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A b s t r a c t  

I n f i l t r a t i o n  s t u d i e s  have been c a r r i e d  o u t  i n  a t y p i c a l  t r a c t  home 

in t h e  San Franc isco  Bay area .  Houses i n  this reg ion  a s  a r e s u l t  o f  t h e  

mild c l ima te  a r e  l o o s e l y  cons t ruc t ed ,  and show l a r g e  a i r  leakage r a t e s .  

I n f i l t r a t i o n  r a t e s  of up t o  1- l /4  a i r  changes an hour were measured 

us ing  a c o n t r o l l e d  flow t r a c e r  gas  teqhnique wi th  n i t r o u s  oxide  a s  t h e  

t r a c e r  gas ,  A i r  leakage r a t e s  were measured us ing  fan p r e s s u r i z a t i o n  

of  t h e  house w i t h  a range of  p r e s s u r e s  from 7,5 t o  75 Pasca l s ,  I n  a d d i t i o n  

t o  weather d a t a  taken  on s i t e ,  pressur 'e s e n s o r s  mounted on t h e  e x t e r i o r  

w a l l s  were c r i t i c a l  i n  e s t a b l i s h i n g  a p r e s s u r e  model f o r  a i r  i n f i l t r a t i o n ,  

Measured in s ide -ou t s ide  p re s su re  d i f f e r e n c e s  were l e s s  than  a t e n t h  of  

t hose  expected based upon wind speed measurements made on s i t e ,  

Measurements a l s o  show s i g n i f i c a n t  ( 2 0 % )  d u c t  leakage and a i r  flow 

between t h e  a t t i c ,  l i v i n g  space and crawl space. 

~ e y w o r d s :  Air-Flow, A i r  Leakage, Duct, Furnace, Modeling, R e s i d e n t i a l ,  

Turbulence,  V e n t i l a t i o n .  



INTRODUCTIOFI 

Many measurements of infiltration rates in single family detached houses have been reported 
in the literature (see Ref. 1 for a review of these results). This paper describes infiltration 
studies in a single-family residence in a suburban setting, part of a larger study examining 
the correlation between infiltration and air leakage rates under fan pressurization in several 
California houses. 

The motivation for seeking the correlation arises because of the wide range of results 
obtained by those who attempt to relate infiltration rates to weather parameters. While the 
dependences on wind and temperature are similar for measurements on different single-family 
residences, the constants which enter the equation differ widely from house to house. The 
major source of this variation m;ly be the differences in construction quality and geometry 
between houses which determine the leakage detail of the structure. If this hypothesis is 
valid, an independent measurement 3f construction quality should reduce the variation between 
coefficients and allow adequate modeling of air infiltration rates for a small number of 
"typical" houses characterized by geometry alone. 

How can construction quality be measured? Current thinking suggests that fan pressurization 
measurements of air leakage may provide the best measurements for purposes of air infiltration 
modeling. A pressure difference is achieved by temporarily sealing a fan to the building shell. 
Mass flow continuity then predicts that the air flow rate through the fan is equal to the air 
leakage rate of the structure at the working pressure difference. Fan pressurization measure- 
ments of air leakage are not analogs of natural infiltration because the pressure distributions 
on the building shell are quite different in the two cases. In the first, the pressure over 
the entire shell is quite uniform while in the second the pressures vary in a complicated manner 
both in space and in time. But measurements of air leakage in two structures using the same 
working pressure does allow one to compare the two structures. If this comparison can also 
be used to predict comparative air infiltration rates for the two structures (normalized to 
the same weather conditions) then the fan pressurization measurement will be very useful, indeed 
Once sufficient data on infiltration rate vs weather conditions for typical housing styles 
have been determined, a single fan pressurization measurement in a specific house, requiring 
inexpensive equipment and a modest amount of time, could be used to determine the coefficients 
in the relationship of infiltration rate vs weather parameters for that house. This information 
could then be used with a typical weather record for a heating (or cooling) season to predict 
the amount of air infiltration for the season and the energy use and peak air conditioning 
power associated with that infiltration. 

Inverting the process, knowledge of the heat load due to natural infiltration in houses 
of known air leakage should allow a standard to be written for the maximum air leakage i n  a 
house at a particular pressure when using fan pressurization. 



There  a r e  many u n v e r i f i e d  assumpt ions  a s s o c i a t e d  w i t h  t h e  s t a t e m e n t s  made above. These 
must be examined c a r e f u l l y  i n  each s t r u c t u r e  under  i n v e s t i g a t i o n .  I n  t h e  house we have been 
i n v e s t i g a t i n g ,  we have found t h a t  s u r f a c e  p r e s s u r e  measurements a r e  an e s s e n t i a l  s t e p  i n  
a t t e m p t i n g  t o  unde r s t and  t h e  r e l a t i o n s h i p  between i n f i l t r a t i o n  r a t e  and l o c a l  wea the r .  
Fu r the rmore ,  t h e y  s u g g e s t  t h a t  i n  h e a v i l y  wind-shie lded s t r u c t u r e s  t h e  p r e s s u r e  d i s t r i b u t i o n  
on t h e  b u i l d i n g  s h e l l  e s t a b l i s h e d  by f a n  p r e s s u r i z a t i o n  may be  more c l o s e l y  r e l a t e d  t o  t h e  
n a t u r a l  p r e s s u r e  d i s t r i b u t i o n  on t h e  s h e l l  t h a n  was h e r e t o f o r e  b e l i e v e d .  

The impor t ance  o f  a d e q u a t e l y  unde r s t and ing  each s t r u c t u r e  under  i n v e s t i g a t i o n  canno t  be  
overemphasized.  I n  t h i s  house ,  fu rnace  d u c t  l e a k a g e  i s  an i m p o r t a n t  f a c t o r  t h a t  compl i ca t e s  
b o t h  measurements and i n t e r p r e t a t i o n s .  The p o s s i b l e  g e n e r a l i t y  o f  t h i s  r e s u l t  i s  t h e r e f o r e  
l i m i t e d  t o  t h e  c l a s s  o f  homes which use  f o r c e d  a i r  h e a t i n g  d u c t s  p a s s i n g  through uncond i t ioned  
s p a c e s .  

