bag with enclosure will occupy a comparable 
volume to a large pressurized cylinder of tracer gas, but is 
lighter and thus easier to carry. The bag is also less 
hazardous than a pressurized cylinder of tracer gas. 

This tracer injection system, without an integrating flow 
meter or a programmable timer, has been used to inject tracer 
gas in five experiments. During each experiment, the tracer 
injection rate was measured periodically with an electronic 
bubble flow meter. Except for two unexplained high readings 
of flow rate during one experiment, the measurements indicate 
that this system injects tracer at a highly stable rate (i.e., 
2% maximum variation in injection rate). 

+Tracer Gas 

XBL 858-9898 

Figure 5. Schematic diagram of tracer gas injection system. 

4. VALIDATION OF PERFORMANCE 

A tracer gas intercomparison is an important test of any 
multi-tracer system. When a mixture of the tracer gases is 
utilized in the same experiment, the data from each tracer gas 
should yield the same nominal air exchange rate, ages of air, 
and ventilation efficiencies. Discrepancies could result from 
such factors as substantial adsorption of one or more of the 
tracers on indoor surfaces, inaccuracies in sampling, loss of 
tracer during storage of samples, and inaccurate analysis of 
tracer concentrations. Highly consistent results from a 
tracer gas intercomparison do not, however, ensure that the 
results are accurate because the same error(s) could occur 
with each tracer. Therefore, the performance of a tracer gas 
system should also be tested in a building with good mixing 



and a known air exchange rate. Each type of test has been 
performed with our multi-tracer system and the results are 
described in the remainder of this section. 

To conduct the tests we utilized the following procedure 
in two different buildings. The 100 liter gas storage bag was 
filled with a mixture of the tracers. (Note that in normal 
operation each storage bag would be filled with a single 
tracer.) A step-up experiment was then performed using a 
single injection system to inject the mixture of tracers into 
the building at a controlled rate. The injection rate was 
monitored using a bubble flow meter. After steady-state 
tracer concentrations were achieved, tracer injection was 
stopped and a tracer decay ensued. The stand-alone sampler 
was not used in these experiments; instead the GC was located 
within the building and samples of air were drawn to the GC 
from a single location through a small-diameter copper tube. 
A data point was taken every ten minutes. The GC was 
calibrated prior to each experiment, and prior to the first 
experiment we determined that there were negligible tracer 
losses in the copper sample tubing. Data from the HP 
Integrator was recorded on magnetic tape and processed on a 
mainframe computer after completion of the experiments. 

The experimental procedure was first employed in a two- 
room test space of a research house (experiment #1) with a 
total internal volume of 69.1 m3 (2400 ft3). The two rooms 
were connected by an open door. Indoor surfaces consisted of 
plasterboard and plywood on walls and ceilings, a carpeted 
floor in one room and a vinyl tile floor in the other. A 
variety of furnishings were also placed within the rooms. To 
ensure good mixing, the air within the test space was 
vigorously mixed with five oscillating fans, eight wall- 
mounted fans, and a large ceiling fan. Tracer gas was 
injected at the back side of two oscillating fans and air 
samples were withdrawn from a location in the open doorway. 
Air was exhausted mechanically through a duct that penetrated 
the ceiling of one room and the flow rate of this exhaust 
airstream was monitored with an orifice plate flo~meter'~. By 
combining the flow rate measurement with a physical 
measurement of test-space volume the actual air exchange rate 
of the test space can be determined with an estimated 
uncertainty of +5%. 

The second experiment was performed at Building 50E at 
Lawrence Berkeley Laboratory, which is a sin le-story B structure with a floor area of 931 m2 (10,000 ft ) and an 
estimated volume of 2620 m3 (92,600 ft3). The building is 
furnished in a typical manner for office buildings. Much of 
the building is subdivided into office cubicles with fabric- 
covered dividers. In addition, a number of more formal 
offices, with walls that extend to the ceiling and closable 
doors, are present around the perimeter of the building. A 
single constane-volume HVAC system serves the building with 
both supply diffusers and exhaust registers located at ceiling 



level. An open entry way connects Building 50E to the 
remainder of the Building 50 complex which is served by other 
HVAC systems. The mixture of tracer gases was injected into 
the outside air duct and samples were drawn into the GC from 
the exhaust air duct. The outside air, return-air, and 
exhaust-air dampers were disconnected from their actuators 
during the experiment so that no automatic modulation of 
damper positions was possible. 

Table 2 gives the local age of air measured in Experiment 
#1 at the Research House. Because the concentration of R-12B1 
exceeded the maximum calibration gas concentration of 100 ppb, 
a local age from the R-12B1 data can only be computed using 
the latter portion of the R-12B1 decay curve. Ideally, the 
data from each tracer gas should yield the same local age of 
air; the step-up and decay procedure should yield the same 
local age; and, assuming we were successful in obtaining good 
mixing during this experiment, all the ages of air calculated 
from tracer gas data should equal the reference measurement of 
age of air (i.e., the inverse of the nominal air exchange 
rate) made with the orifice plate flow meter. If one excludes 
the results obtained with R-12B1, the different tracer gases 
yield the same local age of air within ten percent. If the R- 
12B1 result is included, the maximum deviation between tracer 

Table 2. Local Age of Air from Experiment #1 Performed in Well-Mixed 
Test Space of a Research House. 

Tracer Gas Tracer Gas 
Step-up Decay 

Tracer A 
Gas (mfn) 

* 
A is the age of air at the measurement point calculated from 
ecuation 2 or 7 as appropriate. 

' Data analysis performed assuming time zero (see Equation 2) 
corresponds to time of first data point after tracer 
injection ceased. 

** 
Data analysis performed assuming time zero (see Equation 2) 
corresponds to time of first data point after R-12B1 
concentration fell below maximum of calibration range. 

Note: Meaurement of air flow rate and volume of test space yield an age of 
air of 59 minutes with an estimated uncertainty of +5%. 



gases is 14 percent. Compared to the decay data, the step-up 
data yields 11 to 21 percent lower ages of air, perhaps 
because of physical adsorption of tracer gases on indoor 
surfaces or systematic errors in our determination of tracer 
gas concentrations. An encouraging result is that the 
reference measurement of age of air, made with the orifice 
plate flow meter, falls between the step-up results and the 
decay results. The maximum deviation from the reference 
measurement is 17 percent (12 percent if the R-12B1 data are 
excluded) . 

Table 3 presents the local and mean (spatial- 
average) ages of air and the corresponding ventilation 
efficiencies based on the tracer gas data of Experiment #2 
performed in Building 50E. The correspondence of the results 
from four of the tracer gases (R-13B1, R-115, R-12, and R-114) 
is quite good, however, the SF, and R-12B1 data yield 
substantially different results. We believe that the dis- 
crepancies with these two tracer gases may be due, in large 
part, to inaccuracy in our analysis of tracer gas 
concentrations. The calibration curves for these two tracers 
were not as smooth as the calibration curves for the other 
four tracers. Improved calibration gas mixtures and 

Table 3. Ages of Air and Ventilation Efficiencies from Experiment 
#2 Performed in Building 50E. 

Tracer Gas Step-up Tracer Gas Decay 

Tracer + 7i"* u 
AP* 

A * E + z* u 
'n ' n 

Gas (min) ('! ) (min) ( - ) (mfn) ( ) bin) ( - f 

SF, 31 1.44 21 2.05 39 1.00 45 0.87 
R-1381 36 1.03 33 1.13 39 1.00 42 0.92 
R-115 35 1.01 31 1.14 37 1.00 38 0.98 
R-12 39 0.98 38 0.99 40 1.00 50 0.80 

R-12B1 47 0.85 50 0.81 47 1.00 82 0.58 
R-114 37 0.97 36 1.00 39 1.00 41 0.95 

* A is the age of air at the measurement point, which was the 
eghaust duct, calculated from Equations 2 or 7 as appro- 
priate. 

+ e is the local ventilation efficiency at the measurement 
pgint, calculated from Equation 5. 

** - A is the mean (i.e., room-average) age of air calculated from 
Equation 1 or 6 as appropriate. 

++ en is the nominal ventilation efficiency calculated from 
Equation 4. 



increasing the maximum concentration of these two tracers by a 
factor of two or three may reduce these discrepancies in the 
future. The mean ages of air and nominal (i. e. , spatial- 
average) ventilation efficiencies vary more widely between 
tracer gases than their local counterparts because the mean 
parameters are more highly affected by the shape of the step- 
up or decay curves and are, therefore, more difficult to 
measure accurately. The local ages of air and local 
ventilation efficiencies from the step up correspond very well 
with those f r ~ m  the decay for all tracer gases except SF6.  
However, the step up yields 13 to 27 percent lower mean ages 
of air and 5 to 22 percent higher nominal ventilation 
efficiencies than the decay, excluding the SF6 and R-12B1 data. 
One cannot draw firm conclusions from correspondence between 
results of the step up and the decay because the overall 
airflow pattern and even the nominal air exchange rate may 
have actually changed during the experiment. The step up was 
performed during the day when the building was occupied and 
the decay was performed during the evening and night-time 
hours. In addition, we have no data to confirm that the 
tracers were fully mixed with the air at the start of the 
decay. A final interesting observation based on Table 3, is 
that the four closely corresponding tracer gases indicate that 
the nominal ventilation efficiency during the experiment was 
within 15 percent of unity. 

The fourth table lists the flow rates of outside air 
and nominal air exchange rates determined from the tracer gas 
data of Experiment #2, and our estimate of the indoor volume. 
If one excludes the SF6 and R-12B1 data, the correspondence 
between different tracer gases and between step-up and decay 
is good (i.e., the maximum difference between any two numbers 
is 14 percent). Even the SF6 and R-12B1 results are in 
reasonable agreement with the results of the other tracer 
gases. 

Table 4. Flow Rate of Outside Air (Q) and Nominal Air Exchange Rates 
(QP) from Experiment #2 Performed in Building 50E. 

Tracer Gas Step-up Tracer Gas Decay 

Tracer Q* Q/V' Q*" 
Gas (m3/h) (h-') (m3/h) (h-l) 

w* 

* From Equation 5. 

