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ABSTRACT 

A description is presented of an automated, controlled-flow air infiltra- 

tion measurement system. This system measures total air flow, a volume per unit 

time, due to infiltration in a test space. Data analysis is discussed and the 

mixing problem is analyzed. Different modes of operating the system are considered: 

(1) concentration decay, (2) continuous flow in a single chamber and (3) continuous 

flow in a multi-chamber enclosure. Problems associated with the use of nitrous 

oxide as a tracer gas are described. 
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INTRODUCTION 

A i r  i n f i l t r a t i o n  accounts  f o r  a  s i g n i f i c a n t  f r a c t i o n  of energy l o s t  by 

b u i l d i n g s .  hieasurements of a ir  i n f i l t r a t i o n  g e n e r a l l y  u s e  a  t r a c e r  g a s  tech-  

n ique  d a t i n g  back t o  D ick ' s  measurements i n  England i n  t h e  l a t e  1940 ' s  [ I ] .  

S ince  then  many g a s e s  have been used a s  t r a c e r s .  S i g n i f i c a n t  improvement i n  

t h e  measurement technique  occurred  wi th  t h e  i n t r o d u c t i o n  of s u l f u r  h e x a f l o u r i d e ,  

(SF6) a s  t h e  t r a c e r  g a s ;  d e t e c t a b l e  c o n c e n t r a t i o n s  of SF a r e  t h r e e  o r d e r s  of 
6 

magnitude sma l l e r  t h a n  t h e  minimum d e t e c t a b l e  c o n c e n t r a t i o n s  of gases  p r e v i o u s l y  

u ~ e d .  However, SF h a s  a h igh  molecular  weight r e l a t i v e  t o  t h a t  of a i r  s o  t h a t  6 

i t  r e q u i r e s  thorough mixing w i t h i n  t h e  b u i l d i n g  volume t o  p reven t  b i a s e s  i n  ' 

i n f i l t r a t i o n  measurements due t o  s t r a t i f i c a t i o n .  Other g a s e s  such as methane, 

e thane ,  n i t r o u s  ox ide  and carbon d i o x i d e  a r e ,  i n  t h i s  r e g a r d ,  more a c c e p t a b l e  

a f o r  u s e  a s  t r a c e r s .  

Recent ly ,  microprocessor  c o n t r o l l e r s  have p re sen ted  in s t rumen t  d e s i g n e r s  

w i t h  t h e  o p t i o n  of automated measurement. This  i s  p a r t i c u l a r l y  appea l ing  

s i n c e  i t  pe rmi t s  una t tended  long-term o p e r a t i o n  which is impor tan t  i n  c o r r e l a t i n g  

a i r  i n f i l t r a t i o n  r a t e s  w i th  e x t e r n a l  weather  parameters .  Th i s  i s  a n  impor t an t  

s t e p  in unders tanding  t h e  i n f i l t r a t i o n  p roces s .  

Con t ro l l ed  f low systems a r e  one of t h e  f o u r  t r a c e r  g a s  measurement tech-  
\ 

n iques  desc r ibed  i n  t h e  review p-aper of H i t c h i n  and Wilson [Z]. A c o n t r o l l e d  

f low technique  has  been used by Honma i n  h i s  s t u d i e s  of v e n t i l a t i o n  r a t e s  i n  

h igh  rise apartment  b u i l d i n g s  [ 3 ] .  I n  o r d e r  t o  t a k e  advantage  of t h e  poss i -  

b i l i t i e s  of automated measurement and t o  e x p l o r e  fundamental q u e s t i o n s  i n  

a i r  i n f i l t r a t i o n  r e s e a r c h ,  a  c o n t r o l l e d  f low measurement sys tem h a s  been 

designed a t  LBL and i s  desc r ibed  below. 



DESCRIPTION OF CONTINUOUS FLOW SYSTDl 

System Hardware 

The system is designed around a  microprocessor  c o n t r o l l e r ,  a n  I n t e l  80/20 

microprocessor  system. I n  t h i s  des ign  t h e  m i c r o p r o ~ c e s s o ~  is  used (1)  t o  

c o n t r o l  t h e  amount of t r a c e r  gas  i n j e c t e d  i n t o  t h e  t e s t  space ,  (2 )  t o  c o n t r o l  

t h e  sampling f requency  of t h e  t r a c e r  gas  c o n c e n t r a t i o n  and (3)  t o  s t o r e  t h e  

measu red ' concen t r a t ion  d a t a .  A b lock  diagram of t h e  system i s  shown i n  

F igu re  1. 