DESCRIPTIOFl OF THE TEST SITE 

The Research House i s  l o c a t e d  20 m i l e s  e a s t  o f  San F r a n c i s c o  i n  Walnut Creek. S e p a r a t e d  from 
t h e  mi ld  c o a s t a l  c l i m a t e  by t h e  Coast  Range, Walnut Creek has  a  wea the r  p a t t e r n  t y p i c a l  of  
much o f  C a l i f o r n i a .  A r a i n y  w l n t e r  season w i t h  d a i l y  t e m p e r a t u r e s  (24-hr p e r i o d )  r ang ing  from 
2°C (35°F)  t o  13°C (55°F)  i s  fol lowed by a  d r y  summer season  w i t h  d a i l y  t empera tu res  r ang ing  
from 14'C (58OF) t o  32°C (90°F1.  Winter  d e s i g n  t e m p e r a t u r e s  (99%)  f o r  t h e  a r e a  i s  -4OC (24°F) 
and f o r  t h e  summer 38°C (lOO°F1. 

The house  i s  a  one - s to ry ,  three-bedroom house ,  w i t h  wood frame c o n s t r u c t i o n ,  t y p i c a l  o f  
houses  i n  t h e  a r e a .  B u i l t  i n  1964, t h e  house h a s  who le -house . a i r  c o n d i t i o n i n g ,  a  f o r c e d - a i r  
g a s  h e a + i i ~ g  sys tem,  w i t h  t h e  h e a t i n g  d u c t s  p a s s i n g  th rough  t h e  crawl  space  and r e t u r n  d u c t  
p a s s i n g  th rough  t h e  a t t i c .  The windows a r e  s i n g l e - g l a z e d  h o r i z o n t a l  s l i d i n g  windows w i t h  
aluminum frames,  and t h e  w a l l s  a r e  a l l  i n s u l a t e d  w i t h  R - l 1  f i b e r g l a s s  b a t t s .  Excluding t h e  
a t t i c  and c rawl  s p a c e ,  t h e  house h a s  a  f l o o r  a r e a  of 100 m2  (1080 f t 2 )  and a  volume o f  230 m3 
(8100 f t 3 ) .  

L 

F i g u r e  1 shows a  p l a n  view o f  t h e  housc! and i t s  s u r r o u n d i n g s .  Wind s h i e l d i n g  by o t h e r  
houses ,  mature  t r e e s  and f e n c e s  i s  s i g n i f . . c a n t ;  we b e l i e v e  t h a t  t h i s  amount of  s h i e l d i n g  pre-  
c l u d e s  any s t r a i g h t - f o r w a r d  modeling of  t h e  r e l a t i o n s h i p  between i n f i l t r a t i o n  r a t e s  and l o c a l  
wea the r  c o n d i t i o n s .  

AIR LEAKAGE MEASUREMENTS 

The l eakage  o f  t h e  house a s  a  f u n c t i o n  o f  t h e  indoor-outdoor  p r e s s u r e  d i f f e r e n c e s  i s  shown 
i n  F i g .  2. These measurements were made by mounting a  t u b e a x i a l  f a n  d r i v e n  by a  v a r i a b l e  speed 
motor on a  plywood p a n e l  and s e a l i n g  t h i s  assembly i n t o  an open door  frame. A d j u s t i n g  t h e  
f a n  speed a l l o w s  c o n t r o l  of  t h e  indoor-outdoor  p r e s s u r e  d i f f e r e n c e .  T h i s  p r e s s u r e  d i f f e r e n c e  
was measured u s i n g  a  diaphragm p r e s s u r e  gauge which had been c a l i b r a t e d  u s i n g  a  c a p a c i t a n c e  
p r e s s u r e  s e n s o r .  Flow c o n t i n u i t y  demands t h a t  t h e  a i r  f low th rough  t h e  f a n  i s  e q u a l  t o  t h e  
a i r  l eakage  of t h e  s t r u c t u r e  under  t e s t .  The a i r  f low r a t e  th rough  t h e  f an  was measured u s i n g  
a  f lowmeter ,  which we c a l i b r a t e d  u s i n g  a  P i t o t  t u b e  t r a v e r s e  t e c h n i q u e  fo l lowing  t h e  AMCA 
S tanda rd  T e s t  Code f o r  A i r  Moving Devices .  

Also  shown on F i g .  2  i s  t h e  l eakage  of t h e  house measured when t h e  r e t u r n  a i r  d u c t  and t h e  
warm a i r  r e g i s t e r  openings  were covered w i t h  p l a s t i c  and s e a l e d  w i t h  t a p e .  Duct l eakage  of  
t h i s  magni tude i s  t y p i c a l  o f  t h e  l eakage  seen  i n  a l l  t h e  houses  we have measured i n  t h i s  r eg ion  

A I R  INFILTRATION MEASUREMENTS 

Ai r  i n f i l t r a t i o n  r a t e s  have been measured u s i n g  n i t r o u s  o x i d e  a s  a  t r a c e r  g a s .  S e v e r a l  
t e c h n i q u e s  have been employed d u r i n g  v a r i o u s  s t a g e s  o f  t h i s  s t u d y .  A l l  t h e  methods u s e  an  
i n f r a r e d  gas  a n a l y z e r  t o  measure t h e  c o n c e n t r a t i o n  o f , t h e  N2O. The d i f f e r e n c e s  between t h e  
methods employed a r e  i n  t h e  t e c h n i q u e s  used t o  c o n t r o l  t h e  i n j e c t i o n  o f  t h e  g a s  i n t o  t h e  t e s t  
space .  A complete  d e s c r i p t i o n  o f  t h e  a p p a r a t u s  i s  i n  t h e  ASTM paper  o f  Condon, e t  a l .  ( 2 ) .  

I n i t i a l  measurements were  made u s i n g  an i n j e c t i o n  c o n t r o l  s t r a t e g y  i n  which t h e  t r a c e r  gas  
was on f o r  m h r ,  o f f  f o r  an  h r ,  on f o r  an h r ,  e t c .  The i n j e c t i o n  and sampl ing p o r t s  were 
b o t h  mounted i n  t h e  r e t u r n  d u c t  of  t h e  fu rnace .  The fu rnace  blcwer  c i r c u l a t e s  a i r  t h rough  
+he hcuse  a t  a  r a t e  o f  0 .40  m3/s (850 c f m ) .  T h i s  co r re sponds  t o  approximately  6  a i r  changes 
p e r  h r  i n  t h e  house when t h e  blower i s  o p e r a t i n g .  



When the injection rate is zero, the concentration changes with time according to the familiar 
relation. 

where C is the concentration at time t, CO is the concentration at t = 0 and A is the air 
exchange rate. Plotting the concentration as a function of time on semilog graph paper gives 
a straight line if A is constant. The negative of the slope of the line gives the air exchange 
rate. 

Weather parameters were monitored at the site while the air exchange rates were being 
measured. The weather tower is mounted on the center of the garage roof; the cup anemometer 
is located 4.9 meters (16 ft) above the peak of the garage roof which is 4.3 m (14 ft) above 
the ground. Wind speed, wind direction and outdoor dry-bulb temperature were measured on this 
tower. In addition indoor air temperature and relative humidity were measured using a hygro- 
thermograph located near the center of the house. 