+ From Equation 5 and estimate of indoor volume of 2624 m3. 

*I 
From Equation 3 and estimate of indoor volume of 2624 m3. 

H From Equation 3. 



5. SUMMARY 

A unique multi-tracer experimental system that utilizes 
up to six tracer gases, sulfur hexafluoride and five 
halocarbons, is being developed. This system is intended 
primarily for measurements of air exchange rate, ages of air, 
and ventilation efficiencies in large mechanically-ventilated 
buildings. Tracer gas concentrations are determined using a 
gas chromatograph with an electron capture detector. So that 
tracer-gas concentrations can be monitored at numerous 
locations and with sufficient frequency for transient tracer 
gas techniques, a programmable stand-alone sampler has been 
designed that collects up to 15 small air samples. The 
samples can be stored and analyzed in the laboratory after the 
experiment has been completed. A simple programmable stand- 
alone tracer gas injection system that injects tracer gas at a 
highly stable rate has also been designed and tested. .One 
injection system will be used for each tracer gas and one 
sampler will be employed near each sampling location. 

Two tests of the system, excluding the sampler, have been 
completed. Each test included both a tracer gas step-up and a 
tracer decay. Four of the six tracer gases yielded the same 
result (e.g., age of air) within approximately 15 percent. 
These four tracers also yielded an air exchange rate, or age 
of air, that differed by no more than 12 percent from a 
reference measurement made in a well-mixed test space with an 
orifice plate flow meter. Further work is required to 
increase the accuracy of our measurements with the remaining - 
two tracers and to verify system performance in general. 
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DISCUSSION 

Paper 1 : 'Vent i la t ion,  the balance between energy and well-being',  
presented by W . H .  Knoll (Netherlands) 

D. Fitzgerald Please t e l l  us more about what i s  known of the medical 
( U .  K. ) e f f ec t s  of the 'unavoidable sources'  of a i r  contamination 

and about work in t h i s  area.  

W.H. Knoll 'Unavoidable sources' are the occupants themselves, 
(Nether lands l producing C02, odours and moisture. The most important 

other sources, such as building materials and household 
chemicals, are avoidable which means that,  by means of 
regulation, the e f f e c t s  i n  the room can and should be 
restr icted t o  a harmless concentration a t  the min imwn 
vent i lat ion rate.  Odours, as produced by human ac t i v i t i e s ,  
are considered t o  have no influence on health although, so 
far as i s  known, there have been no experiments t o  support 
t h i s  statement. For C02, MAC-values are given; for 
permanent stay the value i s  about 0.15%, for an 8-hour stay 
it i s  0.5%. For underground shelters the value i s  much 
higher, but s t i l l  acceptable. A t  the usual minimum 
vent i lat ion rate a value of 0.15% i s  not surpassed fit i s  
reached a t  about 18 m3/h per person fresh a i r  supply). 

Paper 2 : 

M .  Sherman 
( USA 

'The i n f i l t r a t i o n  component of vent i la t ion i n  New Zealand 
houses' presented by Mark Bassett (New Zealand) 

You s ta ted  t ha t  i n f i l t r a t i o n  losses  were not a s ign i f ican t  
heat loss  source, y e t  the houses you showed were a l l  very 
leaky. I s  t h i s  because ( a )  conduction losses a r e  qui te  
high because of low insula t ion leve l s ,  (b)  AT i s  so low 
t h a t  almost no heating i s  required, or  ( c )  energy prices 
a re  so low tha t  cos t  i s  not important ? Could you give 
typical  insulat ion l eve l s ,  indoor/outdoor temperatures and 
energy prices f o r  dwellings in New Zealand ? 

M. Bassett In f i l t ra t ion  heat losses are unlikely t o  fal l  outside 
(New Zealandl 10-25% of the conduction heat loss but the to ta l  vent i lat ion 

heat loss  w i l l  be higher than t h i s .  Conduction losses are 
determined by the level  of i n s u g t i o n  (about RSIZI and AT 
which varies from an average 18 C i n  the north down t o  
about 4 ' ~  i n  the occupied southern coastal regions. Because 
the mean outdoor temperatures are quite high, heating i s  
almost always intermittent so that  space heat requirements 
vary from one house t o  the next. Furthermore, it i s  
d i f f i c u l t  t o  separate contributions t o  space heat from 
other energy demand. I f  there i s  a need t o  ei ther  save 
energy or improve standards of heating, then reducing 
i n f i l t r a t i o n  i s  unlikely t o  be the f i r s t  action taken. 

J .  Rail io 
(Finland) 

1 .  Were there any intentional  vent i la t ion arrangements 
(vents ,  ducts,  local fans,  e t c . )  in your t e s t  houses, 
or  i s  vent i la t ion due t o  i n f i l t r a t i o n  plus window 
opening only ? 



M. Bassett 
(New Zealand) 

I.R. Bealby 
(U.K.) 

M. Bassett 
(New Zealand) 

D. Fi tzgerald 
(U.K.) 

M. Bassett 
(flew Z ea land) 

2. What are the ventilation arrangements in New Zealand 
houses generally (existing and new houses) ? 

3. What are the future trends concerning airtightness and 
venti 1 ation ? 

The i n f i l t r a t i o n  rates  given i n  the paper do not include 
vent i lat ion through vents or chimneys. There i s  a growing 
trend towards using fan extract ventilators i n  kitchens 
and bathrooms which are turned on during periods of high 
moisture release. 

The vent i lat ion rates  i n  houses are considered t o  be more 
dependent on the occupier opening windows than on the 
background in f i l t ra t ion .  There are generally no ducted 
vent i lat ion systems (fan-assisted or passive) instal led 
i n  New Zealand houses, 

Houses have become more a ir t ight  as a resu l t  of changes 
i n  construction materials and not as a resu l t  of a desire 
t o  reduce space heat loss.  

1. What heating systems are used in dwellings ? 

2. What are the internal temperatures ? 

3. Is there any correlation between internal temperature 
and the incidence of dampness problems ? 

4. Is there are correlation between the ages and numbers 
of occupants and the incidence of condensation ? 

Space heating i s  generally intermittent - heaters on during 
cold times when the building i s  occupied and o f f  a t  other 
times. As a consequence, interior  temperatures are quite 
variable. The inside/outsidg temperature difference w i l l ,  
on average, not fa l l  below 6 C and it w i l l  be higher i n  
the colder southern regions. 

There i s  no survey data giving inside temperatures and 
the incidence of moisture problems. Calculations can show, 
however, that  the standard of heating i s  of prime importance. 

Suxvey resul t s  show l i t t l e  relationship between condensation 
problems and ages/nwnbers of occupants. 

Please define in further detail 'envelope complexity'. 

Information i n  Figure 2 shows complexity expressed as the 
s m a t i o n  of major joint lengths (top and bottom plate, 
v e ~ t i c a l  corner lengths) divided by the shell  area - hence 
uni ts  of m - l .  In  fact, the joint length i s  more inf luent ial  
than the shell  area and t h i s  i s  supported by a linear 
regression equation ( 2 ) .  



A. I .  Gaze 
(U.K.) 

M. Bassett 
(New Zealand) 

K . A .  Johnson 
( U . K . )  

M. Bassett 
(New Zealand) 

M. Liddament 
(U.K. ) 

M. Bassett 
(New Zealand) 

Please c l a r i f y :  

1. Insulation standards fo r  the house walls. 

2. The use, or  otherwise, of plywood as  s t ructural  
sheathing. 

3. A typical  wall construction. 

2 .  Current thermal insulation standards require about 
2 m 2 ~ / w  over the envelope. 

2. Plywood i s  not used as a sheathing underneath exterior 
c Zadding. 

3. l'ypicaZ cavity wall construction begins with an exterior 
rain screen, breather paper, stud cavity (including 
insulation) and finaZly a fibre board or j ib  board 
interior  lining. Polythene vapour barriers are not 
generally p a r t  of New Zealand cavity wall construction. 

You showed mould on a timber-framed wall and s ta ted  tha t  
no vapour bar r ie r  had been used. What insula t ion level 
was used. I f  high, why no i n t e r s t i t i a l  condensation and 
why no surface condensation; i f  low, why ? 

I n t e r s t i t i a l  condensation: Vapour barriers i n  the form of 
a polythene Zayer are not included i n  cavity wall 
construction. Dew point profile caZcuZations do indicate 
condensation a t  times but, because the procedure does not 
consider storage of moisture i n  framing and changing 
temperatures, predictions are not considered rel iable .  
More detailed work on t h i s  subject i s  i n  progress a t  BRANZ. 
Internal dampness problems are reduced by adding insulation 
but with limited indoor/outdoor temperatures, high relat ive 
humidities a t  the surface of external walls can and do 
support mould growth. 

You s ta ted  t h a t  the leakiness of a dwelling corre la ted w i t h  
the  length of j o in t s  (envelope complexity) ra ther  than the 
surface area of the building. On the  other hand, in your 
modelling exercises ,  you based leakage d i s t r ibu t ion  on the 
surface area ,  i . e .  20% t o  walls ,  remaining 80% t o  walls, 
roof and f l oo r .  I s  an area d i s t r ibu t ion  valid ? 

There i s  no doubt that  the bulk of a ir  leaks are associated 
with cracks and the reason why the envelope corriplexity 
concept i s  so successful i s  that  it i s  a s m a t i o n  of major 
cracks i n  house construction. When i n f i l t r a t i o n  rates are 
calculated, the location of openings must be known i n  
order t o  calculate the s ize  and polarity of indoor/outdoor 
pressure differences. That i s  why the to ta l  equivalent 
leakage area of houses has been assigned t o  roof, wall 
and f Zoor locations . 



Paper 4: 

I.R. Bealby 
( U . K . )  

K .  Johnson 
( U .  K. ) 

P. Hartmann 
(Switzerland) 

K. Johnson 
(U. K. 1 

W.F. de Gids 
(Nether1 ands) 

' A  passive ventilation system under t r i a l  in U . K .  homes' 
presented by Ken Johnson (U.K.) 