The i n j e c t i o n  system,shown i n  F i g u r e  2, u ses  two c a l i b r a t e d  dump volumes 
t 

t o  d e l i v e r  a  known amount of gas  t o  t h e  t e s t  space .  E i t h e r  volume I o r  volumes 

1 and I1 form t h e  dump volume depending on t h e  s t a t e  of so l eno id  v a l v e  B. Gas 

i s  d e l i v e r e d  t o  volume I o r  t o  volume I and I1 when so l eno id  A i s  energ ized .  

When s o l e n o i d  A i s  de-energized t h e  t r a c e r  gas  i s  dumped from t h e  c a l i b r a t e d  
* 

volumes i n t o  t h e  test  space.  The f low r a t e  of t r a c e r  gas  i s  c o n t r o l l e d  by 

choosing one of  t h e  two p o s s i b l e  volume o p t i o n s  and by va ry ing  t h e  r e p e t i t i o n  

rate of  s o l e n o i d  A. F i g u r e  3 showns a  c h a r t  r eco rd ing  of c o n c e n t r a t i o n  a s  

a f u n c t i o n  of t i m e  i n  a  t e s t  space .  Superimposed on t h e  c h a r t  r eco rd  i s  t h e  

t ime sequence 'of  i n j e c t i o n  pu l se s  i n t o  t h a t  same space .  In  t h e  p a r t i c u l a r  

e a s e  shown t h e  gas  was i n j e c t e d  i n t o  t h e  r e t u r n  duc t  of a  fo rced  a i r  h e a t i n g  

system of a s m a l l  house and t h e  c o n c e n t r a t i o n  measured i n  t h e  l i v i n g  room of 
- 

t h e  house. Frequent  sma l l  i n j e c t i o n s  followed by mixing by t h e  fu rnace  

blower d u p l i c a t e s  cont inuous  f low i n j e c t i o n .  We s h a l l  d i s c u s s  t h i s  f u r t h e r  

below, 

The samplfng system i s  a l s o  shown i n  F igu re  2.  S e q u e n t i a l  sampling by 

opening and c l o s i n g  s o l e n o i d  v a l v e s  C t h r u  J is  c o n t r o l l e d  by t h e  microprocessor ,  

Concent ra t ions  a r e  measured us ing  a  l i I W  i n f r a r e d  a n a l y z e r .  The ana log  

o u t p u t  of t h e  a n a l y z e r  is converted t o  a  d i g i t a l  s i g n a l  which is  s t o r e d  by 



t h e  microprocessor  i n  RAM, 

Seve ra l  c o n t r o l  s t r a t e g i e s  a r e  p o s s i b l e  w i t h  t h i s  system. Flow r a t e s  

may be s tepped  through a  pre-programmed sequence; i n i t i a l  i n j e c t i o n  w i t h  

c o n c e n t r a t i o n  decay i s  a n  example of t h i s  s t r a t e g y  and has  been used by 

H a r r j e  and Grot [ 4 ] .  A d e s i r a b l e  a l t e r n a t i v e  t o  t h i s  c o n t r o l  s t r a t e g y  

would u s e  t h e  measured c o n c e n t r a t i o n  informat ion  t o  choose t h e  n e x t  i n j e c t i o n  

time. T h i s  would a l l o w  t h e  system t o  approximate a  t r u e  cont inuous  f low 

system where t h e  t r a c e r  c o n c e n t r a t i o n  i s  he ld  c o n s t a n t ;  t h e  a i r  f low through 

t h e  t e s t  space  i s  then  equal  t o  t h e  i n j e c t i o n  r a t e  d iv ided  by t h e  concent ra -  
+ 

Our p r e s e n t  c o n t r o l  scheme i s  designed t o  a d j u s t  t h e  f low r a t e  s lowly  

t o  cause  t h e  c ~ n c e n t r a t i ~ n  t o  move toward a  range  of t a r g e t  c o n c e n t r a t i o n s .  