Infiltration rates, taken during May, are plotted as a function of wind speed in Fig. 3. 
The number in parentheses by each data point is the indoor-outdoor temperature difference. 
The pressure differences due to the wind are, in principle, much larger than those due to 
temperature differences in the data sample we collected. However, careful analysis of the 
data showed that the small temperature differences seen during these measurements are alsg 
important in attempting to understand infiltration rates. The small pressures that are 
associated with these temperature differences suggest that small pressure differences should 
be associated with the wind, a most peculiar result. These observations suggest that the 
inference of infiltration rates directly from the weather data without the intermediate step 
of measuring actual surface pressures on the house is, at best, problematical. 

SURFACE PRESSURE MEASUREMENTS 

Surface pressures were measuredcc,t fourteen locations on the shell of the structure. Eight 
(on the walls) are indicated by X's in Fig. 4a. In addition, three probes were mounted in 
the attic to measure the pressure difference between the attic floor and the living space; 
three others were placed in the crawl space. A capacitance pressure sensor was used for the 
measurements. The sensor was modified to operate in a differential mode comparing the pressure 
of the inside of the house with that of one of the fourteen probes. The probes were connected 
to the sensor through a manifold which allowed the probes to be sampled sequentially for 
l-min intervals. The sampling mani.fold was controlled by a microprocessor; the output of the 
pressure sensor was converted to a digital signal and stored by the same microprocessor. 

The results of the pressure measurements are startling. A sample trace showing pressure 
as a function of time is shown in Fig. 4b. Often, all fourteen probes (including the probes 
measuring pressure differences across the ceiling into the attic and the floor into the crawl 
space) showed similar behavior. Pressures usually fluctuated about zero during each l-min 
sampling period. This occurred even in conditions of a strong wind. The numbers by each tap 
location in Fig. 4a show an example of this. The average of the positive pressures and the 
average of the negative pressures observed during l-min sampling periods are presented. The 
pressure at a tap was smpled once each sec for l-min. The non-zero values of both positive 
and negative averages indicate the fluctuating nature of the surface pressures. The wind speeds, 
while these surface pressures were measured, ranged between 2 m/s (5 mph) and 16 m/s (35 mph) 
and averaged 8 m/s (18 mph). The wind was from the southwest. 

Comparing the pressures in Fig. 4a with 1/2 p V 2  = 1/2(1.2) (812 = 38 Pa, the nominal pressure 
of an 8 m/s wind striking normal to a slane surface, shows that the surface pressures on the 
house are ten-fold smaller than 1/2 pV and have a significant fluctuating component. Therefore, 
models which attempt to predict infiltration in one-story houses with significant shielding 
from the wind must address pressure distributions of this kind. 

MODELS 

Air infiltration in buildings can be considered to be the result of the interaction between 
two separable factors: (a) the structure of the building envelope, and (b) the environment 
surrounding the envelope. In order to construct a model of the interaction several simplifying 
assumptions will be useful. 

First, we assume that cracks allowing air flow throu3h the shell are evenly distribilted 
and indistinguishable. This assumption will cause errcrs if there are a small number of large 



cracks ( o r  l eaks)  i n  t h e  envelope; however, l a r g e  l e a k s  a r e  usua l ly  easy t o  f i n d  and t o  r e p a i r .  
Second, we assume t h a t  t h e  p r e s s u r e  on t h e  house can be  modeled by using t h e  l o c a l  weather 
p a t t e r n s ,  i . e .  t h e  weather measured by t h e  weather tower on s i t e ,  r a t h e r  than t h e  a c t u a l  
microcl imate around t h e  envelope. We comment f u r t h e r  on t h i s  assumption below. 

I t  i s  tempting t o  add a  f u r t h e r  assumption t h a t  only slowly varying components of  t h e  weather 
c o n t r i b u t e  t o  t h e  i n f i l t r a t i o n .  However, our  measurements sugges t  t h a t  f o r  t h i s  s t r u c t u r e ,  and 
f o r  many o t h e r  s t r u c t u r e s  i n  a  heav i ly  sh ie lded  environment, t h i s  assumption i s  not  j u s t i f i e d .  
I n  f a c t ,  f l u c t u a t i n g  s u r f a c e  pressures  appear t o  b e  t h e  dominant mechanism d r i v i n g  a i r  
i n f i l t r a t i o n .  

SHELL LEAKAGE 

I n f i l t r a t i o n  l o s s e s  can be est imated from t h e  l e a k i n e s s  o f  t h e  envelope and indoor-outdoor 
s u r f a c e  p r e s s u r e  d i f f e r e n c e .  These pressure  d i f f e r e n c e s  are r e l a t e d  t o  t h e  microcl imate 
o u t s i d e  t h e  s t r u c t u r e  which i n  t u r n  is  r e l a t e d  t o  t h e  l o c a l  weather and t h e  microenvironment. 
Therefore t h e  p r e s s u r e  d i s t r i b u t i o n s  around t h e  house a c t  t o  mediate t h e  i n t e r a c t i o n  between 
t h e  l o c a l  weather and i n f i l t r a t i o n .  A t  evezy p o i n t  on t h e  s u r f a c e ,  we d e f i n e  a  leakage func t ion  
!L(Ap,a), where 5 i s  t h e  outwards normal v e c t o r ,  Ap is  t h e  p r e s s u r e  d i f f e r e n c e  and II i s  t h e  
leakage p e r  u n i t  a r e a .  

Several  s t u d i e s  have examined t h e  leakage func t ion  f o r  a  given crack s i z e  and type .  A 
c a r e f u l  s tudy  by Honma ( 3 )  o f  l abora tory  m d e l s  o f  c racks  showed t h a t  t h e  f low,  Q ,  through 
a  c r a c k ' s u b j e c t e d  t o  a  p r e s s u r e  d i f f e r e n c e  Ap can be represen ted  by 

I n  t h i s  express ion ,  K i s  a  p r o p o r t i o n a l i t y  c o n s t a n t  d e s c r i b i n g  t h e  c rack ,  and d i s  t h e  length 
of the  crack.  The exponent 6 i s  a l s o  a  func t ion  o f  Ap s i n c e  flow through a crack is  usua l ly  
n e i t h e r  purely laminar ( f o r  which B = l ) - n o r  f u l l y  developed tu rbu lence  ( f o r  which B = 2 ) .  
Honma descr ibed  t h e  r e s u l t s  of  h i s  measurc!rcents wi th  t h e  express ion  

Here A i s  an empirical cons tan t  which incorpora tes  information about  t h e  crack.  We observe 
t h a t  a  bp becomes smal l ,  B goes t o  un i ty  while  a t  l a r g e  va lues  of  Ap, 6 approaches 2 .  I t  i s  
i n t e r e s t i n g  t o  note t h a t  f o r  small p ressures  ( l e s s  than 5 Pa) and f o r  a l l  c racks  t e s t e d  
(widths of  1 .05 m and s m a l l e r )  t h e  exponent of flow, B ,  always had values l e s s  than 1.005 
(very laminar  flow) . 