The Inner London Building Regulations required an a i r  brick 
in a l l  habitable rooms without f lues .  However, some public 
sector occupants have systematically blocked u p  these 
apertures. Why should t h i s  system produce any bet ter  
response from th i s  important minority of occupants ? I 
suspect tha t  the f lue  will require $-hour f i r e  resistance 
within the same dwelling and 2-hour f i r e  resistance i f  i t  
passes through different  dwellings, e.g. f l a t s .  

We would expect people t o  block up a i r  bricks. They are 
found i n  properties which are o f ten  of poor thermal 
performance and thus w i l l  exacerbate unacceptable heating 
costs  as well as creating draughts and possibly spreading 
moisture due t o  poor overaZZ design. 

In  the proposed system, draughts would only come from the 
t r i c k l e  ventilators.  I f  these are then closed i n  windy 
and/or cold weather, the system continues t o  work as it 
works ' i n  sympathy' with the expected occupant reaction. 

As fas as we know, there are no requirements regarding the 
ducts and f i re  resistance i n  2-storey dweZZings. However, 
we think that  it i s  advisable t o  take some precaution such 
as intwnescent col lars  or fusable l ink closure devices, 
Ducts through f la ts ,  e te .  would need some f ire  resistance. 

1. I s  the tightness of these houses (7h-I a t  50 Pa) 
purposely designed to  prevent too low ventilation a t  
low wind speed ? 

2. Did you t e s t  your concept also for  new and t ighter  
houses (following other standards, nsO = 3.5 h - l )  ? 

The house would have been under-ventilated a t  low wind 
speed without the vent i lat ion system and i s  very t igh t  by 
U.K. standards. Houses a t  % 3.5 ach a t  50 Pa are very 
rare i n  the U.K. 

The concept did work s ~ c e e s s f ~ l l y  i n  the TRADA t e s t  house 
which i s  less  t i gh t  than the Laing house, but s t i l l  t igh t  
by U.K. standards, although opening the t r i ck l e  ventilators 
increased the natural vent i lat ion rate rather too much. 

You showed us an out le t  t i l e  on the roof. When you have 
snow fa l l ing ,  t h i s  t i l e  will be covered. For tha t  reason, 
in the Netherlands out le t s  must be a t  least  0.5m above 
roof level.  Roof level out lets  can also be exposed t o  
positive pressures causing flow reversal,  hence the 
spread of moisture from kitchen and bathroom throughout 
the who1 e house. 



K .  Johnson 
(U. K. ) 

D .  Fitzgerald 
( U . K . )  

K .  Johnson 
(U. K. ) 

J .  Railio 
(Finland) 

K. Johnson 
(U. K .  ) 

D .  Zerba 
( USA 

K. Johnson 
(U. K.  ) 

J.T. Reardon 
(Canada) 

We appreciate that  snow accumulation could block the vent 
and therefore t h i s  i s  a point for further investigation. 
However, the plastic t i l e  vent w i l l  be warmed by the extract 
a i r  and should therefore melt any snow and reduce t h i s  r i sk .  
I t  i s  intended that  the vents should be a t  the ridge and 
therefore the r i sk  of flow reversal due t o  continuous 
positive pressure should be minimised. 

In your moderately ventilated houses with your new system, 
did you make any measurements of concentration of phenols, 
vapours, e tc .  given off by modern materials around us ? 

No measurement of such contaminants was undertaken. The 
vent i lat ion rates  achieved should be adequate t o  avoid any 
harmful buitd-up. 

Did you measure, or otherwise make any observation, 
concerning the a i r  change rates in various rooms, e.g. 
bedrooms, wi t h  windows or vents open/cl osed ? 

No. The house e f fec t ive ly  had one downstairs room and two 
upstairs rooms and a i r  change rates  for individual rooms 
were calculated from the whole house a ir  i n f i l t r a t i o n  t e s t s .  
Smoke t e s t s  confirmed airftow directions t o  be towards the 
rooms with the ducts. 

Would you consider the location of the exterior junction 
of the vent stack and the t i l e  roof important when 
considering the influence of wind retarding the natural 
flow ? In other words, would not the wind tend to  push 
the a i r  down the duct i f  i t  were placed on the windward 
slope of the roof ? How might t h i s  consideration be 
resolved ? 

The duct termination position i s  important and it would be 
normal for it t o  be a t  the ridge, i. e. where negative 
pressure usually occurs on one side or the other. I f ,  as 
i n  the t e s t s  described, the ducts terminate on the slope, 
the re su l t s  show that  there was considerable flow 
osc i l la t ion  i n  the ducts under windy conditions and some 
flow reversal may have occurred. However, overall 
extraction continued because of the stack e f f ec t  and lack 
of consistent wind back-pressure due t o  gusting or 
turbulence. 

1. Would not the e x i t  of ducts below the roof lead to  
severe condensation problems on inside surfaces of the 
roof in a cool (or  cold) climate such as tha t  in Canada. 

2. Does not such a system leave the house open to  overly 
large ventilation rates  and hence an overly large 
heating b i l l ,  again in a cooler climate ? 

3 .  I wholeheartedly support the system approach to house 
design. However, the type of occupant, for  house 
design, should not be included because houses are sold 
again and types of occupants change. 



K. Johnson 1. Yes, the colder the external climate, the greater the 
(U. K. ) r i sk .  In  the t e s t s  described, however, we saw no 

evidence of condensation throughout the winter. We are 
considering redesign of the outer roof connection. 

2. Look a t  the two extremes of houses existing i n  the UK 
with condensation problems - new low energy houses bu i l t  
too t i g h t l y  (by UK standards) and those older properties 
with poor thermal perfomname which are very ' leaky' .  
The former - need a higher vent i lat ion rate (and therefore 
increased energy usage), the l a t t e r  are to ta l l y  uneconomic 
t o  heat and therefore would benef i t  greatly from 
extensive draught stripping (and insulation and other 
measures of the 'combined approach') and then the passive 
system can be applied. 

3. I f  a house i s  not desig-ned for a particular type of 
person, then yes, a compromise 'combined approach' i s  
necessary t o  t r y  t o  cater for an 'average' person. 

Paper 5: 'Indoor a i r  quality and a i r  exchange in bedrooms' presented 
by Gunnar Lundqvist (Denmark) 

0. Nielsen Don't any of the inhabitants use open windows during the 
(Denmark) night ? 

G. Lundquist The measurements of vent i lat ion rates  were undertaken i n  
(Denmark) closed rooms without occupants. Field measurements of 

carbon dioxide concentrations, temperatures and humidity 
i n  occupied bedrooms have been carried out under conditions 
where occupants could use their  normal habits regarding 
window and door opening during the night. Those resul t s  
w i l l  be reported separately. 

Paper 6 : 'Effect of unvented combustion appliances on a i r  exchange 
among indoor spaces' presented by N .  Nagda (USA) 

J .  Dewsbury Are people often ki l led by unvented gas space heaters ? 
( U . K . )  In the United Kingdom people are occasionally ki l led by 

flued gas appliances when the f lue  becomes accidentally 
bl ocked. 

N.  Nag& No. However, as you have pointed out, any combustion 
(USA) appliance can be dangerous i f  used improperly. 

R. Gale Could you please t e l l  us more about the method you used to  
(U. K . )  measure the room concentrations of combustion products ? 

In par t icular ,  I am interested to  know i f  you recorded 
vertical  or horizontal profiles and i f  you think these 
have any impact on your measurements and theories. 

N .  Nagda Analysers capable of providing real-time pollutant 
(USA) concentration data were used: non-dispersive infrared (NDIR) 

Beckman 866 for CO and gas-phase chemiluminescence CSI 1600 
for NO2. The measurements were carried out a t  three 



locations: upstairs (liuing/dining room and master bedroom) 
and a t  one domastairs location. Probe height a t  these 
indoor locations was 107 em (measured from the f loor) .  

We also measured NO2 concentrations a t  di f ferent  heights 
from the floor and a t  d i f ferent  locations upstairs. These 
measurements were conducted using di f fusion samplers (PaZmes 
tubes) t o  provide time-integrated average NO;! concentrations. 
The following table shows average concentrations a t  the 
d i f ferent  heights for one se t  of experiments a t  the t e s t  
houses : 

* mean t standard deviation 

Height above floor 
em 

The concentrations tend t o  increase as distance from the 
floor increases. These measurements confirm the e f f ec t  of 
buoyancy of combustion gases. Our model calcuZates only a 
spatial average or, i n  t h i s  case, it i s  similar t o  the 
average of concentrations a t  d i f ferent  heights a t  same 
location. 

Average NO2 concentrations 
P P ~  

I.R. Bealby The build-up of a po l lu tan t  from a s ingle  source i s  
(U.K.) proportional t o  

EXP ( k t )  

where k = constant  of the producing source 
t = time 

I f  two sources a r e  used i n  the same enclosure, the  build-up 
i s  proportional t o  

as  confirmed by the  experimental data .  Other f a c to r s  a re  
not exponential.  

N .  Nagda The comment i s  not val id .  The build-up of a pollutant due 
(USA) t o  an indoor source can be given by the following mass 

balance equation: 



where CinJt = indoor concentration a t  time, t (uni t s :  
mass/uo Zume) 

C .  = indoor concentration a t  time, 0 zn, 0 

v = a i r  exchange rate  (I/timel 

Gout = outdoor concentration (mass/voZwne) 

S = indoor generation rate (mass/time); 
source operating from time 0 t o  t 

V = indoor volume (volmel  

For a chemicaZly stable pollutant, assuming a constant 
outdoor concentration, the solution t o  t h i s  d i f ferent ia l  
equation i s :  

C .  C zn, t = out t -Z VV t pin, 0 - 'out - 2) VV e-Yt ( 2 )  

Thus, the source t e rn  i s  not an exponential term by i t s e l f  
but the exponential tern  consists of  the a i r  i n f i l t r a t i o n  
rate.  Consequently, when a l l  other conditions are the 
same, the e f f ec t  of two sources on concentration i s  
essent ial ly  additive. ( I f  dhe outdoor concentration and 
i n i t i a l  indoor concentrations are zero, then the e f f ec t  
of two sources w i l l  be exactly addi t ive) .  