The microprocessor  u s e s  t h e  c o n c e n t r a t i o n  d a t a  t o  update  t h e  f low r a t e s  
a 

a t  r e g u l a r  i n t e r v a l s .  The update  i n t e r v a l  i s  determined by t h e  t e s t  space ;  

t h e  i n t e r v a l  must exceed t h e  mixing t ime of t h e  space  t o  p reven t  i n s t a b i l i t i e s  

i n  t h e  system. 

Data Ana lys i s  

Assuming p e r f e c t  mixing, t h e  volume of t h e  t e s t  space  t imes  t h e  change 

i n  c o n c e n t r a t i o n  i n  t h e  space  is  t h e  d i f f e r e n c e  between t h e  amount of t r a c e r  
\ 

gas  i n j e c t e d  i n t o  t h e  room and t h e  amount l o s t  due t o  e x f i l t r a t i o n .  The re fo re  

t h e  d i f f e r e n t i a l  equa t ion  d e s c r i b i n g  t h e  system i s  

C is  t h e  co i l cen t r a t ion  of t r a c e r  g a s ,  F i s  t h e  f low r a t e  of t r a c e r  gas  

i n j e c t e d  i n t o  t h e  t e s t  space  (volume/time),V is  t h e  volume and A i s  t h e  a i r  

exchange rate of t h e  t e s t  space  ( l / t i m e ) .  Equat ion (1) can  b e  r ea r r anged  t o  

g i v e  



Equation (2 )  emphasizes a  most a t t r a c t i v e  f e a t u r e  of t h e  c o n t r o l l e d  f low 

technique ,  The q u a n t i t y  AV, t he  product  of t h e  a i r  exchange r a t e  and t h e  
b 

volume of t h e  t e s t  space ,  i s  t h e  t o t a l  a i r  f low e n t e r i n g  (and e x i t i n g )  t h e  

t e s t  space  from ( t o )  t h e  o u t s i d e .  We s h a l l  c a l l  t h i s  q u a n t i t y  t h e  a i r  f low 
f i ; s  

r a t e  and deno te  i t  u s i n g  t h e  symbol R. It i ~ ~ q u a n t i t y ,  measured a s  a volume 

pe r  u n i t  t ime,  t h a t  i s  important  f o r  energy conse rva t ion .  It i s  t h e  r e l a t i o n -  
)**uc 

s h i p A t h i s  q u a n t i t y  and d r i v i n g  mechanisms produced by t h e  weather  t h a t  we 

hope t o  understand b e t t e r .  

The form of equa t ion  (2) sugges t s  bo th  a  c o n t r o l  s t r a t e g y  f o r  o p e r a t i n g  

t h e  system and a  method of c a l c u l a t i n g  R.  If t h e  second term on t h e  r i g h t  

hand s i d e  of equa t ion  (2)  i s  sma l l ,  i .e . ,  i f  t h e  f low r a t e  F i s  a d j u s t e d  t o  

produce a  n e a r l y  c o n s t a n t  v a l u e  of C, t hen  d e / d t  becomes small and t h e  a i r  

f low rate, R ,  i s  j u s t  t h e  q u o t i e n t  of F and C. 

Once t h e  air f l o w  r a t e  i s  known t h e  volume may be  c a l c u l a t e d .  Rearrang- 

5ng equa t ion  (1)  once a g a i n  g i v e s  

d e  If  we a d j u s t  F t o  cause  a  r ap id  change i n  C, t h e  d e r i v a t i v e  - w i l l  have a 
d t  

s i g n i f i c a n t  va lue .  I n  t h i s  c a s e  t h e  volume i s  amenable t o  c a l c u l a t i o n  u s i n g  

equa t ion  ( 3 ) .  

