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ABSTRACT 

I n  t he  p a s t  expensive i n s t rumen ta t i on ,  u s u a l l y  involving t r a c e r  

gases ,  has been requi red  t o  measure a i r  i n f i l t r a t i o n ;  i n  t h i s  paper a 

technique using fan  p r e s s u r i z a t i o n  r e s u l t s  and weather d a t a  t o  c a l c u l a t e  

i n f i l t r a t i o n  is  presented.  The geometry, leakage d i s t r i b u t i o n ,  and ter- 

r a i n  and s h i e l d i n g  c l a s s e s  a r e  combined i n t o  two reduced parameters 

which a l low d i r e c t  comparison of wind-induced and temperature-induced 

i n f i l t r a t i o n .  Using these  two parameters and t h e  t o t a l  leakage a r e a  of  

t h e  s t r u c t u r e  (which i s  found from fan p re s su r i za t i on )  the  i n f i l t r a t i o n  
can be ca l cu l a t ed  f o r  any weather condi t ion .  Experimental r e s u l t s  from 

f i f t e e n  d i f f e r e n t  s i t e s  i s  presented f o r  comparison wi th  t h e o r e t i c a l  
p r ed i c t i ons .  

INTRODUCTION 

Understanding t h e  process  of a i r  i n f i l t r a t i o n  i s  c r i t i c a l  t o  any 

r e s i d e n t i a l  conserva t ion  program inasmuchas i n f i l t r a t i o n  i s  a primary 
source of energy l o s s  i n  res idences .  Y e t  we a r e  f a r  more capable  of 

c a l c u l a t i n g  conduction l o s s e s  than l o s s e s  due t o  i n f i l t r a t i o n .  The two 

processes  a r e  q u i t e  analogous: conduction i s  t h e  f low of hea t  due t o  a 
temperature d i f f e r e n c e  and i n f i l t r a t i o n  i s  t h e  f low of a i r  due t o  a 

p re s su re  d i f f e r e n c e .  Addi t iona l ly ,  t o  c a l c u l a t e  t h e  energy load from 

a i r  i n f i l t r a t i o n ,  t h e  a i r  f low must be combined wi th  the  temperature  
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d i f f e r e n c e  between i n s i d e  and ou t s ide .  Conduction is more e a s i l y  calcu-  

l a t e d  than i n f i l t r a t i o n  because t h e  hea t  t r a n s f e r  is p ropor t i ona l  t o  t h e  

temperature d i f f e r e n c e  and does n o t  depend s t r o n g l y  on any o t h e r  d r i v i n g  

f o r c e .  I n f i l t r a t i o n ,  on t h e  o t h e r  hand, depends on t h e  i n t e r i o r -  

e x t e r i o r  p r e s su re  d i f f e r e n c e  bu t  i s  n o t  simply p ropor t i ona l  t o  i t .  

Furthermore, t h e  d r i v i n g  p re s su re s  a r e  caused by uncor re la ted  phys ica l  

e f f e c t s  (wind speed and indoor-outdoor temperature  d i f f e r e n c e ) .  

Although conduction l o s s e s  can be  cha rac t e r i zed  by means of one parame- 

ter, t h e  thermal r e s i s t a n c e ;  i n f i l t r a t i o n ,  u n t i l  now, has  had no 

equiva len t  q u a n t i t y .  

It i s  because of  t he se  problems t h a t  i n f i l t r a t i o n  has  been a  d i f f i -  

c u l t  q u a n t i t y  t o  model. Previous a t t empt s  a t  modeling i n f i l t r a t i o n  have 

used s t a t i s t i c a l  f i t t i n g  o r  have i ~ v o l v e d  measurements o r  ca lcu la -  

t i o n s  t h a t  a r e  t o o  d i f f i c u l t  t o  make on a  l a r g e  s c a l e  .4 This  paper 

in t roduces  a model t h a t  s a c r i f i c e s  some accuracy f o r  v e r s a t i l i t y  and 

s imp l i c i t y .  Rather than p r e d i c t i n g  a c c u r a t e l y  t h e  weather induced 

i n f i l t r a t i o n  of a  p a r t i c u l a r  s t r u c t u r e ,  t h e  model i s  designed t o  calcu- 

l a t e  t h e  i n f i l t r a t i o n  of a  g e n e r a l  s t r u c t u r e .  Furthermore, t h e  model 

p r e d i c t s  t h e  impact of r e t r o f i t s  o r  o t h e r  changes i n  t h e  bu i ld ing  

envelope on t h e  b a s i s  of performance changes e f f e c t e d  i n  a  few measur- 

a b l e  parameters.  

The parameters used i n  t he  model a r e :  

1 )  The leakage a r e a ( s )  of t h e  s t r u c t u r e .  

The leakage a r e a  i s  t h e  parameter t h a t  de sc r ibes  t h e  t i g h t n e s s  

of t h e  s t r u c t u r e  (obtained by p r e s s u r i z a t i o n ) .  Most r e t r o f i t s  

w i l l  a f f e c t  t he  leakage a r e a  o r  t he  d i s t r i b u t i o n  of leakage a r e a  

around the bu i ld ing  envelope ( leakage d i s t r i b u t i o n ) .  

2 )  The he ight  of t he  s t r u c t u r e .  

The he igh t  and o the r  geometric q u a n t i t i e s  a r e  u s u a l l y  known o r  

can be measured d i r e c t l y .  

3 )  The ins ide-outs ide  temperature d i f f e r ence .  

The temperature  d i f f e r e n c e  g ives  t h e  magnitude of t h e  s t a c k  

e f f e c t .  It i s  a l s o  necessary  f o r  c a l c u l a t i n g  t he  energy load 

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

4 )  The wind speed. '. 
The wind speed is  requi red  t o  c a l c u l a t e  t he  wind-induced i n f i l -  

t r a t i o n  f o r  comparison wi th  the  s t a c k  e f f e c t .  



5)  The t e r r a i n  class of t h e  s t r u c t u r e .  

The t e r r a i n  c l a s s  o f  t h e  s t r u c t u r e  r e f e r s  t o  t h e  d e n s i t y  of 

o the r  b u i l d i n g s  and o b s t r u c t i o n s  which i n £  luence  the  dependence 

of wind speed on (measurement) he igh t  nea r  t he  s t r u c t u r e .  Know- 

ing  t h e  t e r r a i n  c l a s s  of  t h e  s t r u c t u r e  a l lows  t h e  use  of  o f f -  

s i te weather d a t a  f o r  the  c a l c u l a t i o n  o f  wind-induced pressures .  

6 )  The Sh ie ld ing  

The l o c a l  s h i e l d i n g  determines how much of  t h e  wind p re s su re  

g e t s  through t o  t h e  s t r u c t u r e .  

The wind speed used by t h e  model can be c a l c u l a t e d  from a wind speed 

measured on any weather tower i n  t he  a r e a .  Using s tandard wind formulas 
(See Table 1 )  t h e  wind speed i n  any t e r r a i n  c l a s s  and a t  any he igh t  can 

be converted t o  t h e  wind speed a t  t he  si te.  Thus, on-s i te  weather col- 

l e c t i o n  is  no t  neces sa ry  i n  our model. We must emphasize, however, t h a t  

t h e  measured wind d a t a  must be f o r  t h e  "same wind", i . e .  t h e r e  can be 
no mountain ranges o r  o t h e r  major t e r r a i n  o b s t r u c t i o n s  between t h e  s i t e  

and the wind tower. 

AIR  LEAKAGE 

A i r  leakage i s  the  s imple process  of  a i r  passing through openings o r  

c racks  i n  t h e  s t r u c t u r e .  These openings range i n  s i z e  from those  of 
undampered ven t s  (about  0.2m) t o  t i n y  c racks  around windows (about 

0.2mm). 

A s  we know from hydrodynamics, t he  cha rac t e r  o f  t h e  a i r  f low through 

a leakage opening changes a s  t h e  pressure  a c r o s s  t he  opening changes. 

A t  very  low p r e s s u r e s ,  t h e  flow i s  dominated by v iscous  fo rces ;  a t  high 
p re s su re s ,  by i n e r t i a l  f o r ce s .  Therefore ,  a t  low pressures  we  expect  

t he  flow t o  be p ropor t i ona l  t o  t h e  appl ied  p re s su re  and a t  high pres- 

s u r e s  we expect  t h e  f low t o  be p ropor t i ona l  t o  t h e  square-root of  t he  

appl ied  pressure.  A t  in te rmedia te  pressures  t he  behavior w i l l  be a mix- 

t u r e  of t he se  e f f e c t s .  

The pressure  range i n  which t h e  flow behavior changes depends on the  

geometry of t h e  i n d i v i d u a l  crack.  While good d a t a  e x i s t  t o  d e s c r i b e  

t he  func t iona l  form of t h e  leakage f o r  an i nd iv idua l  c rack ,  t h e  leakage 

c h a r a c t e r i s t i c  of t h e  e n t i r e  s t r u c t u r e  i s  much hardler t o  model. The 

flow vs .  p r e s su re  curve o f  t he  s t r u c t u r e  w i l l  be t h e  summation of a l l  of 

t he  curves f o r  each ind iv idua l  crack.  Since i t  i s  impossible  t o  know 

t h e  geometry of each c rack ,  c a l c u l a t i n g  t he  flow v s .  p ressure  curve of a 

r e a l  s t r u c t u r e  cannot  be done from f i r s t  ~ r i n c i p l e s .  



Fie ld  measurements 6'9 have shown t h a t  t he  behavior of t h e  a c t u a l  

leakage curve more c l o s e l y  resembles t h a t  expected f o r  t u rbu len t  flow 

than  f o r  v i scous  flow i n  the  p re s su re  reg ion  t y p i c a l  of t he  pressures  
t h a t  d r i v e  i n f i l t r a t i o n .  These f i n d i n g s  i n d i c a t e  t h a t  t h e  t r a n s i t i o n  

p re s su re  (where the  f low changes from viscous  t o  t u rbu len t )  i s  below 

t h e  experimental  range. Therefore,  i n  our  model, w e  assume flow t o  be 

propor t iona l  t o  the square-root o f  t h e  appl ied  pressure .  

where 

is  B i r  f low [m3/s1, 

A 2  i s  the  e f f e c t i v e  leakage  a rea  [ m  1 ,  

P 3 i s  t h e  d e n s i t y  of air 11.2 kg/m 1 and 

.b' i s  t h e  appl ied  pressure  [Pa] .  

It i s  t h e  e f f e c t i v e  leakage a r e a  t h a t  c h a r a c t e r i z e s  t he  a i r  leakage. I n  

subsequent d i scuss ion  we w i l l  r e f e r  t o  t h i s  parameter as t h e  leakage 

a rea .  