Paper 7 : 'Air exchange rates based upon individual room and single 
cel l  measurements ' presented by David Harrje (USA) 

Note: Figure 5 from t h i s  paper i s  reproduced here because 
in the original figure,  A1 should have been 
expressed in terms of wind speed, V ,  in miles-per- 
hour. The lower scale was also re-labelled to  
agree with the metric scale.  

8 
A Temp. bin 12.5 - 250F 

X 

7 7 -  1 4 O C  

Wind Speed 

Figure 5. Binned temperature data showing clle relationship of 
wind speed and a i r  infiltration rate for wind direction. o Wind 
from "protected" direction; r All ocher wind directions. 



W.F. de Gids You have i n d i c a t e d  the  i n d i v i d u a l  q u a n t i t i e s  o f  ou ts ide  
(Netherlands) a i r  reaching each room b u t  have you i nves t i ga ted  t h e  actual  

l o c a t i o n s  o f  t he  a i r  e n t r y  and i n d i v i d u a l  room a i r  
t i g h t n e s s  ? 

D. Harrje As part of the to ta l  investigation, infrared scanning of 
(USA) the building envelope revealed the locations of where a i r  

was entering the l iv ing space and where it was leaving. 
This information was used i n  the envelope r e t r o f i t  part 
of the study where one house was tightened 40% (10 ach 
down t o  6 ach a t  50 Pa). Isolation of zones or components 
with plast ic  sheeting was not part of the program so there 
was aZways an opportunity for interzone exchange. 

R. Gale The constant  concent ra t ion  approach i nd i ca tes  t h e  amount 
(U.K. ) o f  ou ts ide  a i r  en te r i ng  each zone, b u t  what about those 

zones t h a t  are ove r -ven t i l a ted  and the re fo re  have a  reserve 
o f  v e n t i l a t i n g  capac i t y  ? 

D. Harrje The point you bring out i s  an important one. I n  the house 
(USA) example shown, one over-ventilated zone i s  i n  the basement 

because of the fact tha t  t h i s  i s  the a i r  entry point due 
t o  the stack e f f ec t .  The additional capacity remaining 
i n  the basement a i r  for supplying the needs t o  d i lu t e  the 
f i r s t  floor pollutants depends on the detailed path of 
basement a i r  flow through the l iv ing space and tl fe 
c irculat ion times i n  the f i r s t  floor space. Multiple 
tracers are necessary t o  sort out these important detai ls .  

Paper 9: 'Continuous a i r  renewal measurements i n  d i f f e r e n t  i nhab i ted  
b u i l d i n g s '  presented by A. F a i s t  (Swi tzer land)  

J. R a i l i o  1. I s  t he re  any i n fo rma t ion  a v a i l a b l e  concerning t h e  
(F in land)  a i r t i g h t n e s s  o r  pressure cond i t i ons  i n  t he  Apples home ? 

2. You a l s o  mentioned (p.  9.10) t he  k i t chen  fan. How 
o f ten / l ong  was i t  operated and were any measurements 
o f  a i r  f l o w  r a t e s  made when the  f a n  was on ? Any 
observat ion o f  backdraught (=  a i r  f l o w  - i n  v i a  exhaust 
ducts from t o i l e t s )  ? 

A. Faist 1. Not yet.  Pressurization t e s t s  are planned for the next 
(Switzerland) months. 

2. Kitchen fan switched on for about 2 /4  hour once a day, 
when cooking hot meals. No measurements of a i r  flow 
rate  were made. The nominal a i r  flow rate of the fan 
i s  40 m3/h. No backdraught was v i s ib l e  but, under 
certain wind conditions, it happens that a wood stove, 
located i n  the kitchen, does not function properly when 
the fan i s  on. 

M. Basset t  Can you g i ve  some d e s c r i p t i o n  o f  t he  c o n t r o l  f u n c t i o n  used 
(New Zealand) t o  top  up t r a c e r  gas concent ra t ion  ? 



A. Faist Proportional - Integral - Differential.  Algorithms valid 
(SwitzerZand) for discrete time interval  for the data acquisition. 

J.T. Reardon 1.  Can your gas analyser rea l ly  analyse each sample in 
(Canada) only 6-10 seconds ? I am only famil iar  with IR 

analysers which require i n  the  order of 2 minutes per 
sample analysis .  

2 .  Does your system instead contain multiple analysers to  
make possible the  rapid sampling ra tes  t ha t  you report ? 

A. Faist I .  The analysing period per s q l e  i s  now 50 seconds. 
(Switzer Land) This i s  governed by the time taken for signal 'saturation' .  

Reasonable interval could be decreased t o  30 or 20 
seconds with a small loss of accuracy 1% 55%) on the 
measured concentration. 

2. The equipment contains two I R  analysers (N20 and H02). 
H02 disturbance i s  corrected by software. Delay between 
anaLyses i s  decreased by means of pre- and post-pumping 
of measured point. 

Paper 10 : 'The reduction of a i r  i n f i l t r a t i o n  in  an industr ia l  
laboratory'  presented by John Li l ly  (U.K.) 

A.A. Nielsen The f a c t  t h a t  your t r ace r  gas concentrations in 5 d i f fe ren t  
(Denmark) sample points show s imi la r  decay ra tes  (+ l o % ) ,  in  sp i t e  of 

the  f a c t  t ha t  the actual absolute levels  of t r a ce r  gas 
concentration d i f f e r  by a fac tor  of 10 (? ) ,  leads one to  
believe t h a t  the decay r a t e  r e f l e c t s  the i n f i l t r a t i o n  ra te  
of the e n t i r e  building. I find t h a t  very hard t o  understand. 
Could you give indications of your considerations on tha t  
matter ? 

J.  L i l Z y  When the mixing path between zones i n  a building greatly 
IU. K. ) exceeds the distance t o  the building envelope, the larger 

concentration gradient a t  the building envelope and relat ively  
smalZ distance over which it acts  serves t o  dominate the 
concentration i n  that  area. ( I n  our building were N20 
concentrations of 160 pprn a t  one end and 30 ppm a t  the 
other both decaying a t  the same ra te .  A t  the point where 
30 pprn i s  measured a concentration gradient of 30 t o  0 pprn 
a t  1Om distance was a much greater influence than a 
concentration gradient of 160 t o  30 ppm, 80m away). The 
large reservoir of tracer gas which normally takes a t  
least  45 minutes t o  develop the concentration profile 
serves t o  change the local variations as any changes have 
a reZativeZy much higher time constant than a i r  exchange 
a t  the envelope of the building. 

There are undoubtedly errors associated with these 
assumptions which w i l l  mean the decay rates measured are 
lower that  the true vent i lat ion rates.  A t  present, no 
mathematical or practical assessment of these errors are 
avai lab l e  . 



J.T. Reardon 
(Canada) 
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(U.K,) 

J ,  L i Z Z y  
( U . K . )  

A general comment: Due t o  the unrealiable nature of 
measurements of low pressures % 0-10 Pa, I believe t ha t  
the  pract ice  of including data points f o r  Q = 0 a t  AP # 0 
simply adds needlessly t o  the uncertainty of the  Q , A P  
curve f i t .  

The deviations from zero of AP a t  Q = 0 are due t o  naturally 
occurring pressure differences across the building envelope 
due i n  turn t o  wind e f f ec t s .  I f  t h i s  produces any 
uncertainty in any curve f i t t i ng  exercise, it i s  
unfortunate but I do not believe we should exclude these 
observations simply because it does not f i t  our equations. 
I do not believe accurate curve f i t t i ng  i s  of v i t a l  
importance when trying t o  l ink pressurization Leakage with 
vent i lat ion rates.  I have seen no validated l ink between 
the two and, even i f  there were, the errors i n  vent i lat ion 
rates  used for validation are s t i l l  l i ke ly  t o  exceed the 
errors of primitive curve-fitting exercises. 

1 .  I note t h a t  your graphs of decay ra tes  do indeed show 
a s ign i f ican t  d i s t r ibu t ion  of concentration. Have you 
considered how we1 1 (or  otherwise) the decay r a t e s  
approximate t o  the  ven t i l a t ion  r a t e  ? I would suggest 
the observation t h a t  they a r e  t he  same everywhere i s  
not su f f i c i en t .  

2 .  If you a re  able t o  measure a t  several locat ions ,  do 
you not therefore consider t h a t  a 'mean age' o r  
' residence time' type experiment, as advocated by Mats 
Sandberg (National Swedish I n s t i t u t e  fo r  Building 
Research), may be appropriate ? 

2 .  The estimation of how well the uniform decay rates  a t  
greatly di f fer ing concentrations i n  the building 
approximate t o  the mean vent i lat ion rate can only be 
estimated, as no suitable error analysis or mathematical 
mode 2 i s  yet avai lab Ze. The local vent i  lat ion rates  
are most certainly not the same everywhere, I agree, 
but can be estimated from the areas under the decay 
curves i f  a uniform concentration existed a t  the s tar t  
of the  Z y  - and i n  each scunple zone considered. Table 1 
shows the lack of correlation between local decay rate 
and re la t ive  area under the decay curves for a decay 
t e s t  from an i n i t i a l  uniform concentration. 

2. The re la t ive  area under the decay curves mentioned above 
i s  proportional t o  the 'mean age ' or 'residence time ' 
of tracer gas i n  the building and may be used for 
determining mean vent i lat ion rates  i f  su f f ic ien t  sample 
points are present. Again, the errors invozved i n  doing 
t h i s  a t  present cannot be assessed accurateZy. The 
practical d i f f i c u l t i e s  of obtaining a uniform i n i t i a l  
concentration i n  the building type considered are also 
large, so an accurate re f lec t ion  of tracer 'residence 
times' a t  many points i s  very hard t o  achieve. 



Paper 11 : 'Ventilation of fac tor ies '  presented by Phil Jones (U.K.) 

D .  Harrje What a re  the target values for  vent i la t ion/air  i n f i l t r a t ion  
(USA) levels in lightly-populated factory buildings ? 

