
INFILTRATION-PRESSURIZATION CORRELATION: 
FIED PHYSICAL MODELING 

DR. MAX H. SHERMAN DR. DAVID T. GRlMSRUD 
Student Member ASHRAE Member ASHRAE 

ABSTRACT 

I n  t h i s  paper w e  p r e sen t  a model f o r  p red i c t i ng  air  i n f i l t r a t i o n  t h a t  e l imina t e s  many s i t e -  
s p e c i f i c  parameters normally requi red .  The only informat ion  necessary i s  t h e  geometry and 

leakage of  t h e  s t r u c t u r e .  The leakage q u a n t i t i e s ,  expressed i n  terms of  e f f e c t i v e  a r e a s ,  a r e  

t o t a l  l eakage  area and t h e  leakage  a r e a s  of  t h e  f l o o r  and c e i l i n g .  Weather parameters are mean 
wind speed,  t e r r a i n  c l a s s ,  and average temperature d i f f e r ence .  The model s e p a r a t e s  t h e  i n f i l -  
t r a t i o n  problem i n t o  two d i s t i r ~ c t  p a r t s :  s t a c k  and wind-regimes. Each regime is  t r e a t e d  

independently; t h e  t r a n s i t i o n  between them i s  sharp. The model has been t e s t e d  w i th  d a t a  from 

seve ra l  sites, d i f f e r i n g  i n  c l ima te  and cons t ruc t ion  methods. 

INTRODUCTION 

Understanding t h e  i n f i l t r a t i o n  process  is  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 i n  

a s  much a s  i n f i l t r a t i o n  is  a primary source  of energy l o s s  i n  residences.  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  t han  l o s s e s  due to  i n f i l t r a t i o n .  Several  explanat ions 
f o r  t h i s  d i s p a r i t y  can  be  c i t e d .  F i r s t ,  conduction l o s s e s  a r e  more e a s i l y  ca l cu l a t ed  because 

t he  hea t  t r a n s f e r  is  p ropor t i ona l  t o  t he  temperature d i f f e r e n c e  and does not  depend s t rong ly  on 

any o t h e r  d r iv ing  force .  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  

pressure  d i f f e r e n c e  b u t  is not  simply propor t iona l  t o  i t .  Furthermore, t h e  d r iv ing  p re s su re  is  

caused by uncorre la ted  phys ica l  e f f e c t s  (wind. speed and temperature d i f f e r e n c e ) .  Second, con- 
duc t ion  l o s s e s  can b e  cha rac t e r i zed  by means of one parameter,  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  quan t i t y .  W e  propose i n  t h i s  paper t h a t  an appropri- 

ate parameter f o r  cha rac t e r i z ing  t h e  i n £  i l t r a t i o n  l o s s  is  t h e  e f f e c t i v e  leakage  area .  
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It is because of these  problems that i n f i l t r a t i o n  has been a d i f f i c u l t  quanti ty t o  model. 

~ r e v i o G s  attempts 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 involved 
measurements o r  ca lcu la t ions  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 rge  s c a l e  .4 This paper 

introduces a model t h a t  s a c r i f i c e s  accuracy f o r  v e r s a t i l i t y  and s impl ic i ty .  Rather than 
predict ing accurate ly  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 ruc tu re ,  the  model is 
designed t o  c a l c u l a t e  t h e  i n f i l t r a t i o n  of a general  s t ructure .  Furthermore, che model p red ic t s  
the  impact of r e t r o f i t s  o r  o the r  changes i n  t h e  building envelope on the  b a s i s  of performance 

changes ef fected i n  a few measurable parameters. 

The parameters used i n  the  model are :  x 

1) The leakage a r e a ( s )  of the  s t ruc tu re .  

The leakage a r e a  is  the  parameter t h a t  descr ibes  the  t igh tness  of the  s t r u c t u r e  
(obtained by pressur iza t ion) .  Most r e t r o f i t s  w i l l  a f f e c t  the  leakage a rea  o r  the  leak- 
age d i s t r ibu t ion .  

2) The height of t h e  s t ruc tu re .  

The height and o the r  geometric quan t i t i e s  a r e  usually known o r  can b e  d i r e c t l y  meas- 
ured. 

3) The inside-outside temperature d i f ference .  