In  an  a c t u a l  s t r u c t u r e  t h e r e  a r e  many leakage s i t e s ,  each having a  

leakage a rea .  I n  t h i s  model we combine t h e  leakage s i t e s  i n t o  t h r e e  

a reas :  A. i s  the  t o t a l  leakage a r e a  of t h e  s t r u c t u r e  ( t h e  sum of t h e  

leakage a r e a s  of t he  f l o o r ,  w a l l s  and c e i l i n g ) ,  Af i s  t h e  leakage a r e a  

of t h e  f l o o r ,  and Ac i s  the  leakage a rea  of t he  c e i l i n g .  

A s  w i l l  b e  shown i n  the  Appendix, i t  i s  necessary t o  d i f f e r e n t i a t e  

t h e  f l o o r  and c e i l i n g  leakages from the  t o t a l  leakage a r e a  because t h e  

s t a c k  and wind p re s su res  i n f luence  these  l o c a t i o n s  d i f f e r e n t l y .  

Leakage Measurement 

A i r  l eakage  i s  usua l ly  measured by f a n  p re s su r i za t ion .4  This  tech- 

nique uses  a large-capaci ty f a n  t o  push a i r  e i t h e r  i n t o  o r  ou t  of t h e  
s t r u c t u r e .  Flow c o n t i n u i t y  r e q u i r e s  t h a t  a l l  the  a i r  t h a t  flows through 

t h e  fan  must f low ou t  through t h e  bui ld ing  s h e l l .  The graph r e l a t i n g  

pressure  drop ac ros s  t h e  envelope and the  r e s u l t i n g  flow i s  c a l l e d  t h e  

leakage curve of t he  bui lding.  



I n  gene ra l ,  leakage curves  ob ta ined  by t h i s  method w i l l  n o t  show a 

square-root dependence on t h e  p re s su re  drop ac ros s  t h e  envelope. Our 

model assumes t h a t  t he re  is  such a dependency, however, and s o  we ex t r a -  

p o l a t e  t h e  leakage curve ( i f  necessary)  down i n t o  t h e  pressure  range of  

n a t u r a l  weather e f f e c t s  (0-10 Pa). W e  then f i t  t h e  leakage curve  t o  a 

square-root i n  t h a t  reg ion .  The f i t t i n g  procedure g ives  u s  t h e  t o t a l  

leakage a r ea  of t h e  s t r u c t u r e .  

Example: Assume t h a t  through f a n  p r e s s u r i z a t i o n  tests t h e  fol lowing flow 
vs.  p r e s su re  d a t a  have been measured: 

A two-parameter f i t  of t he se  d a t a  t o  a power law func t ion  of 
t h e  form, 

Ap [Pa] 

Q (m3/hr] 

g ives  us  a flow c o e f f i c i e n t  o f  202 and a pressure  exponent of 

0.6. Thus t h e  d a t a  a r e  descr ibed  by t h i s  equat ion:  

We use t h i s  equa t ion  t o  f i n d  t h e  flow a t  our re fe rence  pres- 

sure .  We have chosen 4 Pa a s  our r e f e r ence  pressure  because i t  

i s  t h e  r e p r e s e n t a t i v e  p re s su re  f o r  square-root flow i n  t he  0-10 

Pa range.  

Using t h i s  4 Pa flow i n  Eq. 1, t h e  leakage a r e a  is  

10 
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Unlike wa l l s ,  f l o o r  and c e i l i n g  s u r f a c e s  have few penet ra t ions .  

Once the  pene t r a t ions  a r e  l oca t ed  and t h e i r  phys ica l  dimensions meas- 
ured,  t h e i r  leakage a r e a s  ( u s u a l l y  smal le r  than the  physical  a r ea  of t h e  

opening) can e a s i l y  b e  ca l cu la t ed  by e s t ima t ing  t h e  d ischarge  coe f f i -  

c i e n t  from the  geometry of t he  l eaks .  Various s tandard r e fe rences  con- 

t a i n  t a b l e s  o r  formulae f o r  d i scharge  c o e f f i c i e n t s .  I n  ca ses  where a 
f l o o r  o r  c e i l i n g  i s  made of m a t e r i a l s  t h a t  cannot l e a k  (e.g., a s l a b  

f l o o r ) ,  i ts  leakage a r e a  may be assumed t o  be zero.  

F ina l ly ,  i t  is poss ib l e  t o  assume a va lue  f o r  leakage n o t  accounted 
f o r  by measurement o r  c a l c u l a t i o n .  For example, t h i s  can be done by 

assuming t h a t  the  amount of leakage per  u n i t  s h e l l  a r e a  i s  t h e  same f o r  
a l l  su r f aces  ( i . e .  uniform leakage d i s t r i b u t i o n ) .  

INFILTRATION NODEL 

In  t h e  Appendix we d e r i v e  a  genera l  theory  of i n f i l t r a t i o n .  The 

nodel i s  a phys ica l  one which makes use of var ious  empir ica l  f a c t s  t o  

reduce the  complexity. A l l  assumptions made i n  the  de r iva t ion  a r e  

spec i f i ed  i n  the Appendix. 

In  t h i s  model, w e  assume t h a t  t h e  s t r u c t u r e  i s  a  s i n g l e  well-mixed 

zone; we use t y p i c a l  sh i e ld ing  va lues  f o r  a  simple r ec t angu la r  s t r u c t u r e  

and we neg lec t  terms t h a t  depend on the  s i g n  of t h e  temperature d i f f e r -  

ence. Most impor tan t ly ,  we s p l i t  t h e  problem i n t o  two d i s t i n c t  pa r t s :  

t h e  wind-regime, where the dynamic wind p re s su re  dominates t h e  i n f i l t r a -  

t i o n ;  and t h e  stack-regime, where t h e  temperature d i f f e r e n c e  dominates 

t h e  i n f i l t r a t i o n .  I n f i l t r a t i o n  i n  t he  two regimes i s  expressed a s  fo l -  

lows : 

where - 
3 

Qwind is  the  i n f i l t r a t i o n  i n  t h e  wind-regime [rn I s ] ,  

3 
Qstaak i s  the  i n f i l t r a t i o n  i n  the stack-regime [m / s ] ,  

v  i s  the  wind speed a t  c e i l i n g  he ight  [m/s] ,  

A2 i s  the  inside-outside temperature d i f f e r e n c e  [OK], 



g  2 i s  t h e  a c c e l e r a t i o n  of g r a v i t y  [9.8 m / s  1, 

H i s  t h e  he ight  of t h e  c e i l i n g  above grade  [m] and 

T  i s  t h e  i n s i d e  temperature [K] .  

Derivat ions f o r  f w  and f s  a r e  presented i n  t h e  Appendix, but  t h e i r  

d e f i n i t i o n s  a r e  

f = c O ( l - R )  1/3 
W 

(4.1) 

C' i s  a  genera l ized  s h i e l d i n g  c o e f f i c i e n t ;  t y p i c a l  va lues  a r e  l i s t e d  i n  

Table 2 f o r  a  v a r i e t y  of l o c a l  sh i e ld ing  condi t ions .  

R i s  t h e  f r a c t i o n  of t he  e f f e c t i v e  leakage a r e a  t h a t  is  ho r i zon ta l  ( i . e .  

the  sum of the  f l o o r  and c e i l i n g  leakage divided by t h e  t o t a l  leakage).  

X i s  the  f r a c t i o n a l  d i f f e r e n c e  between the  f l o o r  and c e i l i n g  leakage 

( i . e .  the  d i f f e r e n c e  i n  leakage a r e a  between t h e  c e i l i n g  and the  f l o o r  

divided by the  t o t a l  leakage a r e a ) :  

The wind speed used i n  t h e  equat ions above i s  t h e  e f f e c t i v e  wind speed 

a t  c e i l i n g  he igh t  - t h a t  i s ,  t h e  wind speed t h a t  would e x i s t  a t  the  

he ight  of t he  c e i l i n g  (above grade)  i f  t h e  bui ld ing  and i t s  immediate 

surroundings were n o t  t h e r e .  This  wind speed can be calcugated from any 

measurement of t h e  same wind using the  fol lowing formula: 



where 

v i s*  t h e  measured wind speed (e.g.  from a  weather tower) 

f~ 
i s  t h e  t e r r a i n  f a c t o r ,  

H i s  t h e  he ight  of t h e  c e i l i n g  [m], 

H ' i s  the  he igh t  of the  wind measurement [m], 

d,  y a r e  empir ica l  cons t an t s  g iven  i n  Table 1. 

The unprimed q u a n t i t i e s  r e f e r  t o  t he  s t r u c t u r e  s i t e  and the  

primed q u a n t i t i e s  r e f e r  t o  the  wind-measurement s i t e .  

The express ions  f o r  t he  stack-induced and wind-induced i n f i l t r a t i o n  

£0 llow : 

where 

2  
*o i s  t h e  t o t a l  leakage a r e a  [m 1 ,  

f * i s  the  reduced wind parameter,  
W 

f  i s  the  reduced s t a c k  parameter [m/s/K 1 /2]  , 
s* 

AT i s  the  ins ide-outs ide  temperature d i f f e r e n c e  [ K ]  and 

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

For the  d e f i n i t i o n s  of  t he  reduced parameters,  s e e  the  "Table of Defin- 

ing Relat ions" and the "Symbol Table" a t  t he  end of the  t e x t .  

The primary advantage ( o t h e r  than  s i m p l i c i t y )  of d i sp l ay ing  t h e  

equat ions i n  t h i s  form i s  t h a t  i t  demonstrates the  f a c t  t h a t  we have * * 
separated t h e  weather-independent p a r t s  (Ao, f  ) from t h e  weather 

f s9  W 
v a r i a b l e s  (nT, v'). Thus t h e  weather-independent p a r t s  can be calcu- 

l a t e d  once f o r  a  p a r t i c u l a r  s t r u c t u r a l  conf igura t ion  and combined with 

weather condi t ions  t o  p red ic t  t he  i n f i l t r a t i o n .  



Another advan tage  o f  t h i s  form of  t h e  e q u a t i o n s  i s  t h a t  i t  demon- 

s t r a t e s  t h a t  t h e  i n f i l t r a t i o n  i s  p r o p o r t i o n a l  t o  t h e  t o t a l  l e a k a g e  a r e a .  

Hence a  f r a c t i o n a l  change i n  l e a k a g e  a r e a  cor responds  t o  t h e  same f r a c -  

t i o n a l  change i n  i n f i l t r a t i o n .  While i t  i s  t r u e  t h a t  t h e  reduced param- 

e t e r s  depend on  t h e  r e l a t i v e  d i s t r i b u t i o n  of t h e  l eakage  among t h e  

f l o o r ,  w a l l s  and c e i l i n g ,  a  s m a l l  change i n  the  t o t a l  l eakage  should not  

a f f e c t  them s i g n i f i c a n t l y .  