P. Jones For small factories (about 200 sq.m. floor area) the target 
( U .  K. ) values for a i r  i n f i l t r a t i o n  rate used for heating system 

design l i e  between 0.75 - 1.0 ach for a well-sealed factory. 
Corresponding vent i lat ion requirements for occupants are 
about 0 .5  ach for a highly populated factory (say 20 people 
per 200 sq.m. floor area). For a l ight ly  populated factory 
(say Zess than 5 people per 200 sq.m. floor area) 
vent i lat ion requirements should be much Zess. However, 
i n  predominantly naturally ventilated factories it i s  
probably not advisable t o  attempt t o  reduce i n f i l t r a t i o n  
rates  t o  lower values without a be t ter  understanding of 
internal a i r  flow paths. 

Paper 12 : 'Advanced energy-efficient vent i la t ion '  presented by 
Jorma Rai 1 io  (Finland) 

D. Fitzgerald An excellent survey. Regarding item 7 on page 12.6, 
( U . K . )  reference to  th i s  mean radiant temperature in relation to  

comfort i s  omitted. CIBSE considers that  

TMR + TA1 
2 

i s  a 'comfort' temperature, and fo r  the fabric  heat loss 
calculation we use the 'environmental' temperature 

based on the f ac t  t ha t  the heat t ransfer  coefficient for  
radiation i s  about twice that  f o r  convective heat t ransfer  
when temperature differences a re  small. 

J .  RaiZio Your comment i s  rea l ly  useful i n  our further development 
(Finland) of indoor a i r  characterisation. Mean radiant temperature 

i s  a key parameter concerning comfort. 

Paper 13 : 'Design for  vent i la t ion '  presented by Mike Holmes ( U .  K. ) 

0. Nielsen How did you manage the draught problem in the off ice 
(Denmark) building in winter, when you have an a i r  exchange rate  of 

of 3 ? 

M. Holmes The design a i r  change rates  presented i n  the paper were 
( U .  K. 1 for the re l i e f  of high temperatures i n  summer. They were 

t o  be achieved by opening windows. In winter it uas 
asswned that  the windows would be mostly, i f  not a l l ,  closed. 
In addition, the heating control system (TRVs and ueather 
compensation) w i l l  resu l t  i n  an inab i l i t y  t o  achieve design 
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J. Kronva l l  
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L. Trepte 
(Germany 

conditions i f  there are 3 a i r  changes. Any draught through 
the window would be heated by passing over a radiator. 
This i s  the most frequently found system i n  the UK and i s  
reasonably e f f i c i en t  when the daytime mean winter temper- 
ature i s  about 10'~. 

' A i r  q u a l i t y  and energy conservat ion by d i f f e r e n t  
v e n t i l a t i o n  s t r a t e g i e s '  presented by Lutz Trepte (Federal 
Republ i c o f  Germany) 

You mentioned t h a t  i t  was o f t e n  necessary t o  increase the 
v e n t i l a t i o n  r a t e  due t o  l a r g e  i n t e r n a l  gains (up t o  
approximate ly  1.5 - 1.7 ach) and t h a t  i t  caused a decrease 
i n  energy savings so t h a t  heat recovery systems should be 
used. Why ? Ac tua l l y ,  you have no heat demand i f  the  
i n t e r n a l  gains are  very  l a r g e  and you c e r t a i n l y  would n o t  
want t o  recover heat when i t  was 'necessary' t o  increase 
t h e  v e n t i l a t i o n  r a t e  t o  ge t  r i d  o f  excess heat.  

The main strategy, for energy reasons, should be t o  
minimise vent i lat ion rates .  I f ,  i n  special circumstances, 
higher vent i lat ion rates  are needed or desired by the 
inhabitants, heat recovery w i l l  contribute t o  energy 
conservation. Then the heat losses by vent i lat ion can be 
compensated t o  a great extent. The amount of recovered 
heat i s  dependent, among other things, on the inner heat 
loads, e te .  The reverse conclusion, t o  increase vent i lat ion 
for increased heat supply, should not necessarily be drawn. 
Ventilation i s  a measure for indoor a i r  quality and energy 
conservation, not heat supply. 

Could you exp la in  why, f o r  German cond i t ions ,  you need 
0.8 ach t o  v e n t i l a t e  a b u i l d i n g  t o  avo id  damage t o  the  
b u i l d i n g  f a b r i c  when, as you say, t he  demand i s  nea r l y  
independent o f  t he  number o f  persons i n  the house ? 

The value of 0.8 h-I i s  based on the calculations of 
Gertis and Erhorn from the Fraunhofer-Institut of Building 
Physics i n  Stuttgart.  In  the ir  calculations, Gertis and 
Erhom (among others),  investigating minimum thermal 
insulation under the existing building code D I N  4108, 
assumed outdoor temperatures, atmospheric hwnidity, 
indoor temperawes and moisture emittants typical for 
central Europe. The resul t s  are s t i l l  under discussion, 
especially the variation width with changes i n  the 
influencing parameters. Also of importance, for example, 
i s  the building construction. 

With the  table i n  my paper, I intended f i r s t  of a l l  t o  
point out that  humidity and related problems can play a 
major part and i n  Germany may exceed some other pollutants. 
The moisture content depends on several factors so there 
i s  no d irec t  correlation between the number of persons 
and humidity concentration level .  Therefore the situation 
i s  quite di f ferent  from other po l lutants ,  e. g. carbon 
dioxide. 



J .  Railio Concerning problems with mechanical ventilation related 
(Finland) t o  inhabitants'  behaviour, i s  i t  a problem caused by 

( a )  complexity (should systems be made simpler to  use),  
(b) lack of information and instruction for  inhabitants 
or  ( c )  the system breaking t radi t ional  behaviour, e.g. 
window opening habits ? 

L. Trepte I n  Germany the typical  vent i lat ion method i s  s t i l l  window 
( Germany l opening, so indeed mechanical systems do not meet the 

traditional behaviour very well. However, there are also 
other reasons which contribute t o  the problems i n  accepting 
such advanced technical systems. For example, maintenance 
and operation should be simpler for the users, it should 
be stated which advantages or disadvantages the d i f ferent  
mechanical systems have and the consequences o f ,  for 
example, disturbing the operation of the vent i lat ion 
systems. One important step t o  an e f f i c i en t  vent i lat ion 
behaviour of the inhabitants w i l l  be information and 
motivation by i l lus t ra t ing  the connection between 
ventilation, indoor a i r  quality and energy conservation. 

P. Hartmann Regarding the value of 0.8 h - l  f o r  residential buildings, 
(Switzerland) on behalf of humidity ( a )  do you not think that  t h i s  value 

i s  an overcompensation to  the existing situation where we 
frequently find values of 0.2 h - I  and (b) would i t  be 
advisable to  distinguish between new houses (-+ nL = 0.5 - 0 
h - l )  and existing houses with poorer construction 
(+ n~ = 0.8 8-l)  ? 

L. Trepte The value of 0.8 h-I i s  a t  present under discussion i n  
(Germany) Germany. I t  i s  based on calculations assuming thermal 

insulation under the German building code D I N  4108 and 
assumes typical climatic conditions i n  central Europe. 
But there are further influencing factors, such as building 
insulation, construction, moisture production and emission 
i n  the &elling. There are, of course, d i f ferent  si tuations 
and conditions which resul t  i n  d i f ferent  vent i lat ion rates.  
Usually it i s  more appropriate t o  define the necessary 
outdoor a i r  rate for these variants which resul t s  i n  a 
variation width i n  the vent i lat ion rate .  However, 0.2 h-I 
w i l l  be too low for German cases. Probably d i f ferent  
types w i l l  be distinguished, e.g. as you have p~oposed, 
a limited number of d i f ferent  types of building construction. 

Paper 15: 'Exploration of ventilation s t rategies  in domestic 
housing. Theory and experimental resu l t s '  presented by 
Mats Sandberg (Sweden) 

M. Sherman Ventilation efficiency i s  such a d i f f i c u l t  concept to  
(USA) define because i t  depends not only on the a i r  flow 

patterns b u t  on the location of the sources and the point 
of in te res t  for  the pollutant concentrations. A single 
number such as 'vent i la t ion efficiency'  i s ,  by i t s e l f ,  
meaningless unless the exact s i tuat ion i s  defined. To be 
complete, ventilation efficiency i s  defined as a function 
of location and source location. The values usually 
quoted are particular integrals of th i s  quantity, 



M. Sandb erg To specify the ef f ic iency of vent i lat ion systems, we 
( Sweden) suggest the use of tuo quantit ies,  the air  exchange 

ef f ic iency and the vent i lat ion efficien.cy. The f i r s t  
quantity i s  source-independent while the second depends on 
the type of contaminant source and i t s  location. The rea l i t y  
i s  always very complex and one therefore has t o  specify for 
which s i tuat ion the actual numbers are valid. However, I 
cannot see that  t h i s  i s  any argument against t he i r  use. 

M. Holmes Contaminant p roduct ion  i s  probably associated w i t h  
(U. K. ) occupant a c t i v i t y ,  i . e .  movement o f  occupants between 

rooms, opening and c l o s i n g  doors. Can you comment on 
any e f f e c t  t h i s  might  have on the  spread o f  contaminant ? 

M. Sandberg I agree that  the e f f e c t  of occupant ac t i v i t y  i s  important. 
(Sweden) However, I cannot quantify the e f f e c t  on the dispersion of 

contaminants. 

Paper 16 : 'Mechanical v e n t i l a t i o n  system requirements and measured 
r e s u l t s  f o r  homes constructed under t h e  R-2000 super 
e n e r g y - e f f i c i e n t  home program' presented by Mark R i l e y  
(Canada) 

D, F i t z g e r a l d  The b u i l d i n g  heat l o s s  seems i n c r e d i b l y  small. Can you 
(U.K.) comment ? Also, what i s  the  cos t  of/access t o  CATS ? 

M. Riley Many of these homes do not need conventional heating systems, 
(Canada Access t o  CATS i s  very d i f f i c u l t  since Brookhaven i s  not 

se t  up t o  handle orders on a commercial scale. We waited 
almost a year for resu l t s .  This should change by next 
spring. The cost for the four samplers and sources i s  
about US$200. This cost can be for one zone or multi-zone 
measurements (up t o  four tracer gases). 