Mixing .- 

- The f low of t r a c e r  gas  r ep re sen ted  by F, i s  n o t  d i s t r i b u t e d  i n s t a n t a n e o u s l y  

through t h e  t e s t  space .  I n s t e a d ,  i t  sp reads  throughout  t h e  space  wi th  a  f i n i t e  

mixing t i m e .  We d e f i n e  an  e f f e c t i v e  f low r a t e ,  
Fef f  (t), i n  terms of a mixing 

f u n c t i o n ,  g  ( T ) ,  and t h e  a c t u a l  f low r a t e ,  F ( t ) .  These a r e  r e l a t e d  by 
00 

0 
The mixing f u n c t i o n ,  g ,  has  t he  p r o p e r t y  

00 



We i n t e r p r e t  F a s  t h e  flow r a t e  which a f f e c t s  t h e  c o n c e n t r a t i o n  i n  t h e  
e f f  

a c t u a l  t e s t  space ,  It i s  Feff which must be used i n  equa t ions  1-3 t o  d e t e r -  

mine R and V. Only i n  t h e  i d e a l  c a s e  of i n s t a n t e o u s  mixing would F and 
e f  f  

've 
F e q u a l .  The re fo re  we must measure g  a s  a  f u n c t i o n  of T f o r  t h e  t e s t  space  I\ 
i n  o r d e r  t o  f i n d  t h e  r e l a t i o n s h i p  between Feff and F ,  

Consider  t h e  s p e c i a l  c a s e  i n  which t h e  i n i t i a l  c o n c e n t r a t i o n  i s  z e r o  and 

we q u i c k l y  i n j e c t  a  l a r g e  pu l se  of t r a c e r  g a s  i n t o  t h e  t e s t  space .  Th i s  in-  

j e c t i o n  r a t e  is approximated by F ( t )  = Vo 6 ( t )  where 6(t) i s  t h e  Dirac  d e l t a  
*a 

f u n c t i o n .  S u b s t i t u t i n g i n t o  (4) g i v e s  F t F I . ( t ) z  5 q('Z)V, $ ( t - ~ ) d Z  
+ 0 

The d i f f e r e n t i a l  equa t ion  which d e s c r i b e s  t h e  c o n c e n t r a t i o n  of t h e  t r a c e r  is  

equa t ion  ( 1 ) ;  s u b s t i t u t i n g .  F ( t )  from (6)  we can  w r i t e  
eff  

The mixing f u n c t i o n  g can  be  computed ( c f .  F i g u r e  4)  by us ing  t h e  fo l lowing  

approximation;  s i n c e  t h e  i n i t i a l  c o n c e n t r a t i o n  i s  ze ro  dC/dt>>AC and t h e  

d i f f e r e n t i a l  equa t ion  can  be  w r i t t e n  approximately a s  

In  t h e  p a r t i c u l a r  t e s t  shown, t h e  c o n c e n t r a t i o n  changes from a n  i n i t i a l  v a l u e  
\ 

of z e r o  t o  a n e a r  s t e a d y  s t a t e  v a l u e  of 30 ppm i n  approximate ly  300 seconds,  - 
w h i l e  A is  a number of t h e  o rde r  of one pe r  hour .  Thus t h e  approximation i s  

t r u e  i n i t i a l l y ,  is t r u e  on average  over  t h e  f i v e  minute i n t e r v a l ,  and only  

b reaks  down a s  t h e  equ i l i b r ium c o n c e n t r a t i o n  is  reached.  The mixing f u n c t i o n  

g ( t )  c a l c u l a t e d  us ing  t h i s  approximation i s  p l o t t e d  i n  F i g u r e  4  f o r  t h i s  

example. The s i z e  of t h e  pu l se  used t o  de te rmine  g  i n  t h i s  c a s e  i s  two o r d e r s  

of magnitude l a r g e r  than  t h e  t y p i c a l  p u l s e  u s e d , t o  i n j e c t  gas  i n t o  t h e  t e s t  

space  i n  t h e  coninuous f low mode of ope ra t ion .  The re fo re  w e  c o n s i d e r  t h e  f i v e  
q 

minute Eime i n t e r v a l  t h a t  i s  seen  b e f o r e  t h e  system has  reached a quas i - s teady  
;; . * &  



c o n c e n t r a t i o n  t o  be a n  upper l i m i t  on t h e  mixing t ime f o r  t h e  system. 

