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This  paper p re sen t s  a survey of  t-racer-gas techniques f o r  measuring 

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

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

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

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

of each method. 

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

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

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

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

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

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

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

INTRODUCTION 

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

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

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

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

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

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

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

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

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

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

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



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

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

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

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

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

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

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

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

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

t ion techniques. 

Continuity Equation 

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

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

the  amount of gas l o s t .  

where 

t i s  the  time [ h r ] ,  
3 

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

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

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

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

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

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

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

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



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

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

space i t s e l f .  

where 

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

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

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

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

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

where 

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

Combining a l l  of these equations together  and rearranging terms 

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

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

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

where 

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



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

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

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

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

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

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

been done by Grimsrud e t  a l .  4 

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

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

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

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

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

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

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

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

adequate. 

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

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

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

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

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

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

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

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

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

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

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

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

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

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

p r e t  the  measurements. 



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

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

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

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

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

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

a i r  qual i ty .  

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

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

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

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

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

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

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

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

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

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

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

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

function. 

a, 

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

where 

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

g i s  the  mixing function,  

tm i s  the  mixing time [h r ]  and 

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

The mixing function is normalized t o  unity.  

a> 

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



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

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

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

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

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

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

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

measured s i t e .  

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

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

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

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

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

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

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

space. 

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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



varying. 

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

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

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

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

physical  volume. 

MEASUREMENT TECHNIQUES 

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

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

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

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

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

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

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

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

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

tages  and disadvantages, 

Decay Technique 

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

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

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

r a t e  remains constant .  

where 

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

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



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

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

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

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

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

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

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

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

value ( 112 h r  t o  2 hrs) .  

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

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

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

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

i s  repeated. 

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

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

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

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

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

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

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

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

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

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

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

t o  use f o r  long term measurements. 



Constant Concentrat ion / Constant Flow 

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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



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

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

tally, 

where 

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

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

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

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

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

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

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

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

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

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

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

recorder and s t a r t e d .  

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

up t o  mid-scale on the analyzer .  

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

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

be mid-range on the gas analyzer. 

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

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

the  concentrat ion is  small. 

The da ta  is analyzed by using the equation above. 



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

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

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

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

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

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

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

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

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

val id .  

Long Term Average Technique 

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

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

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

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

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

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

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

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

where 

... i nd ica tes  a time average 

If the  flow i s  kept cons tant ,  

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

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



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

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

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

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

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

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

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

where 

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

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

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

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

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

uni ty*  

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

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

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

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

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

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



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

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

of the  analyzer. 

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

simultaneously, 

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

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

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

parameters from the previous equation: 



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

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

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

necessary. 

Continuous F low 

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

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

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

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

tem. 

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

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

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

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

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

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

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

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

cent ra t ion  a s  a fufiction of time. 

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

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

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

parameters. 

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

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

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

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

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



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

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

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

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

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

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

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

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

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

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

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

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

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

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

from the tracer-gas analyzer .  

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

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

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

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

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

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

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

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

follow these  changes. 

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

l a t e r  use. 

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

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

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



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

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

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

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

system. 

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

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

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

microprocessor systems. 

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

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

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

Non-tracer Techniques 

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

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

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

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

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

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

building. 

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

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

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

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

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

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

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

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

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



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

where 

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

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

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

f* 
W 

i s  the reduced wind parameter, 

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

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

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

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

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

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

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

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

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

where 

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

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

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

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

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

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



MULTI-CHAMBER INFILTRATION . 

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

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

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

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

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

s i n g l e  chamber case. 

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

there  a r e  N such equations. 

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

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

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

where 

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

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

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

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

t o  room a: 

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



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

where 

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

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

room j t o  room k,  

f o r  j # k 
j k 

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

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

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

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

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

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

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

kth space: - 

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



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

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

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

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

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

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

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

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

The "Zeroth" Chamber - Outside 

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

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

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

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

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

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

Vo i s  the volume of outs ide  and 

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



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

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

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

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

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

row o r  column would be zero: 

f o r  a l l  j 

f o r  a l l  j (31.2) 

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

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

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

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

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

where 

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

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

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

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

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

the  appropriate row o r  column i n  the matrix. 



Matrix Notation 

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

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

where 

* 
5kj 

i s  the  kronecker d e l t a  function.  

Now the  con t inu i ty  equation becomes, 

where 

, a r e  two dimensional matr ices  and 

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

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

whenever possible.  

Mixing and the  Volume Matrix. 

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

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

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

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

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

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

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

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

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

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



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

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

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

another. 

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

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

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

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

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

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

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

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

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

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

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

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

where 

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

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

matrix. 

where 

3 

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

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

plying through by the inverse of the  S matrix, 



where 

- - 
'm i s  the  measured volume matrix and 

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

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

matrix. 

and 

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

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

be zero. 

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

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

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

matrix i s  normalized). 

f o r  a l l  k 

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

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

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



Measurement techniques 

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

i s  changing during the  course of the  experiment. 

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

where 

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

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

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

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

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

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



from a l l  spaces ( inc luding outside).  

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

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

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

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

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

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

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

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

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

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

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

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

becoming s ingular .  

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

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

where 

= 
V i s  the  physical  volume matrix 

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

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

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

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

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



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

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

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

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

fac to r .  

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

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

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

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

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

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

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

the  above equation. 

CONCLUSION 

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

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

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

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

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

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

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

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

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

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

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



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

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

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

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

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

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

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

problem by having quasi-constant flow. 

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

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

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

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

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

from readi ly  access ib le  weather data.  

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

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

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

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

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

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

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

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

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

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

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