P . Wouters Two impor tan t  c r i t e r i a  f o r  R2000 houses are  
(Be1 g i  um) 

1. To main ta in  neu t ra l  pressure 

2. NS0 < 1.5 h'l 

Table 1 i nd i ca tes  t h a t  32% o f  the  R2000 houses have f i r e -  
places o r  wood stoves. Is  i t  poss ib le  t o  descr ibe the  
types used and i s  n o t  the  use o f  these appl iances i n  
c o n t r a d i c t i o n  o f  the  mentioned c r i t e r i a  ? 

M. Riley Fireplaces and wood stoves must have sealed glass or metal 
(Canada) doors and separate outside a i r  supplied direct ly  t o  the 

firebox for combustion. This direct  a i r  supply must 
provide a l l  the combustion a ir .  In  addition, standards 
are being prepared t o  t e s t  fireplaces and wood stoves 
under negative pressure t o  determine leakage requirements. 

Note: Fireplaces are normally factory-built of sheet s teel  
and are not s i te-bui l t  masonry fireplaces. - 
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You mentioned that  SF6 measurements for  comparison with 
PFT (CATS) measurements were conducted as ' spot '  checks. 
Were these over a period of several hours or were they 
real ly  over a few minutes ? Also, will your planned ef for t  
in the same area fo r  autumn 1985 include a time period of 
SF6 measurement that  i s  the same of that  of the PFT ? 

Spot measurements were taken over a period of 2-3 hours. 
The a u t m  1985 veri f icat ion program w i l l  involve 
continuous tracer gas measurements i n  3 t o  4 homes. These 
homes have d i f ferent  degrees of airtightness.  

Who was responsible fo r  ( a )  the design of the R2000 houses 
and (b) ensuring tha t  they were bu i l t  and commissioned 
according to  the design ? 

The builders themselves are responsible for the design of 
each house but they must f i r s t  attend training and 
education programs. I n  addition, mechanical contractors 
must be qualif ied before ins ta l l ing  ventiZation equipment. 

An extensive inspection and veri f icat ion program has been 
implemented. These include inspection of the houses a t  
two stages of construction: 

1. When the house has been insulated and the air/vapour 
barrier instal led.  

2. When the house i s  almost complete. 

In  addition, an airtightness t e s t  i s  performed and the 
vent i lat ion system i s  inspected and airflows measured. 
Finally, the plans are examined prior t o  monitoring t o  
determine any major changes t o  the design. 

'Indoor formaldehyde levels in houses with different  
ventilation s t ra teg ies '  presented by J .  Reardon (Canada) 

In Table 4, house group A ,  we see tha t  the flow rates  drop 
in occupied houses compared with unoccupied houses. We 
would expect the opposite effect .  There are two possible 
explanations : 

1. Inf i l t ra t ion  (although the houses are very t igh t )  

2 .  Accuracy of the t racer  gas methods 
(assume 220% -t 0.2 x 0.4 = 0.8 ach) 

Can you explain the differences in flow rates ? 

The t o t a l  a i r  exchange i s  calculated as 

VT = VM + VI (equation 3 )  

Since the values of the i n f i l t r a t i o n  ( V I )  are very smaZZ, 
the primary source of vent i lat ion i s  the mechanical system. 
I t  i s  controlled (ON/OFF) by a humidistat, hence the 



R. Grot 
( USA 

vent i lat ion i s  related t o  the occupant selected humidity 
setpoint and the in ter ior  moisture source generation rate. 
In  general, the occupied house owners had selected operating 
conditions which reduced the operating time of t he i r  
mechanical systems. 

O u r  research and t ha t  carr ied out a t  Oakridge have shown 
the  emission of HCOH from pa r t i c l e  board i s  a function of 
temperature, humidity and the level of HCOH in the  space 

I f  you use t h i s  equation i n  a house model then the  
equilibrium house level of HCOH wil l  be given by 

where A = area of each HCOH source 

A1 = a i r  exchange 

V = house volume 

Thus an equation of the  form 

would be t t e r  explain your data.  Also, your Co = 26 i s  
high by US data f o r  outside ambient concentrations. Was 
t h i s  measured ? 

D. Figley Because of the d i f f i c u l t y  i n  quantifying the emission 
( Canada) sources direct ly ,  I chose t o  in f e r  the net HCOH source 

strength from the simple mass balance model. Using a l l  
of the house data as i f  it were taken from one ' typical '  
house requires correction for individual house variations 
i n  indoor temperature, hwnidity and HCOH concentration. 
In  t h i s  simplified analysis, the temperature and humidity 
e f f e c t s  were discussed (reference 11, but no correction 
was made for varying indoor HCOH levels .  

The outdoor levels  were not measured. The Dupont C-60 
passive dosimeters that  were used for the monitoring 
were not suitable for use i n  freezing weather. The outdoor 
values were calculated based on the best f i t  curve of the 
form of equation 1. 

Paper 19: 'Multi-zone modelling and a i r  leakage analysis '  presented 
by Max Sherman (USA) 

D. Zerba Have you encountered the  difference in leakage area data 
( USA between pressurization and depressurization mode ? Can 

the  model employed with your leakage area r e su l t s  account 
f o r  t h i s  e f f ec t  ? 



M. Sherman Blower door measurements of ten yield di f ferent  resu l t s  for 
(USA) pressurization vs  depressurization. There are two reasons 

for t h i s  - valve action and measurements/noise error. 
Occasionally there are real valves, i . e .  leaks which change 
the ir  behaviour a t  some cr i t i ca l  pressure. An exampZe might 
be a French window which seals t i g h t  upon pressurization 
and opens on depressurization. Most cases of measured 
differences, however, are traceable t o  measurement 
d i f f i c u l t i e s .  The most common problem i s  interference 
due t o  the wind. The wind can cause large errors (40%)  
manifested as dif ferences between pressurization and 
depressurization ELAs. These Grrors can be minirnised by 
averaging the two resul t s ,  since valve action i t s e l f  i s  
usually only apparent a t  the large pressure of fan 
pressurization and are not important for in f i l t ra t ion .  

Paper 20: 'Inhabitants behaviour with regard to ventilation: the 
use of windows. F i r s t  heating season' presented by Hans 
Phaff (Netherlands) 

I Bealby How i s  the heating charged to  the occupants ? I s  there 
(U.K. ) any r isk of occupants controlling internal comfort during 

winter by opening the windows ? 

D.  Harrje What about variations in habits between countries ? When 
( USA air ing,  a re  heating systems turned off ? What i s  the energy 

penalty ? In the more severe weather regions of North 
America, windows in single family houses are rarely opened 
i n  winter. This i s  not true in poorly regulated apartment 
buildings where window opening i s  very common to  regulate 
temperature. 

M. Holmes Was the heating system compensated ? In addition, do you 
(U.K.) think t h i s  i s  relevant to  the use of windows ? I t  i s  

usually assumed to  be good design practice (UK) t o  use 
weather compensators to  r e s t r i c t  heating capacity and so 
minimise the e f fec t  of opening windows on energy consumption 
in commercial or group heating schemes. 

J.  C. Phaff The central heating system has one main hot water supply. 
(Netherlands) In  the apartments i s  a 'one pipe' system with radiators 

and manual shutters or thermostatic valves. Every radiator 
has a heat cost counter of a simple evaporation type. A 
large quantity of heat comes d irec t ly  from the uninsulated 
pipes and i s  not counted. The main supply temperature i s  
weather controlled and has a daily and a weekly program. 
The concrete internal walls and pipes cause the bedrooms 
t o  be overheated. Also, with radiators shut o f f ,  there i s  
a need t o  open a window t o  lower the temperature, though 
t h i s  aspect cannog be found i n  the inquiry. A t  low outside 
temperatures (-15 C )  only 4% of the windows are not closed. 

Most radiators are turned o f f  during airing with large 
windows, but the heat flow through an open window comes 
mainly from the hot building mass (concrete inner walls) 
and only 10 - 30% comes from the radiator when it i s  not 
turned o f f .  We w i l l  compare the percentage of open windows 



with the annual resu l t s  of the heat cost counters per 
apartment. This building was constructed i n  1967.  I agree 
that  a bet ter  design of the heat distribution and pipe and 
wall insulation w i l l  minimise the number of open windows. 
I heard a rumowl that  some people keep their  radiators 
shut o f f  and complain t o  the caretaker that it i s  too cold 
i n  order t o  get a higher supply temperature. Thereby they 
get more heat from the pipes, lower their  own b i l l  and 
' s tea l '  from the overhead heat costs.  But t h i s  only works 
when you steal a l o t  more than the mean inhabitant as the 
t o t a l  costs  are distributed with the aid of the heat cost 
counters. I hope that  t h i s  behaviour i s  not common 
practice i n  other countries. This whole research has t o  
be seen as a f i r s t  t r i a l  t o  real ly  measure the use of 
windows. There i s  a need for measurements t o  be studied i n  
d i f ferent  types of buildings, countries and climates. 

J .  Kronvall For th i s  kind of investigation, do you n o t  miss a l o t  of 
(Sweden) valuable information i f  you cannot make simultaneous checks 

on whether the inhabitants in the f l a t s  are a t  home or not ? 
Can you, for  example, see in your resul ts  any differences 
in the window opening behaviour between weekdays and 
weekends ? 

J .  C. Phaff Yes, we w i l l  miss a l o t  of information. However, the 
(Netherlands) occasions when a window position i s  changed can always be 

evaluated as it indicates that  someone i s  a t  home. From 
our enquiries there i s  additional information on which 
rooms are occupied and when, although whether inhabitants 
are a t  home or not, the actual use of windows i s  one of 
the questions we have t o  answer. I t  was immediately 
apparent that  window use a t  weekends differed from that on 
weekdays. We feel tha t  although, as we have said, our 
information i s  not complete, we have gained a reasonable 
mount of valuable infomation about the use of windows. 

Paper 22 : 'Monitoring of ventilation and humidity in crawl-spaces of 
dwellings' presented by J .  Oldengarm (Netherlands) 

A.I. Gaze 1 .  What s ize and number of ventilators are provided in the 
( U . K . )  house ? 

2. Are any damp-proofing measures (membranes or damp-proof 
courses) incorporated in the basement construction in 
typical ~ u t c c  housing ? If not, th i s  i s  surprising in 
a country where water levels are reported to  be high. 