The temperature d i f ference  gives  the  magnitude of the  s t ack  e f fec t .  It is a l s o  neces- 

sary  f o r  the  ca lcu la t ion  of the  energy load due t o  i n f i l t r a t i o n .  

4) The t e r r a i n  c l a s s  of the  s t ruc tu re .  
The t e r r a i n  c l a s s  of the  s t r u c t u r e  is  a descr ip t ion of t h e  densi ty  of o ther  buildings 
and obst ruct ions  which influence the dependence of wind speed on height near the s t ruc-  
ture .  Knowing the  t e r r a i n  c l a s s  of the  s t r u c t u r e  allows the  use of o f f - s i t e  weather 

data  f o r  the  ca lcu la t ion  of wind-induced pressures,  

5) The wind speed. 

The wind speed i s  required t o  c a l c u l a t e  the  wind-induced i n f i l t r a t i o n  f o r  comparison 
with the  s t a c k  e f f e c t .  

The wind speed used by the  model can be ca lcula ted  from a wind speed measured on any weather 

tower i n  the  area.  Using standard wind formulas (cf .  Table A l )  the  wind speed i n  any t e r r a i n  

c l a s s  and a t  any height  can b e  converted t o  the  wind speed a t  the  s i t e .  Thus, on-site weather 

co l l ec t ion  is not necessary i n  our model. We must emphasize, however, t h a t  the  measured wind 
da ta  must b e  f o r  the "same wind", i.2. the re  can be  no mountain ranges o r  o ther  major t e r r a i n  

disturbances between the  s i t e  and the  wind tower. 

AIR  LEAKAGE 

A i r  leakage i s  the  simple process of a i r  passing through normal openings o r  cracks i n  the  

s t ruc tu re .  These openings range i n  s i z e  from those of undampered vents (about 0.214 t o  t iny 

cracks around windows (about 0.2mm) . 
A s  we know from hydrodynamics, the  character  of the  a i r  flow through a leakage opening 

changes a s  the  pressure across the  opening changes. A t  very low pressures,  the flow i s  dom- 

inated by viscous forces ;  a t  high pressures,  by i n e r t i a l  forces.  Therefore, a t  low pressures 

we expect the flow t o  be proportional  t o  the  applied pressure and a t  high pressures we expect 

the flow t o  be proportional  t o  the square-root of the  applied pressure. A t  intermediate pres- 

sures  the behavior w i l l  be a mixture of these e f f e c t s .  
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t '11 . The p re s su re  range i n  which t h e  flow. behavior  changes depends on  t h e  geometry of t h e  ind i -  

v idua l  crack.  While good d a t a 5  e x i s t  descr ib ing  t h e  f u n c t i o n a l  form f o r  an  i nd iv idua l  c r ack ,  
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 harder  t o  model. The flow a pres- 

s u r e  curve  of t h e  s t r u c t u r e  w i l l  b e  t h e  summation of a l l  of t h e  i nd iv idua l  crack curves. S ince  
i t  i s  impossible  t o  know t h e  geometry of each  c r a c k ,  c a l c u l a t i n g  t h e  flow p re s su re  curve of 
a  r e a l  s t r u c t u r e  cannot  b e  done from f i r s t  p r i n c i p l e s .  

F i e l d   measurement^^'^ have shown t h a t  t h e  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 t h a n  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 h e  pressures  which d r i v e  i n f i l t r a t i o n .  These f i nd ings  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  pres-  
s u r e  (where t h e  f low changes from v i scous  t o  t u rbu len t )  , is  below t h e  experimental  range. 
Therefore ,  i n  ou r  model, w e  assume f low t o  b e  p ropor t i ona l  t o  t h e  square-root of t h e  appl ied  
pressure .  

where 

Q i s  a i r  f l ow  (m3/sec) , 
A i s  t h e  e f f e c t i v e  leakage  area (m2) , 

- p is  the  d e n s i t y  of a i r  (1.2 kg/m3) and 

AP i s  the  appl ied  p re s su re  (Pa). 

It is 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 h e  air  leakage. I n  subsequent d i s cus s ion  
we r e f e r  t o  t h i s  s imply a s  t h e  leakage  a r ea .  