APPLICATIONS OF THE SYSTDi 

Concent ra t ion  Decay 

One of t h e  f e a t u r e s  of t h e  c o n t r o l l e d  f low system which we f i n d  appea l ing  

i s  i t s  v e r s a t i l i t y .  By a l t e r i n g  t h e  i n j e c t i o n  sequence s e v e r a l  types  of t r a c e r  

measurement procedures  can  be implemented. For example, i f  F  goes t o  z e r o  

a t  t = f t h e  s o l u t i o n  of equa t ion  (1)  becomes C ( t )  = C e  -A ( t - t ~ )  *)here 
0 0 

C is t h e  c o n c e n t r a t i o n  a t  t3, t h e  f a m i l i a r  c o n c e n t r a t i o n  decay r e l a t i o n .  
0 

F igu re  5 shows t h e  l o g  of t h e  c o n c e n t r a t i o n  v s  t ime when t h e  system r e c e i v e s  

a p u l s e  i n j e c t i o n  every  45 minutes ,  T h i s  t r a c e  was ob ta ined  when a l l  windows 

i n  t h e  house were open 1 cm t o  produce a  l a r g e  a i r  exchange r a t e .  

Continuous Flow 
e 

The t e s t  space used i n  t h e  measurements desc r ibed  above i s  an  unoccupied 

2 
one-story t h r e e  bedroom house having a  f l o o r  a r e a  of 100 m and a  volume of 

13'i 3 
ZF3 m . The house is  q u i t e  l oose ;  t h e  dominant leakage  s i t e s  i n  t h i s  s t r u c t u r e  

seem t o  be  t h e  s l i d i n g  s i n g l e  g lazed  windows. F igu re  6 shows a measurement 

of t h e  air f l o w  r a t e ,  R over  a  t h r e e  hour  t ime span,  E r r o r  b a r s  a r e  shown 

on t h r e e  of t h e  c a l c u l a t e d  a i r  f low r a t e s  t o  i n d i c a t e  t h e  r ange  of u n c e r t a i n t i e s  

i n  t h e  measurements. Also shown on F i g u r e  6 is  t h e  c o n c e n t r a t i o n  a s  a  f u n c t i o n  

- 
of t ime. 

zz1 
- The volume c a l c u l a t e d  f o r  t h e  t r i a l  shown i n  F igu re  6 ave rages  Pi36 m . 

ccup l td  40 
We i n t e r p r e t  t h i s  number t o  be t h e  e f f e c t i v e  volumeAthe t r a c e r  gas  t h a t  i s  

Q. 
i n j e c t e d  i n t o  t h e  t e s t  space .  I f  t h i s  volume i s  cons ide rab ly  s m a l l e r  then  

t h e  geometr ic  volume of t h e  t e s t  space ,  t h e  g a s  i s  n o t  mixing completely w i t h  

the  e n t i r e  space ;  i f  t h e  c a l c u l a t e d  volume i s  l a r g e r  t han  t h e  geometr ic  volume 

t h e r e  i s  evidence  of l eakage  of t r a c e r  g a s  o u t  s f  t h e  t e s t  space  through t h e  



d i s t r i b u t i o n  s y s t e m , ' i . e . ,  l e akage  from t h e  d u c t s  i n  t h e  c a s e  of a  forced  

a i r  h e a t i n g  system, 1Je emphasize t h a t  t h i s  c a l c u l a t e d  volume is t h e  volume 

of i n t e r e s t  when cons ide r ing  t h e  e f f e c t s  of i n f i l t r a t i o n  on energy consumption. 

It i s  t h e  volume conta ined  i n  t he  a i r  f low r a t e  term, AV. An i n t e r p r e t a t i o n  

i n  t h e  c a s e  of many connected chambers i s  g iven  below. 

M u l t i  Chamber Flow 

One of t h e  a t t r a c t i v e  f e a t u r e s  of t h e  con t ro l l ed - f low technique  i s  i t s  

a p p l i c a b i l i t y  t o  t h e  multi-chamber problem. Th i s  h a s  been cons idered  by Honma 

[3]  and Sinden [7]. Multi-chamber e f f e c t s  a r e  impor tan t  i f  one c o n s i d e r s  c r o s s  

f low i n t e r a c t i o n  between, f o r  example, a n  a t t i c . a n d  a  l i v i n g  s p a c e  i n  a  house 

o r  between a d j a c e n t  apar tments  i n  a  m u l t i - u n i t  dwel l ing .  