S u p e r p o s i t i o n  Law f o r  I n f i l t r a t i o n  

We now have e x p r e s s i o n s  t h a t  a l l o w  u s  t o  c a l c u l a t e  t h e  stack-induced 

i n f i l t r a t i o n  and wind-induced i n f i l t r a t i o n ;  t h e  o n l y  problem t h a t  

remains  is  t h a t  o f  combining them. I n  g e n e r a l ,  t h e  i n t e r a c t i o n  of such 

independent phenomena w i l l  be q u i t e  complicated but  i n  t h e  s p i r i t  o f  our 

s i m p l i f i e d  approach,  we look  o n l y  a t  t h e  way i n  which e a c h  o f  them 

a f f e c t s  t h e  d i f f e r e n t i a l  p r e s s u r e .  Both t h e  s t a c k  e f f e c t  and wind 

e f f e c t  i n f l u e n c e  t h e  p r e s s u r e  d i s t r i b u t i o n ;  we assume t h a t  t h e i r  super-  

p o s i t i o n  can be t r e a t e d  by s imply  add ing  t h e i r  p r e s s u r e  e f f e c t s .  S ince  

we have assumed a s q u a r e  r o o t  dependence o f  f low on p r e s s u r e ,  the  

stack-induced and wind-indused i n f i l t r a t i o n  add i n  quadra tu re .  

where 

Q 3  i s  t h e  combined i n f i l t r a t i o n  [m I s ] .  

I n  a p rev ious  work13 t h e  a u t h o r s  demonstrated t h a t  whenever t h e  wind 

e f f e c t  o r  s t a c k  e f f e c t  dominates ,  t h e  f i r s t  o r d e r  term v a n i s h e s ,  making 

t h i s  type  of c o m b i n a t o r i a l  r u l e  p o s s i b l e .  Accurate  p r e d i c t i o r ,  o f  t h e  

i n f i l t r a t i o n  i n  t h e  i n t e r m e d i a t e  r e g i o n  r e q u i r e s  d e t a i l e d  knowledge of 

bo th  t h e  weather and t h e  s t r u c t u r a l  parameters .  On t h e  average ,  how- 

e v e r ,  t h e  above formula  w i l l  be  c o r r e c t ;  w e  w i l l ,  t h e r e f o r e ,  use  i t  f o r  

a l l  c a s e s ,  w i t h  t h e  unders tand ing  t h a t  i t  i s  s u s p e c t  whenever t h e  s t a c k  

and wind i n f i l t r a t i o n s  a r e  approximately  e q u a l .  

Th i s  way of combining i n f i l t r a t i o n s  can be g e n e r a l i z e d  f o r  any a i r  

f low t h a t  a f f e c t s  t h e  i n t e r n a l  p r e s s u r e .  For example, i f  t h e r e  were an 

exhaust  ven t  i n  o p e r a t i o n ,  t o  c a l c u l a t e  t h e  t o t a l  i n f i l t r a t i o n  we would 

s t i l l  add t h e  independent  a i r  f lows i n  quadra tu re .  



where 

3 
Qvent  i s  t h e  f l o w  through t h e  exhaus t  v e n t  [m / s ] .  

= \ 

T h i s  s u p e r p o s i t i o n a l  r u l e  does  n o t  a p p l y  t o  p r o c e s s e s  t h a t  do n o t  

a f f e c t  t h e  i n t e r n a l  p r e s s u r e ,  such  as t h e  c a s e  f o r  a balanced a i r - t o - a i r  

h e a t  exchanger t h a t  u s e s  b o t h  a n  i n t a k e  and exhaus t  f a n  t o  push a i r  i n  

and o u t .  There  i s ,  indeed ,  i n f i l t r a t i o n  from t h i s  a p p a r a t u s  b u t  because 

t h e  flows a r e  balanced t h e r e  is no change i n  t h e  p r e s s u r e  d i s t r i b u t i o n ;  

t h e r e f o r e ,  t h e  i n f i l t r a t i o n  caused by t h e  balanced h e a t  exchanger adds  

s imply t o  t h e  t o t a l  o f  t h e  r e s t  o f  t h e  i n f i l t r a t i o n .  

L 
2 2 2 

' s tack + 'wind 'vent 

We can g e n e r a l i z e  t h e  combinat ion t o  i n c l u d e  balanced and unbalanced 

f lows:  

* 
where 

Qb a r e  t h e  balanced flows [m3/s] and 

3 
Qu are t h e  unbalanced f lows [ m  / s ] .  

I n  most c a s e s  a l l  o f  t h e  v e n t s  i n  a  s t r u c t u r e  w i l l  be exhaust  v e n t s  and ,  

t h e r e f o r e ,  t h e i r  f lows can be t r e a t e d  a s  unbalanced.  I f ,  however, t h e r e  

a r e  i n t a k e  v e n t s  a s  w e l l ,  t h a t  p a r t  of t h e  exhaust  f low which i s  bal-  

anced by i n t a k e  f l o w  i s  balanced f l o w  and t h e  remainder i s  unbalanced 

flow. 

RESULTS 

F i f t e e n  d i f f e r e n t  s i t e s  were e x t r a c t e d  from t h e  l i t e r a t u r e  t o  

r e p r e s e n t  a l a r g e  spread  i n  c l i m a t e  , house c o n s t r u c t i o n  and measured 

i n f i l t r a t i o n  r a t e s  . lo-'* I n  a l l  c a s e s ,  l eakage  d a t a  ob ta ined  by f a n  

p r e s s u r i z a t i o n  were a v a i l a b l e ,  p e r m i t t i n g  u s  t o  c a l c u l a t e  t h e  e f f e c t i v e  

l eakage  a r e a .  (Note t h a t  t h e  e f f e c t i v e  l eakage  a r e a  v a r i e s  by a f a c t o r  

o f  16 from t i g h t e s t  t o  l o o s e s t . )  The f r a c t i o n  of l eakage  i n  t h e  f l o o r  

and c e i l i n g ,  and t h e  t e r r a i n  pa ramete rs ,  were e s t i m a t e d  from t h e  q u a l i -  

t a t i v e  d e s c r i p t i o n  o f  each s i t e .  Table  3 c o n t a i n s  sumn\aries o f  t h e  d a t a  

e x t r a c t e d  f o r  each s i t e .  



For  most o f  t h e  s i tes ,  t h e  d a t a  c o n s i s t  o f  s e v e r a l  shor t - term i n f i l -  

t r a t i o n  measurements made on a  s i n g l e  day.  Most i n f i l t r a t i o n  measure- 

ments were made u s i n g  a t r a c e r  decay  t echn ique4  averag ing  i n f i l t r a t i o n  

o v e r  a one hour p e r i o d  w i t h  5%-10% accuracy .  For  each  measured i n f i l -  

t r a t i o n  p o i n t ,  a p r e d i c t e d  i n f i l t r a t i o n  was c a l c u l a t e d  from t h e  wea the r  

v a r i a b l e s  and house  pa ramete r s .  F i g u r e s  1 and 2 c o n t a i n  t h e  p l o t s  o f  

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

t h e  p r e d i c t e d  i n f i l t r a t i o n  (by t h e  p e r c e n t a g e  d i f f e r e n c e  from t h e  m e a s -  
2 urement)  vs.  t h e  l e a k a g e  a r e a  (cm ) f o r  t h a t  s i t e .  

DISCUSSION 

The s e p a r a t i o n  o f  t h e  weather-independent from t h e  weather-dependant 

p a r t s  o f  t h e  model a l l o w s  t h e  c o n s t r u c t i o n  o f  a  s i n g l e  graph t h a t  can  be 

used t o  p r e d i c t  t h e  i n f i l t r a t i o n  from t h e  wea the r  d a t a  (See  F i g .  4 )  
F i r s t ,  t h e  reduced s t a c k  and wind parauie ters  a r e  c a l c u l a t e d  from t h e  

geometry,  l e a k a g e  d i s t r i b u t i o n ,  and t e r r a i n  and s h i e l d i n g  c l a s s e s .  Then 

t h e s e  pa ramete r s  a r e  combined w i t h  t h e  weather  v a r i a b l e s  ( t e m p e r a t u r e  

d i f f e r e n c e  and measured wind speed)  t o  f i n d  a  p o i n t  on t h e  g raph .  T h i s  

p o i n t  co r responds  t o  a p a r t i c u l a r  r a t i o  of  i n f i l t r a t i o n  t o  t o t a l  l e a k a g e  

a r e a  a s  can b e  r e a d  from t h e  curved l i n e s  of  f i g .  4. F i n a l l y ,  t h e  r a t i o  

i s  m u l t i p l i e d  by t h e  t o t a l  l e a k a g e  a r e a  t o  f i n d  t h e  i n f i l t r a t i o n .  S i n c e  

o n l y  t h e  weather  v a r i a b l e s  change o v e r  t ime ,  t h i s  method can b e  used 

r e p e a t e d l y  on a  s i n g l e  s i t e  w i t h  a  minimum of c a l c u l a t i o n .  

Consider ing t h e  s i m p l i c i t y  o f  t h e  model and t h e  f a c t  t h a t  t h e r e  a r e  * 
no a d j u s t a b l e  pa ramete r s  , t h e  agreement i s  good. However, t h e r e  a r e  a  

few s i t e s  t h a t  do  n o t  show p a r t i c u l a r l y  good agreement;  some o v e r p r e d i c t  

and some u n d e r p r e d i c t .  I n  o r d e r  t o  e x p l a i n  t h e s e  d i s c r e p a n c i e s ,  w e  

examined o t h e r  f a c t o r s  t h a t  may a f f e c t  t h e  i n f i l t r a t i o n .  

Apparent ly ,  t h e  b i g g e s t  s i n g l e  f a c t o r  a f f e c t i n g  t h e  a c c u r a c y  o f  our  

model is t h e  assumpt ion  t h a t  d i r e c t i o n a l  e f f e c t s  a r e  un impor tan t .  

D i r e c t i o n a l  e f f e c t s  cou ld  become i m p o r t a n t  i f  t h e  l e a k a g e  o f  t h e  w a l l s  

v a r i e s  from w a l l  t o  w a l l ,  o r  i f  t h e  s h i e l d i n g  v a r i e s  from f a c e  t o  f a c e  

- e i t h e r  o f  which is  p o s s i b l e .  

* We use  a d j u s t a b l e  t o  imply t h a t  t h e r e  i s  no p h y s i c a l  meaning a s s o c i a t -  
ed w i t h  t h a t  parameter  ( e .g .  r e g r e s s i o n  c o e f f i c i e n t s ) .  C o n t r a s t  t h i s  
w i t h  p h y s i c a l  pa ramete r s  t h a t  must be  e s t i m a t e d  (e .g .  R ) .  