I n  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 r ea .  In  t h i s  
model w e  combine t h e  leakage s i t e s  i n t o  t h r e e  a r e a s :  A. is 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  ( t h e  sum of t h e  leakage a r e a s  of t h e  f l o o r ,  wa l l s  and c e i l i n g ) ,  Af i s  t h e  leakage a r e a  of 

t he  f l o o r ,  and A, is t h e  leakage  a r e a  of t h e  c e i l i n g .  

A s  w i l l  be shown i n  t he  Appendices, i t  is 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 t h e  t o t a l  leakage a r e a  because t he  s t a c k  and wind pressures  i n f luence  these  loca-  
t i o n s  d i f f e r e n t l y  . 

Leakage Measurement 

Air leakage is usua l ly  measured by f a n  p re s su r i za t i on .4  This  technique 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 he  s t r u c t u r e .  Flow c o n t i n u i t y  r equ i r e s  t h a t  a l l  the  a i r  

t h a t  flows through the  f a n  must flow o u t  through t h e  bu i ld ing  s h e l l .  The f low, measured a s  a  
f unctiorl of t he  p re s su re  drop ac ros s  t h e  envelope,  i s  c a l l e d  t h e  leakage  curve of t h e  bui ld ing .  

I n  gene ra l ,  l eakage  curves obtained by t h i s  method w i l l  no t  b e  propor t iona l  t o  t h e  square- 
roo t  of t h e  p re s su re  drop ac ros s  t h e  envelope. Our model assumes t h a t  i t  i s ,  however, and s o  

we ex t r apo la t e  t he  leakage curve ( i f  necessary)  down i n t o  t he  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 he  leakage curve t o  a  square-root i n  t h a t  region.  The f i t t i n g  
procedure g i v e s  us t he  t o t a l  leakage a r e a  of t h e  s t r u c t u r e .  

Example: Assume t h a t  through f an  p r e s s u r i z a t i o n  t e s t s  t he  fol lowing flow pressure  da t a  have 
been measured : 



Unlike wal ls ,  f l o o r  and c e i l i n g  surfaces  have few penetrat ions.  Once they a r e  l o c a t e d  a 
t h e i r  physical dimensions measured, t h e  leakage a rea  (usually smal ler  than the  physical  a r e a  

t h e  opening) can e a s i l y  be- ca lcu la ted  by est imating t h e  discharge coef f i c i en t  from the  dime 

s ions  of the  leak.  Various references including the  ASHRAE Handbook of Fundamentals conta 
t a b l e s  o r  formulas f o r  discharge coef f i c i en t s .  In  cases  where a f l o o r  o r  ce i l ing  is  made 

mater ia ls  t h a t  cannot l eak  (=.g., a s l a b  f l o o r ) ,  i ts  leakage area  may b e  assumed t o  be  zero. 

Final ly ,  i t  is poss ible  t o  assume a value f o r  leakage not accounted f o r  by measurement I 

calculat ion.  For example, t h i s  can b e  done by assuming t h a t  t h e  amount of leakage per un 
s h e l l  a r e a  is t h e  same f o r  a l l  surfaces. 

\ 

INFILTRATION MODEL 

I n  Appendix A w e  der ive  a general  theory of i n f i l t r a t i o n .  This der ivat ion includes numeroi 
physical  parameters and is use fu l  mainly f o r  l a r g e  computer programs (e.g., DOE-2). W e   ha^ 

reduced the  complexity of the  model and the number of on-si te measurements by introducing a S I  

of simplifying assumptions, which a r e  described i n  Appendix B. 

I n  t h i s  model, we 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 typic ;  

shie ld ing values f o r  a simple rectangular s t ruc tu re ;  we neglect  terms t h a t  depend on the  sig 
of the  temperature d i f ference .  Most importantly, we  s p l i t  the problem i n t o  t w ~  d i s t i n c t  par t :  

the  wind-regime, where the  dynamic wind pressure  dominates t h e  i n f i l t r a t i o n ;  and the  s t a t  

regime, where the  temperature d i f ference  dominates the i n f i l t r a t i o n .  Inf i l t r a t i o n  i n  the  t r  
regimes i s  expressed a s  follows: 

where - 
3 

Qwind is the  i n f i l t r a t i o n  i n  the  wind-regime (m /sec) , 
3 Qstack i s  the i n f i l t r a t i o n  i n  the  s t ack  regime (m /sec) , 

v is the wind speed a t  c e i l i n g  height (m/sec), 

AT i s  t h e  inside-outside temperature d i f ference  (OK), 

g 
2 i s  t h e  accelera t ion of gravi ty  (9.8 m/sec ) , 

H is the  height of the  c e i l i n g  above grade (m) and 

T i s  the ins ide  temperature (OK) 

Definit ions f o r  f w  and f S  a r e  presented i n  Appendix B. 