Consider a s  a  model, N w e l l  mixed chambers each of which i s  connected t o  

t h e  o u t s i d e  by e x a c t l y  two p ipes .  A i r  f low i s  al lowed on ly  i n  one d i r e c t i o n  

i n  each p ipe ;  one p i p e  from each p a i r  a l lows  a i r  t o  e n t e r  t h e  chamber w h i l e  

t h e  o t h e r  a l l ows  a i r  t o  l eave .  I f  a t r a c e r  g a s  i s  used t o  measure t h e  i n f i l -  

t r a t i o n  t h e  fo l lowing  d e f i n i t i o n s  can  b e  made: 

Vi: t h e  volume of chamber i 

Rij: t h e  n e g a t i v e  of t h e  a i r  f l o w  from chamber j t o  chamber i 

R t h e  t o t a l  a i r  f low o u t  of chamber i 
El 

F : t h e  f l o w  r a t e  of t r a c e r  gas  i n j e c t e d  i n t o  chamber 9 
i 

Ci: t h e  c o n c e n t r a t i o n  of t r a c e r  gas  i n  chamber i 

Xn a multi-chamber a n a l y s i s  t h e  a i r  exchange r a t e  of a n  i n d i v i d u a l  chamber 

Is not a well-defined concept .  There a r e  t h r e e  d e f i n a b l e  exchange r a t e s ,  each 

of which can  be  u s e f u l  i n  c e r t a i n  c i r c u m s ~ a n c e s .  

The number of a i r  changes per  hour  i n  chamber 1 which come from 
$he o u t s i d e ,  Th i s  w i l l  b e  c a l l e d  t h e  e x t e r n a l  i n f i l t r a t i o n  r a t e  
of chamber i. 



A :  The number of a i r  changes per  hour t h a t  go from chamber i t o  
the  ou t s ide .  This w i l l  be c a l l e d  the  e x t e r n a l  e x f i l t r a t i o n  
r a t e .  

A:'): The t o t a l  number of a i r  changes i n t o  chamber i. This  w i l l  be  
c a l l e d  t h e  t o t a l  i n f i l t r a t i o n  r a t e  of chamber i. 

I f  t h e  c o n t i n u i t y  equat ion  f o r  an impress ib le  f l u i d  i s  assumed v a l i d ,  

then Rii i s  a l s o  equal  t o  the  t o t a l  a i r  f low i n t o  chamber i, and Ai (o) is  equal  

t o  the  t o t a l  number of a ir  changes ou t  of chamber i. 

Theref o r e  rr 
A i  = z Rij/V; 

Consider now t h e  f low of t r a c e r  gas  and t h e  a t t e n d e n t  change i n  concentra-  

t i o n  w i t h i n  a given chamber. The amount of t r a c e r  gas f low i n t o  chamber i is 

the amount of t r a c e r  gas flowing o u t  of chamber i is  

R ~ L  CL 
t he re fo re  by c o n t i n u i t y  - 

d t ;  hf 

V; - =. FL - 2 R ; ~  cj - R;; C; (j* i )  
d t  j= 

equ iva len t ly  

Defining a volume matrix V 
ij : 



where 6 i s  the  Kronecker d e l t a ,  a l l ows  u s  t o  w r i t e  is 

which can be  expressed i n  ma t r ix  n o t a t i o n  

2 Thi s  m a t r i x  equa t ion  c o n s i s t s  of 2 N  unknowns and c o n t a i n s  N e q u a t i o n s .  

dl; Therefore ,  i f  -, C and F a r e  measured a t  2 N d i f f e r e n t  t imes ,  and 8 can  be  d t  - - - - 

determined us ing  s t a n d a r d  l i n e a r  a l g e b r a  i n v e r s i o n  r o u t i n e s .  

I n  t h e  d e r i v a t i o n  of eq (17) we assumed p e r f e c t  mixing i n  each chamber. 