Aside from d i r e c t i o n a l  dependence, non-uniformity of w a l l  leakage 

a r e a  w i l l  cause a  r e l a t i v e  decrease  i n  t he  a c t u a l  wind-induced i n f i l t r a -  

t i o n .  For example, i f  one wa l l  of a  s t r u c t u r e  i s  much l e a k i e r  than t h e  

rest, i t  w i l l  a c t  l i k e  a  wind t r a p ;  when the  wind blows on t h a t  wal l  t h e  

i n t e r n a l  p r e s su re  w i l l  rise t o  m i t i g a t e  the  a i r  f low through t h a t  f a c e .  

Thus the  wind-driven i n f i l t r a t i o n  ought t o  be lower f o r  non-uniform 

leakage than f o r  uniform leakage.  It i s  gene ra l l y  t r u e  t h a t  any d i rec-  

t i o n a l  e f f e c t s  w i l l  lower the i n f i l t r a t i o n  - on t h e  average. 

Most l i k e l y ,  s h i e l d i n g  w i l l  be  t h e  l e a s t  uniform when i t  is  t h e  

g r e a t e s t ,  sugges t ing  t h a t  d i r e c t i o n a l  e f f e c t s  should be more pronounced 

i n  more h i g h l y  sh i e lded  s i t u a t i o n s .  I f  we look  a t  a l l  of  t h e  Shie ld ing  

Class 5 s t r u c t u r e s  (2,8,13) we see a  d e f i n i t e  p a t t e r n  of ove rp red i c t i on  

(19%,43%,19% r e s p e c t i v e l y ) .  While i n  no way conc lus ive  t h i s  may ind i -  

cate t h a t  d i r e c t i o n a l  e f f e c t s  a r e  s i g n i f i c a n t  f o r  these s t r u c t u r e s .  

Our model has  assumed t h a t  t h e  f l o o r  and c e i l i n g  a r e  unaf fec ted  by 

t h e  wind. This  assumption i s  v i o l a t e d  whenever a  l e a k  through t h e  f l o o r  

o r  c e i l i n g  l e a d s  d i r e c t l y  i n t o  t h e  wind stream. The most probable  

i n s t a n c e  of  t h i s  cond i t i on  i s  a  v e n t ,  chimney o r  f l u e .  I f  t h e  wind is 

blowing over  t h e  t o p  of a  f l u e  t h e  i n f i l t r a t i o n  w i l l  be  g r e a t l y  

increased over what i t  would be otherwise.  However, t h i s  e f f e c t  i s  v e r y  

d i r e c t i o n a l  dependent due t o  t he  tu rbulence  caused by t h e  wind i n t e r a c t -  

i ng  with t h e  roof s t r u c t u r e .  The e f f e c t  w i l l  be  l a r g e s t  when the  f l u e  

has  a  l a r g e  leakage a r ea ;  t hus  we expec t  t o  s ee  a  l a r g e  e f f e c t  i n  s t ruc-  

t u r e s  t h a t  have undaupered f i r e p l a c e  chimneys. Two of t h e  t e s t  s t ruc -  

t u r e s  had undampered chimneys (10,14)  and they showed s i g n i f i c a n t  

underpred ic t ion  (-16%, -22% r e s p e c t i v e l y ) .  

While t he  accuracy of t he  model i s  s u f f i c i e n t  f o r  a  wide v a r i e t y  of 

a p p l i c a t i o n s ,  t h e  shortcomings descr ibed  above suggest  ways i n  which 

accuracy can be improved. Not o n l y  can we inc lude  new parameters t o  

account f o r  l o c a l  s h i e l d i n g ,  but w e  can extend the model t o  account f o r  

s t a c k  flows through ven t s  and f l u e s  and f o r  a c t i v e  systems (e .g .  fu r -  

nace f a n s ) ,  a l l  of which nay i n t e r a c t  with n a t u r a l  v e n t i l a t i o n .  

R e t r o f i t  Eva lua t ion  

I n  a d d i t i o n  t o  p red i c t i ng  t h e  abso lu t e  i n f i l t r a t i o n ,  t h e  model i s  

u s e f u l  f o r  p r e d i c t i n g  t he  change i n  i n f i l t r a t i o n  a s  a  r e s u l t  of r e t ro -  

f i t s .  While some r e t r o f i t s  may a f f e c t  t he  l o c a l  s h i e l d i n g ,  most r e t ro -  

f i t s  t h a t  a f f e c t  i n f i l t r a t i o n  w i l l  do so by changing the e f f e c t i v e  leak-  

age a rea .  Changes i n  t h e  leakage a r e a  a f f e c t  the t h r e e  leakage 



q u a n t i t i e s :  t o t a l  l e a k a g e  a r e a ,  h o r i z o n t a l  f r a c t i o n ,  and c e i l i n g / f l o o r  

d i f f e r e n c e  (Ao, R, and X ) .  For s m a l l  changes i n  t h e  t o t a l  l e a k a g e  a r e a ,  

t h e  changes i n  R and X can be  ignored  and t h e  f r a c t i o n a l  change i n  

i n f i l t r a t i o n  w i l l  be e q u a l  t o  t h e  f r a c t i o n a l  change i n  l eakage  a r e a .  I f  

t h e  r e t r o f i t s  a f f e c t  any  o f  t h e  w a l l s ,  f l o o r ,  o r  c e i l i n g  more than  

a n o t h e r ,  a l l  t h r e e  pa ramete rs  must be  used t o  r e c a l c u l a t e  t h e  reduced 

parameters  and t h e n  t h e  i n f i l t r a t i o n .  

CONCLUSION 

W e  have i n t r o d u c e d  t h e  concept  of l e a k a g e  a r e a  a s  t h e  c h a r a c t e r i s t i c  

q u a n t i t y  a s s o c i a t e d  w i t h  i n f i l t r a t i o n ,  j u s t  a s  c o n d u c t i v i t y  i s  t h e  

c h a r a c t e r i s t i c  q u a n t i t y  a s s o c i a t e d  wi th  conduc t ion .  Using t h i s  c o n c e p t ,  

we have devised a model f o r  p r e d i c t i n g  t h e  i n f i l t r a t i o n  based on  a few 

e a s i l y  determined p h y s i c a l  pa ramete rs .  Houses o f  wide ly  d i f f e r e n t  con- 

s t r u c t i o n  t y p e s  and l o c a t e d  i n  v a r i o u s  c l i m a t i c  c o n d i t i o n s  can be  meas- 

ured and compared by means of t h i s  model, inasmuchas a l l  of t h e  parame- 

t e r s  used ( i . e .  l e a k a g e  areas, t e r r a i n  c l a s s e s  e t c . )  have p h y s i c a l  r e a l -  

i t y  o u t s i d e  of o u r  model and a r e ,  t h e r e f o r e ,  independen t ly  measurable .  

I n  f u t u r e  s t u d i e s ,  w e  w i l l  e x p l o r e  long-term average  i n f i l t r a t i o n  

d a t a  from a  number o f  d i s s i m i l a r  s i t e s  t o  t e s t  t h e  o v e r a l l  s c a l e  o f  t h e  

model. I n  a d d i t i o n ,  we w i l l  measure i n f i l t r a t i o n  b e f o r e  and a f t e r  

r e t r o f i t ,  comparing t h e  p r e d i c t e d  i n f i l t r a t i o n  r e d u c t i o n  based on our 

model w i t h  t h e  a c t u a l  i n f i l t r a t i o n  r e d u c t i o n  based on t r a c e r  g a s  meas- 

urements.  



APPENDIX 

D e r i v a t i o n  o f  b a s i c  model 

I n  t h i s  appendix  t h e  b a s i c  p h y s i c a l  model o f  i n f i l t r a t i o n  w i l l  b e  

d e r i v e d .  The d e r i v a t i o n  p r e s e n t e d  i n  t h i s  appendix  h a s  been e x p l a i n e d  

i n  much g r e a t e r  d e t a i l  i n  a  p r e v i o u s  work . I 3  Accordingly ,  w e  s h a l l  

p r e s e n t  t h e  model used i n  t h e  t e x t  wi thou t  p r e s e n t i n g  t h e  u s e f u l ,  though 

unnecessa ry ,  t a n g e n t s .  

F i r s t ,  we s e p a r a t e  t h e  d r i v i n g  f o r c e s  ( d i f f e r e n t i a l  s u r f a c e  pres-  

s u r e s )  from t h e  response  of  t h e  s t r u c t u r e  t o  t h e  d r i v i n g  f o r c e s  ( a i r  

l eakage) .  Second, we combine t h e  s u r f a c e  p r e s s u r e s  w i t h  t h e  l e a k a g e  

f u n c t i o n  (and geometry) t o  c a l c u l a t e  i n f i l t r a t i o n .  I n  t h e  f o l l o w i n g  

s e c t i o n s ,  we w i l l  combine t h e s e  two o p e r a t i o n s  i n t o  a  complete d e s c r i p -  

t i o n  of weather-dr iven i n f i l t r a t i o n .  

LEAKAGE PIODEL 

A i r  l e a k a g e  i s  t h e  n a t u r a l  f l o w  of  a i r  th rough  c r a c k s ,  h o l e s ,  e t c .  

a c r o s s  t h e  b u i l d i n g  envelope.  There  a r e  two p h y s i c a l l y  wel l -def ined 

t y p e s  of a i r  f low: v i s c o u s  and t u r b u l e n t .  I n  t h e  v i s c o u s  regime,  t h e  

f l o w  i s  p r o p o r t i o n a l  t o  t h e  a p p l i e d  p r e s s u r e ;  i n  t u r b u l e n t  f low,  t h e  

f l o w  i s  p r o p o r t i o n a l  t o  t h e  square - roo t  of t h e  a p p l i e d  p r e s s u r e .  The 

type  of  f l o w  i s  d e t e r n i n e d  by t h e  a p p l i e d  p r e s s u r e  and t h e  geometry o f  

t h e  openings .  

Recent ev idence6  i n d i c a t e s  t h a t  even a t  low p r e s s u r e s  t h e  f low 

th rough  a  s t r u c t u r e  i s  dominated by t u r b u l e n t  f low.  That i s ,  v i s c o u s  

f o r c e s  d o  n o t  appear  t o  dominate t h e  a i r  l e a k a g e  a t  t y p i c a l  weather-  

induced p r e s s u r e s .  T h i s  s t a t e m e n t  i s  expressed  by t h e  e q u a t i o n ,  

where 

3 
j 

i s  t h e  f low th rough  t h e  j t h  l eakage  s i t e  [ m  / s ] ,  

A j  
i s  c a l l e d  the  e f f e c t i v e  l eakage  a r e a  of t h e  j t h  s i t e  [m2], 

AP i s  t h e  p r e s s u r e  d r o p  a c r o s s  t h e  j t h  s i t e  [ P a ] .  