R is the  f r a c t i o n  of the  e f f e c t i v e  leakage t h a t  is horizontal  (i.2. the  sum of the f l o o r  a1 

ce i l ing  leakage divided by the  t o t a l  leakage). 
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'Rie wind speed used i n  t h e  equations above is 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  is, t h e  wind speed t h a t  would e x i s t  a t  t h e  h e i g h t  of t h e  c e i l i n g  i f  t he  bui ld ing  and i ts  
immediate surroundings were no t  t he re .  The c e i l i n g  he igh t  i s  defined a s  t h e  he ight  (above 
grade) of t h e  a t t i c  f l o o r l  I n  t h e  case  of r a i s e d  foundations t h e  t o t a i  he ight  of t he  l i v i n g  

space may b e  d i f f e r e n t  from the  he ight  of t h e  a t t ic  f l o o r  above grade;  however, w e  ignore  t h i s  
d i f f e r e n c e  i n  our de r iva t ion .  This  wind speed can be  ca lcula ted  from any measurement of  the  
same wind using t h e  fo l lowing f o n r l a ,  

where - 
v' is t h e  measured wind speed (from a weather tower) 

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

EI' - is t h e  he igh t  o f  t h e  wind measurement, 

c(, y are empir ica l  cons t an t s  g iven  i n  Table A l .  

The unprimed q u a n t i t i e s  r e f e r  t o  t h e  s t r u c t u r e  s i te  and t h e  primed q u a n t i t i e s  r e f e r  t o  t h e  
wind-measurement site. 

W e  have t r e a t e d  t h e  in termedia te  regime (between s t ack  and wind) by ex t r apo la t ing  t h e  

s tack-  and wind-regime formulae u n t i l  they c ros s ;  t hus ,  t h e  predic ted  i n f i l t r a t i o n  w i l l  b e  t h e  
l a r g e r  of the  two. 

Where the  s t a r r e d  (reduced) q u a n t i t i e s  a r e  defined a s ,  

Because t h e  reduced s t a c k  and wind parameters ( s t a r r e d  f ' s )  i n  t h e  above equations a r e  
weather-independent, they need be  ca l cu la t ed  only once f o r  a given s t ruc tu re .  We have calcu- 

l a t e d  t h e  reduced parameters f o r  a s p e c i a l  case -- &.=., when the  t e r r a i n  c l a s s  of the  s t ruc -  

t u r e  i s  t h e  same a s  t h a t  f o r  t he  wind measurement, and when the  he ight  of t h e  wind measurement 
i s  10 meters. This  i s  t h e  most common case,  p r i n c i p a l l y  because most wind measurements a r e  

made with a 10-m weather s t a t i o n  on-si te .  Table 1 conta ins  va lues  of the  reduced s t a c k  parame- .'. 
t e r  a s  a funct ion  of t he  he igh t  of t he  s t r u c t u r e  and t h e  f r a c t i o n  of leakage i n  t h e  f l o o r  and 

*ce i l ing .  Tables 2.1 t o  2.5 conta in  the  va lues  of t he  reduced wind parameter a s  a funct ion  of 
t he  he ight  of t h e  s t r u c t u r e  and t h e  f r a c t i o n  of t h e  leakage i n  t h e  f l o o r  and c e i l i n g  f o r  the 
f i v e  t e r r a i n  c l a s s e s .  



l  Having completely separa ted  t h e  weather-dependent p a r t s  from t h e  weather-independent p a r t s ,  
w e  were a b l e  t o  d e v i s e  a s i n g l e  graph t h a t  al lows t h e  i n f i l t r a t i o n  of any s t r u c t u r e  t o  be  c a l -  

Descr ip t ion  of F igures  1 and 2. 