This  l e d  u s  t o  cons ide r  a  volume m a t r i x  which w a s  d i agona l .  However, i n  a 

r e a l  s i t u a t i o n  t h e r e  w i l l  n o t  b e  p e r f e c t  mixing and hence we may expec t  t o  

f i n d  o f f -d i agona l  e l e m e n t s . i n  t h e  volume m a t r i x .  I n  o r d e r  t o  g a i n  some i n s i g h t  
e 

i n t o  t h e s e  of f -d iagonal  e lements  w e  w i l l  n o t  cons ide r  some of t h e  mixing prob- 

lems t h a t  occur  i n  r e a l  s i t u a t i o n s .  

1) Random inhomogeneous mixing w i l l  cause  s c a t t e r  i n  t h e  c o n c e n t r a t i o n  

r ead ings ,  Th i s  can  be es t imated  by u s i n g  mul t i -po in t  sampling i n  a  s i n g l e  

chamber, o r  by a  r e g r e s s i o n  c a l c u l a t i o n  of t h e  c o n c e n t r a t i o n  a f t e r  and 8 - - 
have been found as f u n c t i o n s  of t ime.  

2) S h o r t - c i r c u i t  type.~inhomogeneous mixing w i l l  cause  g a s  i n j e c t e d  i n t o  

room i t o  cause  a n  i n c r e a s e  i n  c o n c e n t r a t i o n  i n  room j which cannot  be  a t t r i -  

buted t o  t h e  measured c o n c e n t r a t i o n  i n  room i. Th i s  type  of behavior  coup le s  

t h e  f low r a t e  i n  room i w i t h  a change i n  c o n c e n t r a t i o n  i n  room j which i s  

e x a c t l y  what t h e  o f f  d i agona l  e lements  of t h e  volume m a t r i x  do. 

4) S t r a t i f i c a t i o n  e f f e c t i v e l y  p a r t i t i o n s  o f f  a  s i n g l e  chamber i n t o  a 

number of w e l l  mixed subchambers. I n  g e n e r a l ,  t h e  behavior  of such a  

s t r a t i f i e d  chamber w i l l  b e  complicated and depend c r i t i c a l l y  on how t h e  



i n j e c t o r  and t h e  o t h e r  chambers couple  t o  each subchambers. Some comments 

can be made; i f  a  g iven  subchamber h a s  n e i t h e r  t h e  i n j e c t o r  nor  t h e  measuring 

dev ice  and t h e  communication t o  o t h e r  chambers i s  sma l l  i t s  volume w i l l  b e  

s u b t r a c t e d  from t h e  a c t u a l  volume t o  g i v e  t h e  e f f e c t i v e  volume of t h e  room. 

There a r e  two e f f e c t s  t h a t  can  a f f e c t  t h e  volume ma t r ix .  The s h o r t  

c i r c u i t i n g  e f f e c t  w i l l  tend t o  i n c r e a s e  t h e  d i agona l  e lements  w h i l e  d e c r e a s i n g  

t h e  o f f -d i agona l  e lements ,  S t r a t i f i c a t i o n  could  e i t h e r  i n c r e a s e  o r  dec rease  

any of t h e  volume elements  depending on t h e  placement of t h e  measuring d e v i c e s .  

Taking i n t o  account  t h e s e  e f f e c t s  a  r e d e f i n i t i o n  of t h e  i n f i l t r a t i o n  r a t e s  
4 

i s  neces sa ry  
)J r.4 -I 

# 

A?) = v R,; 

Ni t rous  Oxide a s  a  T race r  Gas 

An i d e a l  t r a c e r  gas  has  t h e  fo l lowing  p r o p e r t i e s ;  i t  i s  i n e r t ,  non-toxic ,  

a n o n - i r r i t a n t ,  o d o r l e s s ,  non-explosive, i s  n o t  p r e s e n t  a s  background i n  t h e  

t e s t  space ,  i s  e a s i l y  d e t e c t a b l e  i n  sma l l  c o n c e n t r a t i o n s  and ,  t o  f a c i l i t a t e  
i 

mixing, h a s  a  molecular  weight c l o s e  t o  t h a t  of a i r .  