This  e x p r e s s i o n  r e l a t e s  t h e  p r e s s u r e  d rop  a c r o s s  a p a r t i c u l a r  l e a k a g e  

s i t e  t o  t h e  f l o w  r a t e  th rough  i t .  The parameter  t h a t  d e s c r i b e s  t h e  

l e a k a g e  i s  t h e  e f f e c t i v e  l e a k a g e  a r e a .  

Although e v e r y  l e a k a g e  s i t e  can be  g i v e n  a n  e f f e c t i v e  l e a k a g e  a r e a ,  

i n  any  r e a l  s i t u a t i o n  i t  w i l l  b e  p r a c t i c a l l y  i m p o s s i b l e  t o  measure a l l  

of t h e  s i t e s  i n  t h e  enve lope  i n d i v i d u a l l y .  We t h e r e f o r e  r e s t r i c t  our  

a t t e n t i o n  t o  o n l y  t h r e e  d i f f e r e n t  (lurnped) l e a k a g e  a r e a s :  t h e  f l o o r ,  t h e  

w a l l s  and t h e  c e i l i n g .  

SURFACE PRESSURES 

Now t h a t  we have a way o f  r e l a t i n g  p r e s s u r e  d rops  a c r o s s  t h e  

envelope t o  a i r  f l o w  th rough  t h e  e n v e l o p e ,  we must be a b l e  t o  c a l c u l a t e  

t h e  d i f f e r e n t i a l  s u r f a c e  p r e s s u r e s  a c r o s s  t h e  enve lope  caused by t h e  

weattier. 

D i f f e r e n t i a l  p r e s s u r e s  on a  s t r u c t u r e  a r e  caused by t h e  

s t a c k  e f f e c t  and t h e  wind e f f e c t .  The s t a c k  e f f e c t  i s  t h e  h e i g h t -  

v a r y i n g ,  h y d r o s t a t i c ,  indoor-outdoor  p r e s s u r e  d i f f e r e n c e  caused by a  

d i f f e r e n c e  i n  d e n s i t i e s  of t h e  two b o d i e s  of a i r ,  which,  i n  t u r n ,  i s  
caused by t h e  d i f f e r e n c e  i n  t e m p e r a t u r e  of  t h e  two bod ies  o f  a i r .  The 

wind e f f e c t  i s  a n  e x t e r i o r  p r e s s u r e  s h i f t  caused by a  s t r eam of a i r  imp- 

i n g i n g  upon a  s t a t i o n a r y  o b j e c t .  

I n  our  p r e v i o u s  work we found t h a t  t h e  s t a c k  e f f e c t  and wind e f f e c t  

can b e  t r e a t e d  independen t ly .  Accord ing ly ,  we s e p a r a t e  the  problem i n t o  

two regimes:  t h e  s tack-regime (where t h e  wind e f f e c t  i s  i g n o r e d ) ;  and 

t h e  wind-regime (where t h e  s t a c k  e f f e c t  i s  i g n o r e d ) .  

S tack  E f f e c t  

The s t a c k  p r e s s u r e  i s  caused by t h e  e x i s t e n c e  o f  bod ies  of  a i r  a t  

d i f f e r e n t  t en ;pe ra tu res  having d i f f e r e n t  d e n s i t i e s .  From h y d r o s t a t i c  

e q u i l i b r i u m  we know t h a t  t h e  change i n  p r e s s u r e  w i t h  r e s p e c t  t o  h e i g h t  

i s  p r o p o r t i o n a l  t o  t h e  d e n s i t y .  



where 

P  i s  t h e  s t a t i c  p r e s s u r e  [ P a ] ,  

h  i s  t h e  h e i g h t  [m], 

P 3 i s  t h e  d e n s i t y  o f  t h e  a i r  [kglm ]  and 

f2 
2 i s  t h e  a c c e l e r a t i o n  of g r a v i t y  [9.8 m / s  1.  

I n  t h e  c a s e  of a  s t r u c t u r e ,  t h e  i n s i d e  and o u t s i d e  b o d i e s  o f  a i r  

w i l l  u s u a l l y  be o f  d i f f e r e n t  t e m p e r a t u r e s ;  t h e r e f o r e ,  t h e r e  w i l l  be a 

d i f f e r e n t i a l  s u r f a c e  p r e s s u r e  t h a t  changes  w i t h  h e i g h t :  

where 

& i s  t h e  d i f f e r e n t i a l  s u r f a c e  p r e s s u r e  [ P a ] ,  

P 
3 i s  t h e  d e n s i t y  o f  o u t s i d e  a i r  [1.2 kg/m 1 ,  

P0 
3 i s  t h e  d e n s i t y  o f  i n s i d e  a i r  [kg/m 1 , .  

Using t h e  i d e a l  g a s  law,  we can r e p l a c e  t h e  d e n s i t y  d i f f e r e n c e  f a c t o r  

w i t h  a  t empera tu re  d i f f e r e n c e  f a c t o r :  

where 

AT i s  t h e  i n s i d e - o u t s i d e  t empera tu re  d i f f e r e n c e  [ K ]  and 

T i s  t h e  i n s i d e  t empera tu re  [295K]. 

W e  can now i n t e g r a t e  t h i s  e x p r e s s i o n  t o  f i n d  t h e  a c t u a l  p r e s s u r e  

d i f f e r e n c e :  

where 

b o  
i s  t h e  i n t e r n a l  p r e s s u r e  s h i f t [ P a ] .  



The i n t e r n a l  p r e s s u r e  s h i f t  i s  f i x e d  by t h e  requ i rement  t h a t  f o r  

e v e r y  c u b i c  mete r  of a i r  t h a t  e n t e r s ,  a c u b i c  meter  must l e a v e  t h e  

s t r u c t u r e .  W e  c a n  r e w r i t e  t h i s  e x p r e s s i o n  by making t h e s e  d e f i n i t i o n s :  

where 

P i s  t h e  s t a c k  p r e s s u r e [ P a ] ,  
S 

H i s  t h e  h e i g h t  of t h e  s t r u c t u r e  [ m ]  and 

i" i s  t h e  normal ized n e u t r a l  l e v e l .  

' The n e u t r a l  l e v e l  i s  t h e  h e i g h t  a t  which t h e  i n s i d e  and o u t s i d e  s t a t i c  

p r e s s u r e s  a r e  e q u a l ;  p i s  e q u a l  t o  t h e  h e i g h t  of t h e  n e u t r a l  d i v i d e d  by 

t h e  h e i g h t  of t h e  s t r u c t u r e  minus one h a l f .  E q u i v a l e n t l y ,  i s  t h e  

d i f f e r e n c e  between t h e  h e i g h t  o f  t h e  n e u t r a l  l e v e l  and t h e  mid-point of 

t h e  s t r u c t u r e  d i v i d e d  by t h e  h e i g h t  of t h e  s t r u c t u r e .  

Solving f o r  t h e  t o t a l  p r e s s u r e  d i f f e r e n c e  a c r o s s  t h e  enve lope ,  

Th is  e x p r e s s i o n  g i v e s  u s  t h e  d i f f e r e n t i a l  p r e s s u r e  a c r o s s  t h e  

envelope,  a t  e v e r y  p o i n t  on i t .  I n  o r d e r  t o  c a l c u l a t e  t h e  a i r  flow 

through t h e  envelope we must i n t e g r a t e  t h e  d i f f e r e n t i a l  p r e s s u r e s  wi th  

t h e  a i r  l eakage  over  t h e  e n t i r e  enve lope ,  making s u r e  t o  keep t r a c k  o f  

t h e  i n f i l t r a t i o n  and e x f i l t r a t i o n  s e p a r a t e l y .  

We a r e  assuming t h a t  t h e  f l o o r  and c e i l i n g  a r e  each a t  a  s i n g l e  

h e i g h t  and t h a t  t h e i r  l e a k a g e  can be  cons idered  uniform, t h u s  e l i m i n a t -  

i n g  t h e  need f o r  i n t e g r a t i o n  t o  c a l c u l a t e  t h e  f l o w  through t h e s e  sur-  

f a c e s .  Rewri t ing t h e  e x p r e s s i o n s  by u s i n g  t h e  d e f i n i t i o n  t h a t  f l o o r  is  
a t  h=O and, t h e r e f o r e ,  t h e  c e i l i n g  is  a t  h=H, we g e t :  



where 

Ac 
2 i s  t h e  e f f e c t i v e  leakage  a r e a  of t h e  ce i l ing[m ] and 

2 i s  t h e  e f f e c t i v e  leakage a r e a  of  t h e  f loor[m 1. 

The s u p e r s c r i p t s  f imply infiltration/exfiltration r e s p e c t i v e l y  

I n  stack-dominated flow t h e r e  is no i n f i l t r a t i o n  through t h e  c e i l i n g  nor  

i s  t h e r e  any e x f i l t r a t i o n  through t h e  f l o o r  because of t h e  s i g n  of  t h e  

p re s su re  d i f f e r e n c e  a c r o s s  them. 

We can f i n d  t h e  i n f i l t r a t i o n  through t h e  wa l l s  by i n t e g r a t i n g  from 

t h e  f l o o r  t o  the  n e u t r a l  l e v e l  and the  e x f i l t r a t i o n  by i n t e g r a t i n g -  from 

t h e  n e u t r a l  l e v e l  t o  t he  c e i l i n g .  The r e s u l t s  a r e :  

where 

2 i s  t h e  e f f e c t i v e  leakage a r e a  of t he  wa l l s  [ m  1 .  

I f  w e  now make t h e  u se fu l  d e f i n i t i o n s ,  



where 

v  i s  t h e  e q u i v a l e n t  s t a c k  v e l o c i t y  [ m / s ] ,  
s 

L i s  t h e  t o t a l  ( e f f e c t i v e ]  l eakage  a rea [m 1, 

R i s  t h e  f r a c t i o n  of l e a k a g e  i n  t h e  f l o o r  and c e i l i n g  and 

X i s  t h e  e f f e c t i v e  l eakage  d i s t r i b u t i o n  parameter.  