J .  Oldengarm 1. The crawl space i s  provided with four periscope-type 
(Nether lands) vent i lat ion channels (see figure 4 i n  the paper), two 

for each facade, s i ze  ZOcm x 4cm. The s i tuat ion 
described i s  common practice i n  the Netherlands. 

2. No, damp-proofing measures are not common practice. 
This i s  indeed surprising. The reason i s  that  reliance 
i s  placed on the damp-proofing of the building materials. 
Cost factors, of course, are also a disincentive. 
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1 .  What did you expect to  learn from pressurization of the 
crawl space ? Air can leak to/from the ground, the 
exter ior  and the house. 

2 .  When suggesting the combined insulation and vapour 
bar r ie r ,  are you then blocking the ventilation openings ? 
Are you trying t o  prevent ventilation of the craw1 space ? 

1. First ly ,  pressurization helps us t o  find the location 
of a i r  leakages i n  the ground floor. Secondly, we can 
t r y  t o  find the a i r  leakage coef f ic ient  but t h i s  i s ,  
of course, more d i f f i c u l t  because the leakage t o  
neighbouring spaces has t o  be eliminated. 

2. The vent i lat ion i s  kept a t  the normal level.  

Would i t  not be bet ter  to  p u t  the insulation under the 
slab and the vapour barr ier  on the ground ? 

This i s  also a good, or maybe bet ter ,  solution and it i s  
o f ten  applied. However, the costs  w i l l  be higher because 
it involves much more labour. 

Why do you insulate the ' f loor '  in the crawl space when 
you showed us that  there i s  a net heat flow u p  from the 
' f l oo r '  during the winter ? This should decrease the 
temperature in the crawl space. In Norway we use only a 
vapour barr ier  on the ground to stop the emission of 
moisture. 

There i s  a net heat flow up from the so i l  bottom indeed, 
but remember that  t h i s  heat i s  partly released by the 
radiative heat from the ground floor (see figure 6 i n  the 
paper). Hence t h i s  heat flow i s  closely related t o  heat 
loss through the ground floor. Insulation applied on the 
so i l  bottom increases the  crawl space temperature. This i s  
also confirmed by experimental measurements. 

Figure 13 seems to indicate tha t  the moisture content in 
the crawl space determines very strongly the moisture 
content in the living space. Were there obvious indications 
of leakage between crawl space and living space ? Do you 
think tha t  t h i s  house was a representative Dutch house or 
an exception ? 

I t  i s  not correct t o  concZude from figure 13 that  the 
crawl space humidity determines the humidity i n  the l iving 
space because both are strongly correlated t o  the outdoor 
humidity i n  an independent way. Severe a i ~  leakages between 
crawl space and l iv ing space are quite common i n  the Netherlands. 
A l l  monitoring projects were selected as being representative 
of Dutch single family houses. 

What are  the consequences on the summer temperature 
conditions of the insulation of the crawl space ? 



J .  Oldengarm The resul t  might be a somewhat higher indoor temperature 
(Netherlands) i n  swnmer, but we do not believe t h i s  w i l l  lead t o  comfort 

problems. Because the heat loss through the ground floor 
i s  re la t ive ly  small compared t o  the to ta l  heat loss,  we 
should not expect a dominant e f f e c t .  

Paper 23: 'Vent i la t ion s t r a t e g i e s  f o r  crawl spaces, a t t i c s ,  e t c . '  
presented by Johnny Kronvall (Sweden) 

A. Fa i s t  What a i r  change r a t e  do you have f o r  zero wind velocity ? 
(Swi t z e r  1 and) 

J.  Kronva 2 2 From the calculations, by de f in i t ion  of the flow baZanee 
(Sweden) procedure, there are zero a i r  changes per hour. I f  stack 

e f f e c t  and dynamic i n f i l t r a t i o n  e f f e c t s  had been taken in to  
account, t h e  r e s u  l t  would be a low, but probably 
noticeable a i r  change rate  a t  zero wind velocity.  

Paper 24 : 'Use of a s ing le  t r a c e r  gas f o r  measurement of ven t i l a t ion  
r a t e s  i n  a large  enclosure '  presented by Jonathan Dewsbury 
( U . K .  ) 

I.R. Bealby I have recent ly  been t ry ing t o  measure ven t i l a t ion  ra tes  
(U.K.) in  poorly vent i la ted  school ha1 1 s (volumes above 1000 m 3 ) .  

These have f a i r l y  high ce i l ings  and a regular  shape. My 
equipment f o r  mixing was two 24" axia l  fans and I was 
sampling and recording N20 concentrations a t  two posit ions.  

Using an i n i t i a l  high concentration around 500 ppm, I was 
unable t o  obtain mixing t o  a point  where my two concentrations 
were be t t e r  than about 40%. However, the two decay curves 
gave s imi la r  r e su l t s ,  i . e .  = 0.3 ach (fans off f o r  the 
decay p l o t ) .  I do not think i t  was possible t o  obtain an 
experimental mix, although my est imate was t h a t  the  
ven t i l a t ion  r a t e  was about 0.5 ach (as  you say, a guess) 
t 0.5 ach which was s u f f i c i e n t  f o r  my purposes. Any 
comments ? 

J .  Dewsbury I t  would be possible t o  solve the problem for the 
(U. K, ) vent i lat ion rate  by treating it as a 2-zone problem. The 

resul t  uould be no more accurate than the estimate of the 
zone s i zes  and could be less  accurate depending on the 
unknown tracer concentrations i n  the res t  of the room. 

Unfortunately, a t  present I do not think it i s  possible t o  
calculate the accuracy achieved when measuring vent i lat ion 
rates  i n  poorly mixed spaces. 

J.R. Waters Why a r e  the e r ro r s  reported in Tables 2 ,  3 and 4 so large ? 
( U . K . )  could these be due t o :  

1. Cumulative e r ro r s  due t o  the t ime-discre t isa t ion method 
used t o  ca lcu la te  the  decay curves (1000 s teps  over 10 
houses i s  r a the r  coarse compared t o  the frequency of 
some of the  o s c i l l a t i o n s ) ,  o r  
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2. The integration represented by equation 1 over the time 
periods described leading to  a badly conditioned s e t  of 
equations and hence large rounding errors in the 
solution, or 

3. Are the reported errors  merely a peculiarity of the 
particular model and s e t  of conditions chosen ? 

Also, why did you not perform a complete matrix inversion 
to  obtain a l l  the integral flows and hence obtain a fu l l  
check on the resul ts  ? 

The errors are mainly due t o  the ill-conditioning of the 
equations t o  be solved. This meant that  it was not possible 
t o  perform a complete matrix inversion and obtain the 
integral flows. More accurate solutions could of course 
have been obtained by using a small simulation time .step 
i n  the i n i t i a l  period and forming the concentratibn 
equations t o  be solved out of data with a stronger weighting 
t o  the i n i t i a l  period. However, I do not think much 
importance should be attached t o  the early part of a 
concentration decay measurement i n  a single, poorly-mixed 
space. This i s  because the measured concentrations i n  t h i s  
period w i l l  t e l l  us very l i t t l e  about concentrations between 
the measurement points, due t o  the twlbulence of the a ir  
flows and consequent random fluctuations i n  tracer gas 
concentrations. 

Why did you not mix the a i r  and why did you use a method 
which makes a 3-decade instrument necessary ? 

I f  the problem of poor mixing can be analysed successfully, 
experimental work w i l l  be made easier by not having t o  
arrange a r t i f i c i a l  mixing. A 3-decade measurement i s  not 
necessary nor can it be achieved by the instruments i n  
common use today. A 3-decade simulation was presented i n  
order t o  show most of the tracer gas concentration curves 
for the examples chosen. An important step fomard w i l l  
be t o  continue t h i s  work using r e a l i s t i c  values of 
instrument range and i n c o ~ o r a t i n g  instrument errors. 

I quote from Section 4 of your paper: 

" I t  i s  not d i f f i cu l t  t o  produce good mixing in practice 
in small rooms by the use of osci l la t ing fans." 

Our experience from our indoor t e s t  house (see paper 15) 
i s  tha t  i t  i s  not easy to  create complete mixing in a 
whole house. The house was ventilated by a mechanical 
ventilation system. We t r ied  2 ,  5 and 10 mixing fans 
respectively and achieved the same decay ra te  a t  each 
point in the same room, i . e ,  uniform mixing within rooms. 
However, we did not obtain the same decay rate  in each of 
the different  rooms. This i s  due to  the fac t  t ha t  the 
doorways ac t  as hydraulic controls. In some cases the 
re la t ive  difference in mean-age of a i r  between the rooms 
amounted to  Q, 25%. 



J .  Dewsbury I expect that it would be d i f f i c u l t  t o  achieve good mixing 
(U.  K. 1 between rather than within the rooms of a house unless the 

vent i lat ion flow rates  were very much smaller than the inter-  
room mixing flow rates .  This would require the former t o  
be very small (unl ikely)  or the l a t t e r  t o  be very Zarge 
(impractical). I have not attempted t h i s  i n  a mechanically 
ventilated house. 

Paper 25 : 'Improving the accuracy of a constant concentration tracer 
gas system' presented by David Harrje (USA) 

M .  Bassett Have you any experience with teflon absorbing and modifying 
(New Zealand) the concentration of SF6/air mixtures and have you t r ied 

using heated molecular sieve columns that  send SF6 to  the 
detector prior to  the O2 ? 

D. Harrje Teflon was suggested t o  us as a materia2 which would not 
(USA) absorb SF6. However, certain compounds were given o f f  by 

the t e f l o n  material i t s e l f  that  interfered with the column 
operation. We found that  a very short time a f t e r  using 
t e f lon  i n  the system, the standing current dropped 
s igni f icant ly .  We have been sa t i s f ied  with the operation 
of the alumina c o l m  and therefore have not experimented 
with any other columns. Using so fhare  t o  determine the 
SF6 peak presents no particular advantage i n  reversing 
the O2 and SFs peak occurence other than possibly reducing 
the cycle time between samples. 