I n  genera l ,  t h e  crack d i s t r i b u t i o n  o f  t h e  s h e l l  i s  unknown. From fan  p r e s s u r i z a t i o n  
measurements of  t h e  a i r  leakage o f  t h e  s h e l l  we can f i n d  an average leakage func t ion  

I n  t h i s  expression Q i s  t h e  a i r  leakage due to f a n  p r e s s u r i z a t i o n ;  t h e  sur face  i n t e g r a l  is 
simply t h e  sm of t h e  leakage funct ion p e r  u n i t  a r e a  over t h e  e n t i r e  bu i ld ing  s h e l l .  

Measurements of t h e  Q a s  a  func t ion  of  Ap induced by t h e  f a n  y i e l d  L ( A P )  i n  F ig .  2 ,  The 
t o t a l  a r e a  of  t h e  s h e l l  of  t h e  l i v i n g  space f o r  t h i s  house is  300 m2 .  

SURFACE PRESSURES 

I f  weather condi t ions  i n  t h e  v i c i n i t y  of  t h e  b u i l d i n g  a r e  known it i s  p o s s i b l e ,  i n  p r i n c i p l e ,  
t o  c a l c u l a t e  sur face  p r e s s u r e  d i f f e r e n c e s .  These p r e s s u r e  d i f f e r e n c e s  a r e  due t o  t h e  tempera- 
t u r e  d i f f e r e n c e s  between indoor and outdoor a i r  ( s tack  e f f e c t )  and t h e  dynamic p r e s s u r e  
caused by wind s t r i k i n g  t h e  sur face  of  a  w a l l .  Many well-recognized u n c e r t a i n t i e s  e x i s t  i n  
c a l c u l a t i n g  p r e s s u r e s  due t o  both t h e  s tack e f f e c t  and dynamic pressures .  O u r  experience 
from t h e  Walnut Creek research  house demonstrates t h e  importance of  a c t u a l  measurements of 
sur face  p r e s s u r e s .  As i n d i c a t e d  above, observa t ions  i n  t h i s  s t r u c t u r e ,  heav i ly  sh ie lded  
from the  wind, show s u r f a c e  p r e s s u r e s  much smal le r  than expected with a  l a r g e  f l u c t u a t i n g  
.clmponent. 



COMPUTATION OF INFILTRATION FROM PRESSURE MEASUREMENTS 

Several  models of  flow due t o  sur face  p r e s s u r e  d i f f e r e n c e s  a r e  p o s s i b l e .  We s h a l l  suggest  one 
and show l a t e r  t h a t  i t  i s  c o n s i s t e n t  wi th  measurements a t  t h i s  s i t e .  We make t h e  following 
assumptions: 

( a )  Complete mixing between indoor and outdoor a i r  occurs  when i n f i l t r a t i n g  a i r  m v e s  
through t h e  w a l l .  Air movement along t h e  wal l  o f  10 ft/min (50 mm/s )  sweeps incoming 
a i r  emerging from a crack (width 1 nun) ac ross  t h a t  crack i n  about  0.02 s e c .  Therefore 
f l u c t u a t i o n s  o f  p ressure  having f requenc ies  g r e a t e r  than 50 Hz would be requ i red  t o  
prevent  mixing. 

( b )  The flow, Q ,  i s  equal  t o  t h e  leakage func t ion  L (Ap), a  slowly varying func t ion  of  Ap 
( c f .  F ig .  2  a t  1/2 Pascal  p r e s s u r e ) .  

( C )  No phase l a g  e x i s t s  between t h e  p r e s s u r e  d i f f e r e n c e s  and t h e  r e s u l t i n g  flow, ( i . e . ,  
t h i s  i s  pure ly  r e s i s t i v e  f low) .  

( d )  The i n f i l t r a t i o n  i s  equal t o  t h e  e x f i l t r a t i o n  which is  h a l f  t h e  abso lu te  value of a l l  
t h e  a i r  flow throu* t h e  envelope. 

I n  t h e  p ressure  regime we a r e  examining, t h e  d r i v i n g  pressures  a r e  smal l .  Therefore we 
assume a leakage func t ion  l i n e a r  i n  Ap o r  

The a i r  flow r a t e  through t h e  e n t i r e  s t r u c t u r e  i s  then equal  t o  t h e  t o t a l  i n f i l t r a t l c n  
which is t h e  t o t a l  flow r e s u l t i n g  from t h e  p o s i t i v e  p r e s s u r e  d i f f e r e n c e s  on t h e  bu i ld ing  
s h e l l .  

Thus, i n  t h e  time i n t e r v a l  T ' 

Q = #(Ap)x p 
where 

i s  t h e  time average of  t h e  p o s i t i v e  p r e s s u r e  on a  s u r f a c e .  This  average i s  computed by t h e  
same microprocessor t h a t  con t ro l s  t h e  p r e s s u r e  t a p  manifold i n  our experimental  package. 

CALCULATED FLOW 

Measurements of  t h e  a i r  leakage using f a n  p r e s s u r i z a t i o n  (Fig.  2 )  permit  us t o  es t imate  +be 
a i r  flow through t h e  house when p r e s s u r e s  a r e  low. When t h e  furnace d u c t s  a r e  open b u t  t h e  
fu rnace  blower i s  o f f  we f i n d  

3 - 
where Q i s  given i n  m /hr and Ap i s  measured i n  Pasca l s .  When t h e  duc ts  a r e  sea led  we have 

I n  genera l  Q represen ts  flow through a l l  t h e  openings o f  t h e  s h e l l .  I f  we assume t h a t  t h e  
flow 1 s  dominated by flow through c racks  we can expect  t h a t  a t  small  va lues  of  Ap, the  flow 
1s propor t iona l  t o  Ap while a t  high values ~t 1s p r o p o r t i o n a l  t o  [ A p ) l I 2 .  Since the  t r a n s i t ~ o n  
between t h e  two flow r e g m e s  depends upon t h e  crack dimensions, f o r  an a r b i t r a r y  value of Ap 
we expect  t h a t  