E i the r  Fig. 1 o r  Fig. 2 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  of a p a r t i c u l a r  s i te  under any 

given weather cond i t ion  us ing  a few sintple s teps .  Refer  t o  t h e  symbol t a b l e  and list o f  def in-  
ing  r e l a t i o n s  t h a t  precede t h e  f i g u r e s  f o r  t h e  terms used below. 

1) From leakage  meastlrements, determine Ao, A,, and Af.  These, i n  t u r n ,  determine t h e  
f r a c t i o n  o f  leakage  i n  t h e  f l o o r  and c e i l i n g ,  Re R is  then  used t o  c a l c u l a t e  f w  and 

fs* 

2) The he igh t  of t h e  s t r u c t u r e ,  H, and t h e  i n t e r n a l  temperature T,  are combined with t h e  X 
s t a c k  parameter, f s ,  t o  g i v e  t h e  reduced s t a c k  parameter,f . Table 1 can b e  used t o  

S 
g i v e  the reduced s t a c k  parameter f o r  t h e  s p e c i a l  ca se  of. on-s i te  weather c o l l e c t i o n  a t  
10 m. 

3) The c e i l i n g  he igh t  of  t h e  s t r u c t u r e  and t h e  he ight  of  t h e  weather tower a r e  combined 
wi th  t h e  t e r r a i n  c l a s s e s  o f  t h e  two sites and t h e  wind parameter, f w ,  t o  g ive  t h e  * 
reduced wind parameter, fw. For t h e  s p e c i a l  ca se  of on-s i te  weather c o l l e c t i o n  a t  10 
m ,  Table 2 can be used t o  g i v e  the reduced wind parameter. 

* * 
4) The wind speed ,  v', can be cambjlned with f t o  g i v e  v and t h e  ins ide-outs ide  tempera- 

wjt * 
ture d i f f e r e n c e ,  AT, can b e  combined with f t o  g ive  v . s S 

* * 
The combination of v and v de f ine  a point on t h e  graph. That po in t  f a l l s  on one of t he  con- 

s 
s t a n t  in£ i l t r a t i o n  l i n e s .  The axes of t h e  graphs a r e  i n  m e t r i c  u n i t s ;  t h e  number read f ron t h e  

cons tant  ' i n f i l t r a t i o n  l i n e s  has  u n i t s  o f  n3/hr/cm2. To f i n d  t h e  a c t u a l  i n f i l t r a t i o n  i n  cub ic  
meters pe r  hour,  t h a t  number should b e  mul t ip l i ed  by t h e  t o t a l  leakage a r e a  i n  cent imeters  

2 squared (cm ). 

Steps 1-3 need be done only once p e r  s t r u c t u r e  un le s s  t h e  leakage a r e a  o f  t h e  s t r u c t u r e  is 
changed. Step 4 is  necessary only i f  Fig.  2 is used, because Fig. 1 uses  t h e  reduced and 

weather parameters d i r e c t l y .  

RESULTS 

F i f t e e n  d i f f e r e n t  s i t e s  were ex t r ac t ed  from t h e  l i t e r a t u r e  t o  represent  a l a r g e  spread i n  c l i -  

mate type,  house cons t ruc t ion  type and measured i n f i l t r a t i o n  r a t e s  .1°"12 I n  a l l  cases ,  leakage 

d a t a  obtained by f a n  p r e s s u r i z a t i o n  w e r e  a v a i l a b l e ,  permit t ing us t o  c a l c u l a t e  t h e  e f f e c t i v e  

leakage a rea .  (Note t h a t  t he  e f f e c t i v e  leakage a r e a  v a r i e s  over a f a c t o r  of 16 f r m  t i g h t e s t  
t o  l ooses t . )  The f r a c t i o n  of leakage 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  parameters were 
est imated 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  of  each s i t e .  In  Table 3, t h e  e f f e c t i v e  leakage 

area, t h e  reduced parameters ,  and t h e  house volumes a r e  presented f o r  each site. 