We can r e w r i t e  t h e  e x p r e s s i o n s  f o r  t h e  t o t a l  s t a c k  i n f i l t r a t i o n  and 

e x f i l t r a t i o n :  

- - one 
Qstack - A. Vs I + ( 1 - R ) ( - two - p )'I2 1 (A11.2) . # 

So f a r  )u h a s  been a n  undetermined parameter ;  b u t ,  by e q u a t i n g  t h e  

two e x p r e s s i o n s  above we can f i n d  a n  e x p r e s s i o n  f o r  p. However, t h i s  

e x p r e s s i o n  i s  non- l inear  and cannot  be  so lved  i n  c l o s e d  form f o r  p; 
t h e r e f o r e ,  w e  must s o l v e  t h i s  e q u a t i o n  us ing  approximat ion methods: 

Th is  e x p r e s s i o n  h a s  been v e r i f i e d  n u m e r i c a l l y  t o  v a r y  by no more t h a n  a  

few p e r c e n t  from t h e  e x a c t  va lue .  

Any e r r o r s  i n  t h e  v a l u e  of t h e  n e u t r a l  l e v e l  w i l l  be r e f l e c t e d  i n  

t h e  l a c k  of e q u a l i t y  between t h e  i n f i l t r a t i o n  and e x f i l t r a t i o n .  There- 

f o r e ,  t h e  b e s t  e s t i m a t e  o f  t h e  a c t u a l  i n f i l t r a t i o n  w i l l  be t h e  average  
of t h e s e  two q u a n t i t i e s .  A s  b e f o r e ,  t h e  e q u a t i o n s  a r e  non- l inear  and 

approximat ion t e c h n i q u e s  must be employed t o  f i n d  t h e  s t a c k  i n f i l t r a -  

t i o n :  

Again, t h i s  e x p r e s s i o n  i s  a c c u r a t e  t o  w i t h i n  a  coup le  o f  p e r c e n t .  I n  

o r d e r  t o  s i m p l i f y  t h e  appearance o f  t h i s  e x p r e s s i o n ,  w e  make t h e  fol low- 

ing  d e f i n i t i o n s :  



where 

f i s  the  s t a c k  parameter and 
S 

f*  i s  t h e  reduced s t a c k  [ rn/s/~l/~ ] . 
S 

Using t h e s e  def i n i t i o r r s  y i e l d s  exp re s s ions  f o r  t h e  s tack-regime i n f  il- 

t r a  t ion :  

A s  a  f i n a l  s i m p l i f i c a t i o n  we may d e f i n e  t h e  reduced s t a c k  v e l o c i t y .  

where 
* 

v  i s  t h e  reduced s t a c k  ve loc i ty[m/s ]  . 
S 

The f i n a l  s imp l i f i ed  express ion  f o r  t he  stack-induced i n f i l t r a t i o n  i s ,  

I n  t h e  d e r i v a t i o n  above we used t h e  leakage  d i s t r i b u t i o n  parameter,  

X, t o  f i n d  t h e  he igh t  of t he  n e u t r a l  l e v e l .  In  some circumstances,  t h e  

he ight  of t h e  n e u t r a l  l e v e l  i s  measured independently.  I n  t h i s  case  i t  

i s  poss ib l e  t o  d e r i v e  an e f f e c t i v e  leakage d i s t r i b u t i o n  parameter (X) 

from the he igh t  of t he  n e u t r a l  l e v e l .  



where 

X i s  t h e  e f f e c t i v e  l e a k a g e  d i s t r i b u t i o n  parameter  and 

P i s  t h e  measured n e u t r a l  l e v e l  s h i f t .  

Th i s  r e l a t i o n s h i p  between X and p i s  exact. 

Wind E f f e c t  

The dynamic p r e s s u r e  caused by wind s t r i k i n g  a f i x e d  o b j e c t  c a l l e d  

t h e  s t a g n a t i o n  p r e s s u r e  is  g iven  by, 

where 

Pst i s  t h e  s t a g n a t i o n  p r e s s u r e  and 

v i s  t h e  wind speed.  

We d e f i n e  t h e  wind speed,  v ,  t o  b e  t h e  wind speed a t  t h e  c e i l i n g  h e i g h t  

of t h e  s t r u c t u r e ,  a s  i f  t h e  s t r u c t u r e  and immediate su r roundings  were 

n o t  t h e r e .  Thus, i n  our  d e f i n i t i o n  of wind speed ,  w e  a r e  exc lud ing  any 

e f f e c t s  o f  l o c a l  environment.  However, because o f  t h e  n a t u r e  o f  wind 

dynamics, t h e  wind speed measured a t  one h e i g h t  i n  one t y p e  of t e r r a i n  

w i l l  n o t  be t h e  same a s  t h e  wind speed measured a t  a n o t h e r  h e i g h t  o r  i n  

a n o t h e r  type o f  t e r r a i n .  

To account  f o r  t h i s  v a r i a b i l i t y ,  w e  u s e  a  s t a n d a r d  formula14 t o  c a l -  

c u l a t e  t h e  wind speed a t  any h e i g h t  and t e r r a i n  c l a s s  from t h e  wind 

speed a t  any o t h e r  h e i g h t  and t e r r a i n  class: 

where 

v  i s  t h e  a c t u a l  wind speed 

v 
0 

i s  t h e  wind speed a t  s t andard  c o n d i t i o n s  

4 ,  Y a r e  c o n s t a n t s  t h a t  depend on t e r r a i n  class 



To c a l c u l a t e  t h e  wind speed a t  one s i t e  from measured d a t a  a t  another  

s i t e ,  w e  f i r s t  use t h e  above formula t o  c a l c u l a t e  t h e  s t anda rd  wind 

speed f o r  t he  measurement s i te ;  then t h e  s tandard  wind speed i s  used t o  

c a l c u l a t e  t h e  wind speed a t  t h e  des i r ed  s i t e .  Standard cond i t i ons  are 

def ined  t o  be a  he igh t  of 10 m and a  t e r r a i n  of c l a s s  11. The fo l lowing  

formulae a r e  u se fu l  i n  the  c a l c u l a t i o n  of t h e  a c t u a l  wind speed: 

I n  these  express ions ,  t h e  primed q u a n t i t i e s  a r e  from a  wind measurement 

s i t e .  Values f o r  t h e  two t e r r a i n  c l a s s  dependent parameters a r e  shown 

i n  Table 1. 

From the  above express ion  w e  can d e f i n e  a  t e r r a i n  f a c t o r ,  fT ,  t h a t  

conver t s  measured wind speed i n t o  e f f e c t i v e  wind speed: 

We must t ake  i n t o  account t h e  e f f e c t  of l o c a l  environment on t h e  

wind pressures  f e l t  by t he  s t r u c t u r e .  W e  do t h i s  by i n t roduc ing  sh ie ld-  * 
i ng  c o e f f i c i e n t s  t h a t  convert  t h e  s t agna t ion  p re s su re  i n t o  t h e  a c t u a l  

pressur.e f e l t  by t h e  e x t e r i o r  of t h e  s t r u c t u r e .  

Fu l l - sca le  s t u d i e s  l5 have shown t h a t  t h e  p re s su re  d i s t r i b u t i o n  on 

f l a t  f a c e s  can be adequately descr ibed by using the  average p re s su re  on 
t h e  face .  Accordingly, t h e r e  i s  one sh i e ld ing  c o e f f i c i e n t  f o r  every  

* The t e r m  s h i e l d i n g  c o e f f i c i e n t  \is equ iva l en t  t o  the  more s tandard  t e r m  
of  e x t e r i o r  p r e s su re  c o e f f i c i e n t ;  t h e  on ly  d i f f e r e n c e  l ies  i n  t h e  in-  
t e r p r e t a t i o n .  We use t h e  term s h i e l d i n g  c o e f f i c i e n t  t o  mean t h e  r a t i o  
of  t he  average e x t e r i o r  wind p re s su re  t o  t he  s t agna t ion  p re s su re  a t  t h e  
c e i l i n g  he igh t .  



f a c e  of  the s t r u c t u r e :  

where 

&; i s  t h e  e x t e r i o r  pressure  rise due t o  the  wind and 

Cj 
is  t h e  s h i e l d i n g  c o e f f i c i e n t  f o r  t he  j t h  face .  

The sh i e ld ing  c o e f f i c i e n t s  a r e  f u n c t i o n a l l y  dependent on the  ang le  

between the i n c i d e n t  wind and t h e  o r i e n t a t i o n  of t h e  s t r u c t u r e .  Since 
we w i l l  even tua l ly  average t h e  s h i e l d i n g  c o e f f i c i e n t s  over angle ,  we 

have suppressed t h e i r  e x p l i c i t  dependence on angle.  

S imi la r  t o  t h e  s t a c k  e f f e c t ,  t h e  wind e f f e c t  causes an  i n t e r n a l  

pressure  s h i f t .  A s  long as t h e  s h i e l d i n g  c o e f f i c i e n t s  themselves a r e  

not  func t ions  of  wind speed, t h e  i n t e r n a l  pressure  s h i f t  w i l l  be propor- 

t i o n a l  t o  the s t a g n a t i o n  pressure:  

where 

M d  i s  t h e  i n t e r n a l  pressure  s h i f t [ P a ]  and 

c0 i s  c a l l e d  the  i n t e r n a l  sh i e ld ing  c o e f f i c i e n t .  

From these two equat ions  we can c a l c u l a t e  the p re s su re  drop ac ros s  any 

of t h e  faces:  

To f ind  the  i n f i l t r a t i o n  and e x f i l t r a t i o n ,  we must combine t h i s  

expression with our leakage funct ion:  

The +(-) under the  summation s ign  i n d i c a t e s  t h a t  t h e  e x t e r i o r  s h i e l d i n g  

c o e f f i c i e n t  is  l a r g e r  ( sma l l e r )  than the  i n t e r i o r  sh i e ld ing  c o e f f i c i e n t .  



I n  most cases  t h e  c e i l i n g  and f l o o r  of a  s t r u c t u r e  a r e  w e l l  shielded 

( i . e .  t h e r e  i s  u s u a l l y  an a t t i c ,  basement o r  s l a b  t h a t  p r o t e c t s  t hese  

h o r i z o n t a l  s u r f a c e s  from d i r e c t  wind e f f e c t s ) .  Accordingly, we assume 

t h a t  t h e i r  s h i e l d i n g  c o e f f i c i e n t s  a r e  n e g l i g i b l e .  S u b s t i t u t i n g  t h e  

d e f i n i t i o n  of  t he  s t a g n a t i o n  p re s su re  and averaging over angle  y i e l d s ,  

- 
'wind 

= A w v <  

where 

< = * >+ i n d i c a t e s  an average f o r  C > CO and 
j 

< >- i n d i c a t e s  an average f o r  C < cO. 
j 

The i n t e r n a l  sh i e ld ing  c o e f f i c i e n t  l i k e  the  n e u t r a l  l e v e l  i s  f ixed  by 

t h e  requirement t h a t  the  e x f i l t r a t i o n  must equal  the  i n f i l t r a t i o n .  