When t h i s  system w a s  designed,  n i t r o u s  oxide ,  a  common a n e s t h e t i c ,  was 

chosen t o  b e  t h e  t r a c e r .  A l l  t h e  measurements shown above were made u s i n g  

this gas .  However, one of t h e  experiments  t o  b e  performed w i l l  monitor  t h e  

t o t a l  v e n t i l a t i o n  r a t e  i n  occupied classrooms i n  elementary schoo l s ;  f o r  

t h i s  a p p l i c a t i o n  N20 f a i l s  t o  s a t i s f y  t h e  requi rements  s t a t e d  above. 

Recent ly  Bruce and Bach [5] have  s t u d i e d  response  of s u b j e c t s  t o  v a r i o u s  



a u d i o v i s u a l  t a s k s  when exposed t o  a  mix tu re  of n i t r o u s  ox ide  and ha lo thane  

f o r  f o u r  hours .  Exposure a t  500 pprn of N 0  i n d i c a t e d  performance decrements  
2 

on s i x  of seven t e s t s  adminis te red .  Exposure t o  a mixture  of 50 pprn of N 0  
2 

and 1 pprn of ha lo thane  showed a  performance decrement on one of t h e  seven  

t e s t s  admin i s t e r ed .  Exposure a t  25 pprn w i t h  0.5 pprn of ha lo thane  showed no 

performance deg rada t ion .  More s e r i o u s  than  t h i s ,  however, is  t h e  e x t e n s i v e  

survey  of female a n e s t h e s i o l o g i s t s ,  n u r s e - a n e s t h e t i s t s ,  o p e r a t i n g  room n u r s e s  

and t e c h n i c g a n s  r e p o r t e d  i n  IJIOSH 77-140 [6 ] .  The survey  showed t h a t  t h i s  

popu la t ion  had a  s t a t i s t i c a l l y  s i g n i f i c a n t  h ighe r  r i s k  of spontaneous a b o r t i o n  . 
t han  a s i m i l a r  popu la t ion  of medica l  pe r sonne l  n o t  exposed t o  o p e r a t i n g  room 

c o n d i t i o n s .  No measurements of exposure t o  a n e s t h e t i c  g a s e s  were p a r t  

of t h i s  survey .  Other  s t u d i e s  have shown t h a t  average  c o n c e n t r a t i o n s  of 

n i t r o u s  o x i d e  i n  o p e r a t i n g  rooms range  from mean c o n c e n t r a t i o n s  of 1 5  ppm 

t o  135 ppm w i t h  gas  scavenging;  130 pprn t o  6000 pprn wi thout  scavenging.  

Fo r  t h e s e  r ea sons  we s h a l l  n o t  u s e  n i t r o u s  oxide  i n  occupied space .  

I n s t e a d  w e  s h a l l  u s e  a  non-flammable mix tu re  of e thane  i n  n i t r o g e n .  The 

d e t e c t o r s  must be  modif ied t o  work a t  a d i f f e r e n t  wavelength. Otherwise 

t h e  system dksigned f o r  n i t r o u s  ox ide  i s  completely compat ib le  w i t h  a n  

e thane  t r a c e r .  

i 

CONCLUSION 

, A c o n t r o l l e d  f low i n f i l t r a t i o n  system capable  of long-term unat tended  

measurement of i n f i l t r a t i o n  h a s  been desc r ibed .  Analys is  of t h e  f low 

equa t ions  shows t h a t  t h i s  system de termines  d i r e c t l y  t h e  t o t a l  a i r  f l o w  

rate due t o  i n f i l t r a t i o n ,  R,  i . e . ,  t h e  product  of t h e  a i r  exchange r a t e  and 

t h e  volume of t h e  t e s t  space.  
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Figure  Capt ions :  

F i g u r e  1 

F i g u r e  2 

F i g u r e  3 

Block Diagram of t h e  Controlled-Flow System 

I n j e c t i o n  and Sampling System D e t a i l s .  

S t r i p  Chart  Record of Concent ra t ion  and Flow I n j e c t i o n s  

as a Funct ion  of Time. 

F i g u r e  4 Concent ra t ion  and Mixing Funct ion  i n  T e s t  House. 

F i g u r e  5 Concent ra t ion  Decays fo l lowing  Large I n j e c t i o n  P u l s e s .  

F i g u r e  6 A i r  Flow Rate  and Concent ra t ion  i n  T e s t  House. 
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