It  i s  tempting t o  f i t  curves such a s  Fig.  2 t o  such a f u n c t i a n .  However A and B a r e  not  
cons tan ts  b u t  are themselves func t ions  of  t h e  p ressure  d i f f e r e n c e .  We t h e r e f o r e  d l v i d e  d a t a  
such a s  t h a t  o f  Fig.  2 i n t o  Lhree flow regimes: 



I  Low p r e s s u r e :  Q a Ap 

I1 I n t e r m e d i a t e  p r e s s u r e :  Q A ( A ~ ) " ~  + ~ ( A p l  

I11 High p r e s s u r e :  Q (Ap) l/ 2 

Examinat ion o f  t h e  d a t a  o f  F i g .  2 shows t h a t  t h e  h igh  p r e s s u r e  regime b e g i n s  a t  a b o u t  45 Pa 
f o r  this sys tem.  Data  f o r  p r e s s u r e s  l e s s  t h a n  4 5  Pa were f i t  t o  Eq. 1 0 .  The v a l u e s  o f  f low 
f o r  Ap = * 5 Pa were t h e n  c a l c u l a t e d  from t h e  e q u a t i o n ;  l i n e a r  f i t s  between * 5 Pa were used 
t o  e s t a b l i s h  Dq. 8 and 9 .  

Table  1 shows i n f i l t r a t i o n  r a t e s  and s u r f a c e  p r e s s u r e s  measured i n  t h e  t e s t  house  w i t h  t h e  
d u c t s  t aped  and untaped and w i t h  t h e  f u r n a c e  blower  o f f .  

I n f i l t r a t i o n  r a t e s  were measured by  i n j e c t i n g  a t r a c e r  gas  i n t o  t h e  house th rough  a 
" s p i d e r "  o f  f o u r  t u b e s  a r r a n g e d  t o  d i s t r i b u t e  t h e  g a s  th roughou t  t h e  house .  The gas  was 
mixed u s i n g  e i t h e r  t h e  f u r n a c e  blower i f  t h e  d u c t s  were open, o r  desk f a n s  i f  t h e  d u c t s  were 
t aped  c l o s e d .  A f t e r  mixing,  t h e  b lower  o r  f a n s  were t u r n e d  o f f  and t h e  c o n c e n t r a t i o n  was 
measured u s i n g  a f o u r  p o r t  sampling system which p roduces  a c o a r s e  ave rage  o f  t h e  concen t ra -  
t i o n  from d i f f e r e n t  l o c a t i o n s  i n  t h e  house.  

F i g u r e s  5a and 5b a r e  g raphs  o f  t h e  d a t a  o f  Tab le  1. The s o l i d  l i n e s  i n  t h e  g raphs  a r e  
t h e  p r e d i c t i o n s  o f  t h e  s imple  models d e s c r i b e d  by Eq. 8 and 9 .  The dashed l i n e s  a r e  t h e  f i t s  
o f  t h e  measured d a t a  (assuming a l s o  t h a t  t h e  air exchange r a t e  i s  z e r o  when t h e  ave rage  
s u r f a c e  p r e s s u r e  i s  z e r o ) .  The agreement between t h e  s imple  m d e l  and t h e  measurements i s  
s u r p r i s i n g l y  good. L e t  us emphasize t h a t  we have p r e d i c t e d  i ' n f i l t r a t i o n  r a t e s  f o r  t h e  house 
knoiring o n l y  t h e  ave rage  a b s o l u t e  va lue  o f  t h e  s u r f a c e  p r e s s u r e  on t h e  s h e l l  and t h e  t o t a l  
s h e l l  l e a k a g e .  There  a r e  no undetermined p a r a m e t e r s  i n  t h i s  s i m p l e  model. 

While t h e  r e s u l t s  a r e  encourag ing ,  we acknowledge t h a t  many m r e  measurements a r e  necessa ry  
t o  a d e q u a t e l y  t e s t  t h e  model. 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. - 
MULTI-CHAMBER MEASUREMENTS 

S ince  t h e  supp ly  d u c t s  p a s s  throuqh t h e  c rawl  space  and t h e  r e t u r n  d u c t  p a s s e s  th rough  t h e  
a t t i c ,  l a r g e  d u c t  l eakage  i n  t h i s  house means t h a t  a f low c o u p l i n g  e x i s t s  between t h e  a t t i c ,  
t h e  l i v i n g  space  and t h e  c rawl  space .  S e v e r a l  a u t h o r s  have t r e a t e d  t h e  multi-chamber i n f i l t r a -  
t i o n  t h e o r e t i c a l l y  (2 -5 ) .  Because o f  i t s  g e n e r a l  importance  we have begun measur ing t h e  flow 
c o u p l i n g  between s p a c e s  i n  t h i s  house .  

Befo re  d e s c r i b i n g  t h e  expe r imen t s  t o  measure t h e s e  f lows  we s h a l l  review Sherman's t heo ry  
from t h e  p a p e r  o f  Condon, e t  a l .  ( 2 )  a p p l i e d  t o  this p a r t i c u l a r  example. The symbols used 
t o  d e s c r i b e  t h e  a i r  f low f o r  t h i s  c a s e  a r e  shown i n  F i g .  6 a .  Note t h a t  t h e  R ' s ,  t h e  f low 
r a t e s  between volumes, a r e  n e g a t i v e  numbers. T h i s  i m p l i e s  t h a t  -Ri, (wheh i f j), t h e  flow 
o f  a i r  from room j t o  room i ,  i s  a p o s i t i v e  q u a n t i t y .  While t h i s  n o t a t i o n  a p p e a r s  curbersome,  
it s i m p l i f i e s  t h e  mathemat ics  t h a t  f o l l o w s .  We d e f i n e  s i x  a i r  f low r a t e s  i n t o  and o u t  o f  each 
o f  t h e  t h r e e  chambe ;. We do n o t  assume t h a t  Ri  = R j i  b u t  from f low c o n t i n u i t y  t h e  sum o f  
t h e  f lows  i n t o  a chc. h e r  i s  e q u a l  t o  t h e  sum o f  $lows l e a v i n g .  Thus f o r  t h e  l i v i n g  space  
!space 1) 

W e  now d e f i n e  t h e  t o t a l  a i r  f low i n t o  volume i t o  b e  

Thus, f o r  v a l m e  1 ( t h e  l i v i n g  s p a c e ) ,  the t o t a l  a i r  f low i s  

and from (11) we have a second e q u a l i t y ,  Rll = -Ro1 - - T h i s  d e f i n i t i o n  makes t h e  
R,; t e r n  p o s i t i v e  numbers. 
A A  



We use  a  t r a c e r  gas  t o  probe t h e  s t r u c t u r e  t o  f i n d  t h e  a i r  f l ows ,  R i j .  A c o n s t a n t  flow o f  
t r a c e r  gas  i s  i n j e c t e d  i n t o  one o r  m r e  o f  t h e  volumes. When t h e  c o n c e n t r a t i o n s  i n  t h e  t h r e e  
volumes approach e q u i l i b r i u m ,  t h e s e  s t e a d y - s t a t e  v a l u e s  a r e  r eco rded  and a r e  used i n  t h e  
c a l c u l a t i o n s  d e s c r i b e d  below. 