Once t h e  i n t e r n a l  sh i e ld ing  c o e f f i c i e n t  has  been determined the wind 

e f f e c t  i n f i l t r a t i o n  can be  ca l cu la t ed  from t h e  average of t h e  two wind 

flows. We ob ta in  : 

We must now eva lua t e  the  sh i e ld ing  c o e f f i c i e n t s  t o  f i n i s h  t h e  calcu- 

l a t i o n  of t h e  wind e f f e c t .  I n  most c a s e s ,  t he  sh i e ld ing  c o e f f i c i e n t s  of 

a  s t r u c t u r e  w i l l  not  be known; t h e r e f o r e ,  we propose t o  use wind tunnel  

d a t a  f o r  a  t y p i c a l l y  shaped s t r u c t u r e  wi th in  a  tu rbulen t  boundary l aye r .  

Such a  s tudy  was done a t  Colorado S t a t e  Univers i ty  by Akins, e t .  a 1  

.I6 They considered a s t r u c t u r e  t h a t  had no l o c a l  obs t ruc t ions  ( i . e .  

t he re  were no obs t ac l e s  wi th in  s e v e r a l  s t r u c t u r e  he igh t s ) .  For t h i s  

case  we f ind  the following values:  

In  t he  preceding a n a l y s i s  we completely neglec ted  the  e f f e c t  of t h e  

f l o o r  and c e i l i n g  leakage. Even though we have assumed t h a t  t h e  shield-  

i ng  c o e f f i c i e n t s  f o r  the f l o o r  and the  c e i l i n g  a r e  n e g l i g i b l e ,  the  s h i f t  



of t h e  i n t e r n a l  p re s su re  due t o  t h e  i n t e r n a l  p re s su re  c o e f f i c i e n t  w i l l  
cause e i t h e r  i n f i l t r a t i o n  o r  e x f i l t r a t i o n  i n  both t h e  f l o o r  and t h e  

c e i l i n g .  This  e f f e c t  can be t r e a t e d  empi r i ca l ly  by changing the depen- 

dence of the  wind e f f e c t  on R: 

The wind tunnel  measurements have given u s  an  e f f e c t i v e  sh i e ld ing  

c o e f f i c i e n t  f o r  t he  case  i n  which t h e r e  i s  no l o c a l  sh i e ld ing  around the 

s t r u c t u r e ;  however, i n  most r e a l  c a s e s  t h e r e  w i l l  be s i g n i f i c a n t  

obs t ruc t ion  of t h e  a i r  f low i n  the immediate v i c i n i t y  of  t he  s t r u c t u r e .  

Therefore,  we w i l l  g ene ra l i ze  t he  s h i e l d i n g  c o e f f i c i e n t  t o  a l low f o r  

d i f f e r e n t  c l a s s e s  of  l o c a l  sh i e ld ing .  The wind-regime i n f i l t r a t i o n  

equat ion can be r e w r i t t e n  t o  express  t h i s :  

where 

C ' i s  the  genera l ized  sh i e ld ing  c o e f f i c i e n t  ( c f .  Table 2 ) .  

We can s impl i fy  the  appearance of t h i s  expression much a s  we d id  f o r  

the s t ack  express ions  by de f in ing  some new parameters: 

where 

f  
W 

i s  t h e  wind parameter and 

f* i s  t h e  reduced wind parameter. 
W 

This l eads  t o  nore  concise expressions f o r  the  wind e f f e c t  i n f i l t r a t i o n :  



where 

v i s  the  l o c a l  wind speed [m/s] and 

v I i s  t h e  wind speed measured on a weather tower [m/s]. 

We de f ine  t h e  reduced wind speed a s  t h e  product of t he  wind parameter 

and the e f f e c t i v e  wind speed: 

where 
* 

v i s  t h e  reduced wind speed [m/s]. 

This  l e a d s  t o  a s imple expression f o r  the wind e f f e c t  i n f i l t r a t i o n :  
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R e s c r i p t  i o n  

1.30 Ocean o r  o t h e r  body of w a t e r  w i t h  a 

l e a s t  5km of u n r e s t r i c t e d  expanse 

I .GO F l a t  t e r r e i n  w i t h  some i s o l a t e d  obs  

tacles (e.p. b u i l d i n p s  o r  trees w e 1  
s e p a r a t e d  f r o n  each other 

C.85 Rura l  a r e a s  w i t h  low b u i l d i n y s ,  

trees, etc. 

C.67 Urban, i n d u s t r i a l  o r  f o r e s t  areas 

C . 4 7  C e n t e r  o f  l a r g e  c i t y  (e.~. hfanhat 

Table  2: Genera l i zed  S h i e l d i n g  C o e f f i c i e n t  v s .  Local  s h i e l d i n g  

S h i e l d i n g  Clzss C e s c r i p t i o n  

I C. 34 KO o b s t r u c t i o n s  o r  l o c a l  s h i e l d i n  

whatsoever  

I1 C ,"G L i r h t  l o c a l  s h i e l d i n p  u i t h  fc 

o b s t r u c t i o n s  
I I1 C-25 f!odera t e  l o c a l  s h i e l d i n g ,  sor: 

o b s t r u c t i o n s  w i t h i n  two hous 

h e i ~ h t s  

I V  C.  I S  i!eavy s h i e l d i n p  , o b s t r u c t i o n s  a roun  

n o s t  of p e r i m e t e r  

V C. 11 Very heavy s h i e l d i n g ,  1ark.e o b s t r u c  

t i o n  s u r r o u n d i n r  p e r i m e t e r  r r i t h i  

two house h e i r  h ts 



TAELK 3.1 : T e s t  R e s u l t s  f o r  T e s t  S i t e  # I  

S i t e  IE: IVAKHOE 
Reference KO i 10 
House 1-olune : 4 CO 
KO. of S t o r i  s: 5 2 
1.eakage Area : 1 PC 
T e r r a i n  f a c t o r :  . €5 
shield in^ Class : 4 7 

Reduced wind parameter :  ? .IS 
Keduced stack parameter-  : .16 

P r e d i c t e d  and Eieasured I n f i l t r a t i o n  4 

Stack T o t a l  P r e d i c t e d  l 'easured P i f  f e r e n c e  1 , Iiind - 

TABLE 3.2 : T e s t  E e s u l t s  fcr T e s t  S i t e  $2 

S i t e  IT!: !:0~2l 

Geference K O .  1 C' 
1 lIouse Volume : 24C 

t!o. of S t o r i g s :  1 
Leakage ~ r e a '  : 96C 
T e r r a i n  f a c t o r :  - 70 
S h i e l d i n e  C l a s s  : < 

Reduced wind ~ ~ a r a ~ e t e r :  . C F  
Reduced s t a c k  p a r a r e t e r ' :  . 1 C  

I P r e d i c t e d  and Pleasured infiltration 
4 1 

Stack  Vind T o t a l  P r e d i c t e d  Iieasured D i f f e r e n c e  



TAELC 3.3 : T e s t  R e s u l t s  f c r  T e s t  S i t e  !!3 

S i t e  IB:  
R e f e r e n c e  tlo. 

1 House I'olume : 
So. o f  S t o r i g s :  
Leakag,e b r e a  ' : 
T e r r a i n  f a c t o r :  
S h i e l d i n p  C l a s s  : 

Telemarlr 
1 C 
4F0 
2 
1 4 0  . E.5 
2 

Reduced wind p a r a n e  t e r  : .22 
2 

Reduced s t a c k  pa rame te r " :  . I 2  

P r e d i c t e d  and  Heasu red  I n f i l t r a t i o n  4 

S t a c k  Wind T o t a l  P r e d i c t e d  Pleasured D i f f e r e n c e  
--- 

TABLE 3.4 : T e s t  E e s s l t s  f o r  T e s t  S i t e  l:4 

S i t e  I D :  
R e f e r e n c e  No. 

1 House Volume : 
KO. of S t o r i e s :  
Leakage & e a 2  : 
T e r r a i n  f a c t o r :  
S h i e l d i n g  C l a s s :  

T o r e y  F i n e s  
11 
233 
2 
d 

200 . SC 
4 

Reduced wind p a r a m e t e r : ?  . 16 
Peduced s t a c k  pa rame te r - :  1 4  



S i t e  I D :  R-10 
Reference  1.0 11 i. House ko lune  . 233 
Eo. o f  S t o r i  s: 5 1 
Leakage Area : 330 
Terra in  f a c t o r :  85 
S h i e l d i n g  Class : 3 

Reduced wind parameter:  - 1 5  
Reduced s t a c k  .09 

Total P r e d i c t e d  Measured D i f f e r e n c e  

S i t e  ID: T 1 
Reference  Ho i 12 
House Volume : 337 
KO. o f  S t o r i e s :  1 

2 Leakage Area : 330 
Terra in  f a c t o r  : - 7 7  
S h i e l d i n €  C l a s s  : 3 

Reduced wind p a r a ~ c t e r  : . 14 
Reduced s t a c k  parameter3:  - 1 0  

T o t a l  P r e d i c t e d  Measured D i f f e r e n c e  



TAELE 3.7 : T e s t  R e s u l t s  f o r  T e s t  S i t e  67 

S i t e  ID:  T2 
Reference KO. 12 

1 House Volume : 433 
KO. of S t o r i e s :  

2 
1 

Leakape Area : 680 
T e r r a i n  f a c t o r :  . 77 
S h i e l d i n g  C l a s s  : 3 

Reduced wind paramete r :  -17 
Reduced s t a c k  p a r a ~ e t e r 3 :  . I 1  

P r e d i c t e d  and Pleasured I n f i l t r a t i o n  4 - 1  
S t a c k  Wind T o t a l  P r e d i c t e d  Eeasured D i f f e r e n c e  

TABLE 3.8 : T e s t  R e s u l t s  f o r  T e s t  S i t e  #8 

S i t e  I D :  
Refe rencr  KO. 
House ~ o l u n e l :  
KO. of S t o r i e s  : 
Leakage 4rea2:  
T e r r a i n  f a c t o r :  
Sh ie ld ing  C l a s s  : 

F,edueed wind paramete r :  - 07 
Reduced s t a c k  parameter3:  .10 

P r e d i c t e d  and liieasured I n f i l t r a t i o n  4 
S t a c k  Wind T o t a l  P r e d i c t e d  Bleasured D i f f e r e n c e  



TABLE 3.9 : Tes t  R e s u l t s  f o r  T e s t  S i t e  #9 

S i t e  I D :  
Reference KO. 
House volunel : 
ko. of S t o r i e s :  
Leakae e ~r ea : 
Terrairl f a c t o r :  
Shielding Class  : 

Reduced uind parameter:  .11 
Reduced s t a c k  *araneter3:  . l l  

I Predic ted  and Measured 1nf i l t r a t i o a 4  I 
To ta l  P red ic t ed  Measured Dif fe rence  

12C 2 X 
125 -2 ;b 
154 1 GZ 
160 -1 2 GX 

?A-PLC 3,10: Tes t  R e s u l t s  f o r  Tes t  S i t e  f 1 C  

S i t e  ID:  
Reference Eo 

i .  House Volune . 
Go. of S t o r i e s :  
Leakage A-rea2: 
Ter ra in  f a c t o r :  
S h i e l d i n ~  Class  : 

NEILSON 
1 C 
2 50 
1 
1275 
* 62 
-? 