For most of t h e  s i t e s ,  t h e  d a t a  c o n s i s t  of s eve ra l  short-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  measurements were made by using a t r a c e r  decay tech- 
nique4 which f inds  t h e  average i n f i l t r a t i o n  over a period of about an hour with a 5%-10% accu- 

racy. For each measured in£  i l t r a t i o n  p o i n t ,  a predicted i n f i l t r a t i o n  w a s  ca l cu la t ed  from t h e  

weather va r i ab le s  and house parameters. Figs. 3 and 4 conta in  the  p l o t s  of predic ted  meas- 

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



' \  ' 
& .  Since the  set of d a t a  f o r  each site w a s  taken on t h e  same day,  we have combined t h e  sets t o  

f i n d  an  average measured i n f i l t r a t i o n  and a n  average predic ted  i n f i l t r a t i o n  f o r  each site. 
Table 2 conta ins  t hese  average i n f i l t r a t i o n s  a s  w e l l  as t h e  average weather v a r i a b l e s  from 

which the  predic ted  i n f i l t r a t i o n  was ca l cu la t ed ,  together  wi th  t h e i r  assoc ia ted  standard 
e r r o r s .  

DISCUSSION 

Considering the  s i m p l i c i t y  of t h e  model and t h e  f a c t  t h a t  t h e r e  are no a d j u s t a b l e  parameters, 

t h e  agreement is  good. However, t h e r e  a r e  a few sites t h a t  do not  have p a r t i c u l a r l y  good 

agreement; some over-predict  and some under-predict.  I n  order  t o  exp la in  some of t hese  
d iscrepancies ,  we 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 he  i n f i l t r a t i o n .  

S i t e  15 (Southampton) was t h e  l e a k i e s t  of  a l l  t h e  sites and proved t o  b e  a n  under- 

p red ic to r .  A t  t h e  t i m e  we were measuring i n f i l t r a t i o n  i n  t h i s  house,' t h e  furnace  f a n  was on. 

Because the  duc t s  run through unconditioned spaces ,  any leakage i n  the  duc t s  means t h a t  p a r t  of 

t h e  a i r  c i r c u l a t e d  by t h e  furnace  f a n  w i l l  e x f i l t r a t e  causing a n  inc rease  i n  i n f i l t r a t i o n .  

This  increase  is not accounted f o r  by our  model. 

S i t e  10 (Neilson),  a l s o  one of t h e  l e a k i e s t  houses measured, showed s i g n i f i c a n t  under- 

p red ic t ion  as well .  Because t h i s  house had no chimney damper, t h e  wind blowing over t h e  chim- 

ney caused a n e t  s u c t i o n  on t h e  house. I f  t h e r e  were a damper o r  g l a s s  doors on t h e  f i r e p l a c e ,  

t h e  e f f e c t  of t h i s  s u c t i o n  would have been minimal; with no obs t ruc t ion  t o  t h e  f low, however, 
e x f i l t r a t i o n  increased and could not be accounted f o r  by our model. 

+ .  

One of t h e  c rudes t  assumptions w e  have made is t h a t  t he  sh i e ld ing  c o e f f i c i e n t s  can be 

assuned t o  be  those of an  exposed r ec t angu la r  s t r u c t u r e .  For s t r u c t u r e s  t h a t  have s i g n i f i c a n t  

l o c a l  s h i e l d i n g ,  w e  might expect t he  measured i n f i l t r a t i o n  t o  be lower than t h e  predicted 

i n f i l t r a t i o n .  Without p rec i se ly  quantifying t h e  degree of sh i e ld ing  a t  each site,  we examined 

t h e  d e s c r i p t i o n  of a l l  t h e  s t r u c t u r e s  and found t h r e e  s i t e s  (9 ,  13 and 14) t h a t  were heavi ly  

sh ie lded  and two sites (2  and 8) t h a t  were very  heav i ly  sh ie lded .  

For the  very  heav i ly  sh ie lded  sites the  d a t a  c l e a r l y  show t h a t  t h e  model over-predicts  the  

i n f i l t r a t i o n  by a f a c t o r  t h a t  approaches two. Of t h e  heavi ly  sh ie lded  sites, S i t e  13 (Fels)  

over-predicts  by an average of 50%, S i t e  9 (Purdue) over-predicts  by an  average of 25%, and 

S i t e  14 (San Carlos)  under-predicts  by an average of 15%. 