L e t  Fk b e  t h e  f low r a t e  o f  t r a c e r  gas i n t o  one o f  t h e  volumes ( e . g . ,  volume V k )  and C i  be  
t h e  c o n c e n t r a t i o n  i n  t h e  ith volume. The t o t a l  f low o f  t r a c e r  i n t o  volume K i s  t h e  sum o f  
t h e  t r a c e r  i n j e c t i o n  Fk and t h e  t r a c e r  c a r r i e d  from o t h e r  volumes. Thus 

The f low o f  t r a c e r  o u t  o f  Vk i s  t h e  p r o d u c t  o f  t h e  c o n c e n t r a t i o n  Ck times t h e  sum- o f  t h e  
f lows  o u t  o f  t h a t  v o l u t e  o r  

Using t h e  d e f i n i t i o n  o f  t o t a l  f low, Eq. 1 2 ,  we s e e  t h a t  t h e  t r a c e r  $lw o u t  o f  Vk can be  
r e w r i t t e n  

Equa t ing  t h e  s t e a d y - s t a t e  f lows  o f  t r a c e r  i n  and o u t  g i v e s  

Fk = 1 qti Ci ( i e  i n c l u d i n g  
i = l  %k Ck)  . 

I n  t h e  volume f o r  which no i n j e c t i o n  o c c u r s ,  

0 = i Rji Ci ( i n c l u d i n g  R  C . ) .  
. i=l j j  I 

I n  t h e  p a r t i c u l a r  c a s e  b e i n g  c o n s i d e r e d ,  we have twelve  f low unknowns. Three a r e  de te rmined  
u s i n g  t h e  t h r e e  d e f i n i t i o n s  o f  t o t a l  f l ow,  Eq 12.  The o t h e r  n i n e  a r e  de te rmined  from Eq 18  
u s i n g  t h r e e  independen t  i n j e c t i o n  sequences ,  e . g .  F1, 0 , O ;  0 ,  F2, 0 ;  e t c .  F i g u r e  7 i l l u s t r a t e s  
t h e  i n j e c t i o n  sequences  used.  These were s e l e c t e d  i n  an a t t e m p t  t o  k e e p  t h e  c o n c e n t r a t i o n s  
i n  t h e  t h r e e  t e s t  s p a c e s  i n  a  range t h a t  c o u l d  be  measured a c c u r a t e l y  u s i n g  our a n a l y z e r .  

EXPERIMENTAL DETAILS 

Measurements o f  c ross - f lows  i n  t h i s  house  a r e  d i f f i c u l t  t o  make because  o f  poor  mixing w i t h i n  
t h e  a t t i c  and w i t h i n  t h e  c rawl  space .  I n  an  a t t e m p t  t o  minimize t h e s e  d i f f i c u l t i e s ,  i n j e c t i o n  
i n t o  each o f  t h e  s p a c e s  was e f f e c t e d  u s i n g  a  " s p i d e r "  o f  f o u r  tubes  w i t h  t h e i r  f o u r  p o r t s  
d i s t r i b u t e d  around t h e  volume. The i n j e c t i o n  f low was c o n t r o l l e d  manual ly ;  t h e  flow r a t e  
was measured u s i n g  a  r o t a m e t e r .  E s t i m a t e s  o f  e q u i l i b r i u m  c o n c e n t r a t i o n s  expec ted  i n  each of  
t h e  volumes were made; i n i t i a l  l a r g e  i n j e c t i o n s  t o  a c h i e v e  t h e s e  c o n c e n t r a t i o n s  were fo l lowed  
by a  s t e a d y  i n j e c t i o n  r a t e  i n t o  two o f  t h e  volumes. C o n c e n t r a t i o n s  i n  each o f  t h e  volumes 
were moni tored u n t i l  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  i n  each o f  t h e  volumes were  s e e n .  F i g .  7 
shows t h e  t ime h i s t o r y  o f  t h r e e  i n j e c t i o n  sequences .  

A f t e r  t h r e e  independen t  i n j e c t i o n  sequences  we have n i n e  e q u a t i o n s  f o r  n i n e  unknowns R . . .  
Eq 1 8  can be  r e s t a t e d  a s  a m a t r i x  e q u a t i o n  1 3  

where 5, 5 and F a r e  each 3 x  3 m a t r i c e s  ( c f .  Appendix A )  - - - 



Then 

Data  o b t a i n e d  from a  t r i a l  w i t h  t h e  d u c t s  unsea led  and t h e  fu rnace  blower and t h e  a i r  
c o n d i t i o n e r  i n  o p e r a t i o n  a r e  g iven i n  T a b l e . 2 .  ( I n j e c t i o n  i n  t h i s  c a s e  d i d  n o t  occur  i n  t h e  
d u c t s  b u t  t h rough  t h e  " s p i d e r "  i n t o  s e p a r a t e  volumes) .  

The a i r  f lows between t h e  t h r e e  spaces  and t h e  o u t s i d e  a r e  shown i n  t h e  a i r  f low m a t r i x  _R o f  
Table  2 and i n  F i g .  6b. The on ly  unambiguous i n f i l t r a t i o n  r a t e s  t h a t  can b e  d e f i n e d  f o r - t h i s  
sys t em a r e  R i i /V i .  The v a l u e s  f o r  t h e  t h r e e  s p a c e s  a r e :  

-1 
House: 0 .25  h r  

- 1 
A t t i c :  2.2 h r  

-1 
Crawl Space: 3.9 h r  

Mat r ix  & i n  Tab le  2  i s  t h e  e r r o r  6ci,  o f  e a c h  e l emen t  o f  c and g i v e s  t h e  s t a n d a r d  
d e v i a t i o n  G t h e  c o n c e n t r a t i o n s  measured d u r i n g  t h e  t e s t ,  A 8 e s c r i p t i o n  o f  m a t r i x  @ i s  
p r e s e n t e d  i n  Appendix B. 