Reduced wind parameter:  .15 
Reduced s t a c k  .12 

------ 
Predicted and Measured I n f i l t r a t f o n  4 1 

Stack Wind T o t a l  P red ic t ed  Measured Dif fe rence  1 



TABLE 3.11: T e s t  R e s u l t s  f o r  T e s t  S i t e  # l l  

S i t e  I D :  YXLCKCZA 1 
Refe rence  h o  1 C 

i .  Eouse Yolume . 2 70 
K O ,  o f  S t o r i e s  : 1 
Leakape ~ r e a  * : 560 
T e r r a i n  f a c t o r :  .81 
S h i e l d i n g  Class : 3 

Reduced wind p a r a m e t e r :  .I8 
Reduced s t a c k  p a r a n e t e r 3 :  . I 2  

P r e d i c t e d  and Measured I n f i l t r a t i o n  4 

S t a c k  Wind T o t a l  P r e d i c t e d  Fleasu r e d  D i f f e r e n c e  

TP.ZLC 3.12: T e s t  R e s u l t s  f o r  T e s t  S i t e  #12 

S i t e  IC: VALENCIA 2 
R e f e r e n c e  P!o i 10 
Fouse Volun~e : 2 70 
lio. o f  S t o r i e s :  1 

2 Leakape Area : 630 
T e r r a i n  f a c t o r :  .81 
S h i e l d i n p  Class : 4 

Reduced wind p a r a m e t e r :  . I 4  
Reduced s t a c k  .12 

P r e d i c t e d  and Measured I n f i l t r a t i o n  4 1 I S t a c k  Wind T o t a l  P r e d i c t e d  Neasured  D i f f e r e n c e  1 



TABLE 3.13: Tes t  R e s u l t s  f o r  Tes t  S i t e  #13 

S i t e  I D :  FELS 
Ref ercnce KO. 9 
House bolune ' : 4 70 
KO. of S to r ig s :  .7 

Leakage !reaL: 1480 
Terra in  f a c t o r :  . 84 
Shielding Class:  5 

Reduced wind paracieter : 
', 

.08 
Reduced stack. parameter-: . I 3  

Predic ted  and Measured I n f i l t r a t i o n  4 

Stack Wind T o t a l  P red ic t ed  Measured Dif fe rence  

TAELJ1 3.14: Tes t  Recul t s  f o r  Test  S i t e  #14 

S i t e  IC:  SAM CAFLOS 
Reference KO.  1 @ 

1 Bouse Volume : 1 4 5  
KO. of S t o r i e s  : 1 
Leakare k.rea2: 845 
Terrain f a c t o r :  . 81 
Shieldint: Class  : 4 

Reduced wind parameter:  .15 
Keduccd s t a c k  .11 

Predic ted  and Bieasured I n f i l t r a t i o n  4 

Stack Wind To ta l  Predic ted  Neasured Dif fe rence  
- 1 



TAE1.C 3.15: T e s t  R c s u l t s  f o r  T e s t  S i t e  #15 

S i t e  IP:  
K e f e r e n c e  Yo 

1. ITouse Volume . 
KO. o f  S t o r i g s :  
Leakace  Area': 
T e r r a i n  f a c t o r :  
S n i e l d i n r  C l a s s  : 

Eeduced v;ind paras ie  t c r  : . 2 C  
Peduced s t a c k  p a r a r l e t e r 3 :  .16 

--- -- ---- -- - -- 
P r e d i c t e d  and Measured I n f i l t r a t i o n  4 

Stack Wind Total P r e d i c t e d  Measured  D i f f e r e n c e  
------ -- ---- 

I 1 

A i s  t h e  e f f e c t i v e  l e a k a p e  a r e a  [n"] I 
I b0 i s  t h e  t o t a l  l e a k a r e  a r e a  ( 1 ~ ~ ~  + A f  + A ) 

C 
'G.r 

I c  i s  t h e  s u b s c r i p t  i n d i c a t i n ~  tile c e i l i n y ,  I 
C i s  a  (\.ind p r e s s e r e )  s n i e l d i n r  c o e f f i c i e n t  

CO i s  t h e  i n t e r n a l  ( t r ind)  p r e s s u r e  c o e f f i c i e n t  

C '  i s  t h e  p e c e r a l i z e d  s h i c l d i n p  c o e f f i c i e n t  

f  i s  t h e  s t a c k - e f f e c t  f a c t o r  
S * 

f s  
i s  t h e  r e d u c e d - s t a c k  e f f e c t  f a c t o r [ m / s / f i ]  

f T  i s  t h e  t e r r a i n  f a c t o r  

fw i s  t h e  w i n d - e f f e c t  f a c t o r  
* 

f  i s  t h e  r educed  w i n d - e f f e c t  f a c t o r  
W 

1 

g is  t h e  a c c e l e r a t i o n  o f  g r a v i t y  [9.% m/secL]  

h i s  a  h e i p h t  v a r i a b l e [ m l  - 

1 )  rn3 2 )  cm2 3)  m / s / ~ l  4) rn3/hr 



I; i s  t h e  heip1:t  o f  t h e  c e i l i n :  a b o v e  ~ r a a e  [m] 

li' i s  t h e  h e i j - h t  o f  t h e  .r:ind m e a s u r e m e n t  

j i s  a n  i n d e x  t o  d e n o t e  e a c h  f a c e  o f  t h e  s t r u c t u r e  

L i s  a  s e n i - e r p i r i c a l  c o n s t a n t  l e a k a g e  c o e f f i c i e n t  

n  i s  a  s e r : i - e m p i r i c a l  c o n s t a n t  l e a k a g e  e x p o n e n t  

2 
Pst i s  t h e  s t a n n a t i o n  p r e s s u r e  ( l/Zpv ) [ P a ]  

Ps i s  t i l e  s t a c k  p r e s s u r e  

AP i s  an a p p l i e d  p r e s s u r e  d i f f e r e n c e .  
W 

AP; i s  t l i e  e x t e r i o r  p r e s s u r e  r i se  d u e  t o  t h e  i\rinc! 
J 

AP, is  t h e  i n t e r n a l  p r e s s u r e  c n a n p e  

3 Q i s  a i r  f l o w  [m /set] 

QaT,v) i s  t h e  i n s t a n t a n e o u s  i n f i l t r a t i o n  

Qstack i s  t h e  i n f i l t r a t i o n  i n  t h e  s t a c k .  r e E i m e  

I Qwind i s  t h e  i n f i l t r a t i o n  i n  t h e  wind  r e p i m e  

f r a c t i o r i  o f  l e a k a p e  a r e a  c a r - b i n e d  ir. f l o o r  2nd c e i l i n g  

i s  t h e  i n s i d e  t e r : * p e r a t u r e  [OK] 

i s  t h e  i n s i d e - o u t s i d e  t e a p e r a t u r e  d i f f e r e n c e  

i s  t h e  wind s p e e d  a t  c e i l i n g  l ~ e i g h t  [ m / s c ~ ]  

i s  t h e  r e d u c e d  %,in6 s p e e d  

i s  t h e  ~ i n d  s p e e d  a t  s t a n d a r d  ( t e r r a i n )  c o n d i t i o n s  

c r i t i c a l  k i n d  s p e e d  

r e d u c e d  c r i t i c a l  v i n d  s p e e d  

i s  t h e  m e a s u r e d  \:id s p e e d  

4 i s  a  c o n s t a n t  t h a t  d e p e n d s  o n  t e r r a i n  c l a s s  ( s e e  t a b l e s  a b o v e ]  

p i s  a  n o r r x l i z e d  h e i r h t  

i s  a  c o n s t a n t  d e p e n d e n t  o n  t e r r a i r .  c l z s s  ( s e e  t a b l e s  a b o v e )  

p i s  t h e  f r a c t i o n  s h i f t  i n  t h e  n e u t r a l  l e v e l  f rom t h e  m i d - p o i ~ ; t  

3 p i s  t h e  d e n s i t y  o f  a i r  [1.2 kg/m ]  

I f i n d i c a t e s  d e p r e s s u r i z a t i o n / p r e s s u r i z a  t i o n  



Table of Gef i n i n p  Relations 

*c + *f p. = -- 
A 

0 



F i g u r e  Cap t ions  

1 )  The c o r r e l a t i o n  of  i n f i l t r a t i o n .  neasured u s i n p  a t r n c e r  g a s  tech-  

n ique  and u s i n g  t h e  model p r e s e n t e d  i n  t h i s  paper .  Dashed l i n e s  

r e p r e s e n t  r a w  rneasurencnt e r r o r  licits. Cnly d a t a  under 150m3/hr is 

s hobn. 

2) The c o r r e l a t i o n  of! i n f i l t r a t i o n  measured u s i n p  a t r a c e r  g a s  t ech-  

n ique  and u s i n g  t h e  clodel p r e s e n t e d  i n  t h i s  paper .  Cashed l i n e s  

3 r e p r e s e n t  raw c e a s u r e n e n t  e r r o r  l i m i t s .  Only d a t a  o v e r  loom / h r  i s  

shown . 
3) The p e r c e n t a g e  d i s a l r e e m e n t  between t r a c e r  ceasurcments  and p r e d i c -  

t i v e  t echn ique  vs l c a k a r e  a r e a  f o r  each  s i t e .  S o l i d  p o i n t s  a r e  

i n d i v i d u a l  ceasuremcnts ;  open p o i n t s  w i t h  e r r o r  b a r s  r e p r e s e n t  s i t e  

average .  Composite f o r  a l l  sites i s  shown a t  r i y h t .  

4)  A g r a p h i c a l  method f o r  c a l c u l a t i n p  i n f i l t r a t i o n  frorr. wea the r  daia. 
* * 

f and f v  a r e  p r e - c a l c u l a t e d  Combine them w i t h  AT and v' t o  f i n d  

the  r a t i o  of  i n f i l t r a t i o n  t o  t o t a l  l e a k a r c  a r e a .  
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Measured infiltration (rn3/hr)  

XBL 805-908 
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XBL 805 - 909 



Predicted in f i l t ra t ion  per  unit leakage area 

.cI 

0 
Q) 

fa- 
fa- %*= 

Q),. 

Stack  effect 