Paper 26 : 'Ventilation system performance evaluation using tracer 
gas techniques' presented by Richard Grot (USA) 

W. Fisk Based on my understanding of the application of age 
(USA) dis t r ibut ion theory to  ventilated buildings, the presence 

of re-circulation in the HVAC system should not make i t  
invalid to  use the standard equations from age dis t r ibut ion 
theory fo r  determining ages or a i r  or ventilation eff ic iencies .  
Could you comment on t h i s  issue ? 

R. Grot I t  i s  true that  age dis tr ibut ion theory can be applied t o  
(USA) buildings with re-circulation of return air.  However, 

when there i s  re-circulation, the measured ages do not 
necessarily serve t o  evaluate the a i r  distribution 
ef f ic iency within the ventilated space as well as those 
measurements made with no re-circulation. The non-zero 
re-circulation measurements r e f l e c t  both ZocaZ mixing 
within the space and 'whole building' mixing which takes 
place due t o  re-circulation of the  return a ir .  Given the 
same a i r  movement patterns within the space, the ages 
measured with no re-circulation w i l l  be less  than those 
measuxed with non-zero re-circulation. While both 
quantit ies are of in teres t ,  only the f i r s t  serves t o  
evaluate only the a ir  dis tr ibut ion effectiveness within 
the ventilated space, 
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I s  the difference in the residence time resul ts  ( tab le  3) 
related t o  the time taken for  the complete mixing of gases, 
e.g. the experimental d i f f i cu l t i e s  you have mentioned ? 
If  so, should not f a r  greater reliance be placed upon the 
decay measurements ? Do you think i t  i s  ever possible to 
obtain adequate mixing of gases and thus i s  not any 
measurement only a bet ter  method of giving a rough estimate 
of ventilation ra te  ? 

The difference i n  residence time resul t s  between the build- 
up and decay measurements i s  due t o  the inabi l i ty  t o  tag 
alZ of the incoming a i r  with tracer gas during build-up. 
OnZy the outside a i r  that  enters through the a i r  handling 
system i s  tagged with tracer gas. The significant mount 
of a i r  that  leaks in  through the building envelope i s  not 
tagged a t  a l l .  Therefore, greater reliance should indeed 
be placed on the decay measurements. 

I t  i s  possible t o  obtain 'adequate' mixing of tracer gas 
given su f f ic ien t  time. The time that  i s  required depends 
on one's meaning of 'adequate' and on the a ir  movement 
patterns i n  any particular case. 

'Ventilation efficiency measurements in occupied 
mechanically ventilated buildings' presented by Don Dickson 
( U . K .  ) 

In the past,  incidences of the pressure of halogen 
compounds have resulted in problems with sulphur hexafluoride 
t racer  gas measurements. Have there been problems w i t h  
chlorine in the swimming hall studies ? 

No problems were encountered i n  t h i s  respect. 

'The performance of ventilation i n  an untight house' 
presented by Rodney Gale ( U .  K. ) 

The flow through open doorway due to  the temperature 
difference between rooms has been studied by several 
researchers (see Walton, NBSIR 83-2635 ' A  computer 
algori t h m  for  estimating in f i l t r a t ion  and inter-room 
a i r  flow' for  a l i s t  of references). These researches 
can be summarised (r t  20%)by equation 

where H = doorway height (m) 
A = area (m2) 

For a 2m high doorway with a 2m2 area 

wbich implies an a i r  exchange of about 5 c 6  ach for  a 
1 C AT fo r  a 5 x 5 x 2.5 m3 room. 



R. Gale 
( U .  K .  ) 

D .  Dickson 
(U.K*) 

R. Gale 
(U.  K. ) 

D. Harrje 
(USA) 

R, Gale 
( U .  K .  ) 

Paper S. 2 

P. Hartmann 
(Switzerland) 

R. Walker 
(U. K. ) 

D. Harrje 
( USA 

R. Walker 
(U. K .  ) 

Thank you for the information. I n  our case it i s  unlikely 
that  t e ~ e r a t u r e  dif ferences betmeen rooms on a given floor 
exceed 1 C. There was a temperature dy~fferences of between 
1 and 2% between the ground and f i r s t  floors and presumably 
the equation would be applicable t o  these flows using the 
area of the floor occupied by the s tairs .  

In considering a i r  interchange from room-to-room, i s  not 
the  room-to-room temperature di f ference a more important 
var iable  than the type of ven t i l a t ion  system ? 

I t  may be, since an open door o f f e r s  very l i t t l e  resistance 
t o  flow. I n  most of our experiments, however, the  ambient 
conditions, wind speed and direction were similar. Any 
small differences i n  the indoor temperature were induced 
by the weather and not by the heating system. We think 
that  it i s  possible, under these circumstances, t o  
a t t r ibute  some of the observed differences i n  poZZutant 
dosage t o  the influence of the vent i lat ion system. 

What does not appear t o  be evident i n  the discussion of 
re lease  of t racer  gas in  one room i s  the observation t ha t  
mixing on one f l oo r  tends to occur re la t ive ly  rapidly.  
Please comment. 

Our observation was that  mixing on the same floor as the 
pollutant release was indeed fair ly  rapid. The spread t o  
the other floor was slower. Our figures show the dosage 
or integrated exposure i n  each room and it i s  interesting 
t o  note that  the exposure i s  not strongly dependent on the 
particular f Zoor. Thus, the pollutant may reach the f Zoor 
more slowly but t h i s  does significantly reduce exposure i n  
the cases where the pollutant i s  not extracted. 

' Influence of open windows on the  inter-zone a i r  movement 
within a semi -detached dwell i  ng ' presented by Richard Wal ker 
( U . K .  ) 

What were the  door posit ions in  f igures  6a and 6b ? 

The conditions with regard t o  the standard house are given 
on page 7 of the paper. A l l  internal doors were open, 
unless stated otherwise. In  figures 6a and 6b they were 
a l l  open. 

The point t h a t  stack e f f ec t  can a id  or de t rac t  from wind 
e f f ec t s  i n  the determination of a i r  i n f i l t r a t i o n  associated 
with envelope openings does not appear t o  be emphasised. 
These points should be v i ta l  t o  the  analysis .  They are  
covered in  theory by Sinden (Energy and Buildings) and 
experiments by Blomsterberg and Harrje (ASHRAE Trans.1979). 

Stack e f f e c t  i s  included i n  the model. The predictions of 
the model i n  t h i s  respect can be seen a t  low wind speeds 
(see, for example, figure 31, 



W.F. de Gids Open or closed doors can have much more influence than you 
(Netherlands) have shown because of the ra t io  between leakage of the 

facadelleakage of internal doors. I s  flow reversal over 
one opening included in the model ? 

R. Walker I t  i s  possible that  i n  certain circumstances the influence 
(U.  K. ) of closed internal doors on vent i lat ion rates could be more 

than i s  shown i n  t h i s  paper. We have, however, only shown 
what was predicted for our 'standardf house. 

With regard t o  flow reversals a t  internal doors, we have 
not modelled th i s  within BREEZE. 

Paper S. 3 ' Interpretation and error  analysis of multi-tracer gas 
measurements to determine a i r  movement in a house' 
presented by Richard Wal ker (U. K. ) 

R .  Gale 
(U.K.) 

One fur ther  source of error  in the multi t racer  gas 
experiments that  you described i s  the cross-sensit ivity 
of the Binos analyser to  the different  tracer gases. 
Could you please t e l l  us what steps you took to  minimise 
the e f fec ts  of cross-sensit ivity ? My own experience of 
a rather old Binos analyser with a range of 0-200 ppm N20 
was tha t  i t  was quite sensit ive to  water vapour and to  
carbon dioxide. 

R. Walker To minimise the e f f e c t  of water vapour, a dryer (magnesium 
( U .  K. ) perchlorate) was used i n  l ine and also a correction was 

applied using measurements of outside air .  

Yes, there i s  the possibi l i ty  of small cross-sensit ivit ies 
which depend on the tracer analysis combination of the 
dedicated uni ts .  Where t h i s  i s  a significant e f f ec t ,  a 
correction must be made. 

C .  Irwin 1 .  Have you t r ied to  quantify errors under controlled 
(U.K.) environmental conditions ? This would enable 

comparison of different  analysis methods under 
repeatable conditions for  the 2 & 3 cell  case. 

2 .  Have you encountered any d i f f i cu l t i e s  in calibration 
of your infrared analysers fo r  C02 ? 

I have recently completed a study of error anslysis l  
estimations using perturbation of data for  2 & 3 connected 
c e l l s .  I would be more than happy to supply a copy of th i s  
study . 

R. Walker 1. No, we have no fac i l i t y  for t h i s  a t  present. 
( U .  K. ) 

2. The C 0 2  analysers are generally very stable. I cannot 
recal l  any problems, 
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' A  multi-tracer system for measuring ventilation rates and 
ventilation efficiencies in large, mechanically ventilated 
buildings' presented by William Fisk ( U S A )  

Why did you have problems with the accuracy of measuring 
SF6 ? 

We added SF6 and R-12B1 la te  i n  our development of the 
experimental system and did not have smooth calibration 
curves for these two tracers compared t o  the calibration 
curves for the other four tracers. In  addition we are 
using lower maxirnwn concentrations of SF6 and R-12B1 than 
for the other tracers. I believe our measurement accuracy 
with SF6 and R12BI can be improved by preparing more 
calibration gases and more accurate calibration gases and 
also by using large maximum concentrations of SF6 and R-12Bl. 

Can you explain the procedure for obtaining detector 
calibration curves for each of the gases and the fitted 
function relating detector output to gas concentrations ? 

Except for the method used t o  prepare calibration gases, 
o m  calibrakion procedures are explained i n  the paper. 
For these t e s t s  we prepared calibration gas mixtures by 
di lut ing pure tracer gases with a ir ;  generally -hm 
successive dilutions are required. The f i r s t  di lut ions me 
performed by metering about f ive Zitres of a ir  i n t o  a gas 
sampling bag and inject ing a smaZl volume, such as  lee,  
of tracer gas in to  the bag. In the future we w i l Z  purchase 
calibration gases from a speciali ty gas supply company that  
uses gravimetric methods t o  ver i f y  caZibration gas 
concentrations. 
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