The p h y s i c a l  s o u r c e s  o f  e r r o r  a r e  t h e  r e s u l t  o f  i m p e r f e c t  mixing,  t h e  t ime v a r i a t i o n  o f  
each R i j  and t h e  random e r r o r s  i n  t h e  measurement o f  t h e  c o n c e n t r a t i o n .  A s y s t e m a t i c  e r r o r  
o c c u r s  because  some o f  t h e  i n j e c t e d  t r a c e r  gas  may l e a v e  t h e  chamber w i t h o u t  mixing w i t h  t h e  
gas  i n  t h a t  chamber. T h i s  s h o r t  c i r c u i t i n g  would cause  us  t o  c a l c u l a t e  t o o  h i g h  a  t r a c e r  
f low i n  o t h e r  chanher s  and t o o  low a  t r a c e r  f low i n  t h e  i n j e c t i o n  chamber. 

The t ime v a r i a t i o n  o f  t h e  a i r  f low r a t e s ,  R i j ,  can c a u s e  e r r o r s  i n  t h e  c a l c u l a t i o n s .  I f  
any R i j  h a s  a n  a p p r e c i a b l e  d r i f t  on thk  t ime  s c a l e  o f  t h e  e n t i r e  s e t  o f  measurements,  a  
s i g n i f i c a n t  e r r o r  can b e  i n t r o d u c e d .  

We have  r e p o r t e d  a  d e t a i l e d  s t u d y  o f  i n f i l t r a t i o n  r a t e s  measured w i t h  a  t r a c e r  gas  and a i r  
l eakage  r a t e s  o b t a i n e d  from f a n  p r e s s u r i z a t i o n  i n  a  small, three-bedroom C a l i f o r n i a  house .  
S u r f a c e  p r e s s u r e  measurements a r e  found t o  be an  e s s e n t i a l  s t e p  i n  t h e  p r o c e s s  o f  f i n d i n g  a  
c o r r e l a t i o n  between n a t u r a l  a i r  i n f i l t r a t i o n  and a i r  l e a k a g e  by p r e s s u r i z a t i o n .  The s u r f a c e  
p r e s s u r e  measurements r e v e a l  sma l l  p r e s s u r e s  w i t h  a  l a r g e  f l u c t u a t i n g  component. D i r e c t i o n a l  
e f f e c t s  o f  t h e  wind a r e  n o t  s een ;  r a t h e r ,  t h e  s u r f a c e  p r e s s u r e s  a r e  q u i t e  s i m i l a r  on a l l  s i x  
f a c e s  o f  t h e  l i v i n g  s p a c e  p a r a l l e l o p i p e d .  The measurement o f  t h e  mean o f  t h e  a b s o l u t e  va lue  o f  
t h e  s u r f a c e  p r e s s u r e s ,  and t h e  a i r  l eakage  o f  t h e  e n t i r e  s h e l l  u s i n g  f a n  p r e s s u r i z a t i o n  
p e r m i t s  e s t i m a t i n g  t h e  n a t u r a l  i n f i l t r a t i o n  r a t e  o f  t h i s  s t r u c t u r e .  The e s t i m a t e  a g r e e s  
w e l l  w i t h  measurements we have made. 

Duct l e a k a g e  i s  1 major  problem i n  t h i s  s t r u c t u r e .  I t  l e a d s  t o  s i g n i f i c a n t  c r o s s  flow 
between t h e  a t t i c ,  : v i n g  space  and c rawl  s p a c e .  At tempts  t o  measure t h e s e  multi-chamber 
f lows were compl icated by poor  mixing i n  t h e  crawl  space  and were on ly  p a r t i a l l y  s u c c e s s f u l .  

Much remains  t o  be done i n  o r d e r  t o  model adequa te ly  t h e  i n f i l t r a t i o n  p r o c e s s e s  i n  t h i s  
house .  I n  p a r t i c u l a r ,  we must unde r s t and  t h e  r e l a t i o n s h i p  between t h e  weather  tower  measure- 
ments and t h e  s t r u c t u r e  o f  t h e  s u r f a c e  p r e s s u r e s .  I n  a d d i t i o n ,  we must deve lop  a  m d e l  t o  
r ! ~ l a i n  t h e  e f f e c t s  o f  t empera tu re  d i f f e r e n c e s  on t h e  i n f i l t r a t i o n  t h a t  i s  s e e n .  We have y e t  
to de te rmine  i f  t h e  s t a c k  e f f e c t  i s  s i g n i f i c a n t  i n  t h i s  one - s to ry  house .  
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TABLE 1 

INTILTRATION (MEASURED W I T H  TRACER GAS) VS. AVERAGE SURFACE PRESSURE MEASUREMENTS. 
DATA PLOTTED I N  FIG. 5 

Duct I n f i l t r a t i o n  Rate  Average Nega t ive  Average P o s i t i v e  Average 
Cond i t i on  ( h r - l )  S u r f a c e  P r e s s u r e  S u r f a c e  P r e s s u r e  S u r f a c e  P r e s s u r e  

C losed  ( F i g .  5a)  0 .18  -0.34 +O .34 0.34 

Closed 0 . 1 1  -0 .27 +O .23  0 .25  

Cosed 0 . l 8  -0 .27 +O .28 0 . 2 8  

Closed 

Closed 

Open ( F i g .  5b) 0 . 2 8  -0.37 +O .29 0 . 3 3  

Open 0 .20  -0.26 +O .22 0 . 2 4  

Open 0 .23  -0.26 M . 2 9  0 .27 

Open 0 .OS -0.07 +0.22 0 .14  

Open 0 .28 -0 .35 +O .25  0 .30 



TABLE 2 

Multi Chamber Flow Resu l t s .  For R and s u b s c r i p t s  r e f e r  t o  volumes 1, 2 and 3  and o f f  
diagonal  e l e m n t s  a r e  shown i n  ~i;.  6b. For E ,  c, and &, t h e  f i r s t  s u b s c r i p t  r e f e r s  t o  space 
1, 2 o r  3  while  t h e  second t o  t h e  experiment 6&er a s  z e t c h e d  i n  F i g .  7a, 7b o r  7c. 

0 3 3  3 3  

= 4 7 0 94 
3  

- (cm /min) 

142 142 0 



APPENDIX A 

Eq (18)  r e p r e s e n t s  a  sys t em of  t h r e e  e q u a t i o n s  i n  n i n e  unknowns. These a r e  

F1 = q l c l  + R C + R13C3 
12 2 

F2 = R21C1 + R C 
22 2  + R23C3 

F3 = R31C1 + R32C2 + R33C3 

F1, F2 and F3 a r e  c o n t r o l l e d  i n  an  expe r imen t ;  C!, C2 and C3 a r e  measured. We wish t o  f i n d  
t h e  f l o w s ,  R i j .  Eq ( A . 1 )  can  b e  w r i t t e n  i n  m a t r i x  form a s  

We d e f i n e  g a s  t h e  column v e c t o r  o f  f l o w s ,  C a s  t h e  column v e c t o r  o f  c o n c e n t r a t i o n s  and R a s  
t h e  a i r f l o w  m a t r i x  ( t h e  number o f  unde r sco res  i n d i c a t e s  t h e  d i m e n s i o n a l i t y  o f  t h e  m a t r i x i .  
Eq (A.2) t h e n  becomes 

The sys t em o f  e q u a t i o n s  d e s c r i b e d  above i s  undetermined.  However i f  t h r e e  s e t s  o f  
i ndependen t  measurements a r e  made and i f  t h e  a i r f l o w  m a t r i x  R remains  c o n s t a n t ,  t h e  sys tem 
i s  f u l l y  de te rmined .  The t h r e e  s - t s  o f  measurements c a n  b e  G r i t t e n  

S i n c e  t h e  t h r e e  e q u a t i o n s  use  t h e  same m a t r i x  _R t h e y  can  b e  r e w r i t t e n  - 

The f i r s t  i ndex  d e n o t e s  t h e  c h a r h e r  number and t h e  second deno tes  t h e  exper iment  number f o r  
t h e  F ' s  and C ' s .  Def in ing  t h e  m a t r i x  o f  t r a c e r  f lows  a s  E and t h e  m a t r i x  o f  c o n c e n t r a t i o n s  
a s  2 we o b t a i n  Eq (201,  i e  

- 



APPENDIX B 

We assume (and from Fig.  7 t h e  assumption seems reasonable)  t h a t  t h e  i n d i v i d u a l  concent ra t ions  
a r e  uncor re la ted .  Then 

Define 

We can f i n d  Aijm by d i f f e r e n t i a t i n g  equa t ion  (20) with r e s p e c t  t o  each concent ra t ion  

S ince  the F i j ' s  a r e  independent o f  C ,  t h e  l e f t  s i d e  'of  eq (B.3) i s  zero. Fur ther  t h e  C ' s  a r e  
uncor re la ted  so  t h a t  

Therefore 

Equivalent ly 

(B. 5) 

Multiplying by C-' and s-ing 
L j  

- 1 - 1 
1 Aikm Ckk C L j  = - I: Rim 611n C k j  

kll a 

Since 

we have 
a. 

F l n a l l y  w e  s e e  t h a t  each i n d i v i d u a l  term i n  t h e  e r r o r  mat r ix  & can be found from t h e  - 
c a l c u l a t e d  flows and t h e  i n v e r t e d  concent ra t ion  



Figure  Captions 

Fig. 1. P lan  view of Walnut Creek House and i t s  surrounding t r e e s  and 

fence.  

F ig ,  2, A i r  leakage a s  a func t ion  o f  indoor-outdoor p re s su re  d i f f e r ence .  

The s o l i d  l i n e  shows leakage wi th  d u c t s  open; t h e  dashed l i n e  

shows leakage wi th  r e g i s t e r s t a n d  furnace  r e t u r n  duc t  taped,  

P o s i t i v e  p r e s s u r e s  i n d i c a t e  a h igher  p r e s s u r e  indoors  t han  

2 
hn.H 0.  outdoors .  l Pasca l  = l N/m = - 

249 2 

Fig. 3 .  I n f i l t r a t i o n  r a t e s  p l o t t e d  a s  a func t ion  of  wind speed measured 

on s i t e .  Indoor-outdoor temperature d i f f e r e n c e  (T - To) i 
0 

( C )  i s  i n d i c a t e d  i n  pa ren theses  next  t o  each po in t .  

F ig ,  4a. The l o c a t i o n  o f  t h e  wa l l  p r e s s u r e  on the  r e sea rch  house a r e  shown 

by X. Numbers w i t h i n  t h e  f i g u r e  a r e  t h e  h e i g h t s  ( i n  me te r s )  

of  t h e  t a p s  above t h e  ground. Numbers i n  parentheses  a r e  t h e  

l-min averages of  p o s i t i v e  and negat ive  p r e s s u r e  d i f f e r e n c e s  

( i n  Pasca l s )  a t  each p r e s s u r e  t ap ,  The r e fe rence  p r e s s u r e  in 

each case  i s  t h e  p re s su re  w i t h i n  t h e  l i v i n g  space,  

Fig,  4b, The p re s su re  measured on t h e  south  t a p  on t h e  west s i d e  of  t h e  

house p l o t t e d  a s  a func t ion  of t ime, This  t r a c e  i s  n o t  

co inc iden t  wi th  t h e  va lues  recorded i n  F ig ,  4a. 

Fig.  5 ,  I n f i l t r a t i o n  r a t e s  of  Table 1 p l o t t e d  a s  a func t ion  of  t h e  average 

s u r f a c e  p re s su re  on t h e  house. The s o l i d  l i n e  i s  t h e  p r e d i c t i o n  

o f  t h e  simple i n f i l t r a t i o n  model; the dashed l i n e ,  t h e  f i t  of 

t h e  d a t a ,  

Fig, Sa, Schematic r e p r e s e n t a t i o n  of  t h e  a i r  flows between t h e  o u t s i d e  

( s u b s c r i p t  01, l i v i n g  space ( s u b s c r i p t  l ) ,  a t t i c  ( s d s c r i p t  2 )  

and crawl space ( s u b s c r i p t  3 ) .  



Fig.  6b. Flows 05 Table 2 measured between t h e  t h r e e  spaces  and t h e  

3 
o u t s i d e ,  Flow u n i t s  a r e  (m f i r ) .  The volume of each of  t h e  

spaces  i s  i n d i c a t e d  w i t h i n  t h e  c r i c l e s .  

F ig ,  7, Concent ra t ions  of Table 2 i n  t h e  t h r e e  spaces  p l o t t e d  a s  a 

f u n c t i o n  of  t ime. I n  t h e  t o p  graph ,  gas  was i n j e c t e d  on to  t h e  

a t t i c  and t h e  crawl space ;  i n  t h e  middle graph ,  i n t o  t h e  crawl 

space and t h e  house; and i n  t h e  bottom graph,  i n t o  t h e  house 

and t h e  a t t i c .  These a r e  shown by a s t e r i s k s  i n  t h e  f i g u r e ,  
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A. Duc ts  c losed 

B. Buct s open 

F i g u r e  5a and  5b 



F i g u r e  Sa a n d  6b 
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Figure 7a, 7b and  7c 