The case  of s i t e  14 i s  unique in t h a t  i t  was the  only s i te  t o  b e  heavi ly  sh ie lded  and a l s o  

have an  undampered chimney. These two e f f e c t s  tend t o  counterbalance each o t h e r ;  however, i n  

any given s i t u a t i o n  (depending on wind speed and d i r e c t i o n )  one could e a s i l y  outweigh t h e  
o the r .  The d a t a  from t h i s  s i t e  r e f l e c t  t h i s  v a r i a b i l i t y .  In one case ,  t h e  predic ted  i n f i l t r a -  

t i o n  i s  wel l  below t h e  measured i n f i l t r a t i o n ,  suggest ing t h a t  t he  chimney has  a s u b s t a n t i a l  
e f f e c t .  In  t he  o the r  t h r e e  cases ,  t h e  predic ted  i n f i l t r a t i o n  is  s l i g h t l y  above t h e  measured 

i n f i l t r a t i o n ,  suggest ing t h a t  the  excess sh i e ld ing  is  playing an important ro l e .  

While t h e  accuracy of  t h e  model is  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 he  

shortcomings described above suggest  ways i n  which accuracy can be improved. Not only 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  we can extend t h e  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 ( furnace fans)  a l l  of which may 

i n t e r a c t  with na tu ra l  v e n t i l a t i o n .  '. 



Ret ro f i t  Evaluation 

I n f i l t r a t i o n  depends on the  leakage a rea  i n  two d i f f e r e n t  ways: (1) it s c a l e s  l i n e a r l y  with the 
t o t a l  leakage a rea  and (2) the  f ' s  depend weakly on the  f r a c t i o n  of the  leakage i n  the  f l o o r  

and ce i l ing .  I n  genera l  a s i n g l e  r e t r o f i t  w i l l  make only a small  change i n  the  leakage a rea  of 
the  s t r u c t u r e ;  hence, we can ignore the e f f e c t  t h a t  a pa r t i cu la r  r e t r o f i t  w i l l  have on the f's. 

The impact of a r e t r o f i t  i n  changing i n f i l t r a t i o n  is proportional  t o  the  change i t  e f f e c t s  i n  

the  t o t a l  leakage area.  ( I t  should be  noted t h a t  the  model is more accurate i n  predict ing 
changes i n  i n f i l t r a t i o n  due t o  changes i n  t h e  leakage a rea  than i n  predic t ing absolute  i n f i l -  
t r a t ion .  Accordingly, t o  evaluate  the  e f f e c t  of a r e t r o f i t  on i n f i l t r a t i o n  requires  simply an 

evaluation of i ts  e f f e c t  on the  leakage area.  W e  suggest t h a t  a l i s t  of leakage a reas  be com- 
p i l ed  f o r  var ious  a r c h i t e c t u r a l  components t o  a id  i n  predict ing i n f i l t r a t i o n  savings. The 
e f f e c t i v e  leakage a r e a  of each component becomes a powerful t o o l  f o r  predic t ing energy losses  

W e  have introduced t h e  concept of leakage a r e a  a s  the  c h a r a c t e r i s t i c  quant i ty  associated with 
i n f i l t r a t i o n ,  j u s t  a s  conductivity is the  c h a r a c t e r i s t i c  quant i ty  associated with conduction. 

Using t h i s  concept, we have devised a model f o r  predic t ing the  i n f i l t r a t i o n  based on a few 

e a s i l y  determined physical  parameters. Houses of widely d i f f e r e n t  const ruct ion types and 
located i n  varying c l ima t ic  conditions can b e  measured and compared by means of t h i s  model, i n  

a s  much a s  a l l  of the  parameters used (L.E. leakage areas ,  t e r r a i n  c lasses  etc.)  have physical 
r e a l i t y  ou t s ide  of our model and, therefore ,  a r e  independently measurable. 

I n  f u t u r e  s tud ies ,  w e  w i l l  explore long-term average i n f i l t r a t i o n  d a t a  from a number of 
d i s s imi la r  s i t e s  t o  t e s t  the  o v e r a l l  s c a l e  of the  model. In addi t ion,  we w i l l  measure i n f i l -  

t r a t i o n  before and a f t e r  r e t r o f i t ,  comparing the  predicted i n f i l t r a t i o n  reduction based on our 
model with the ac tua l  i n f i l t r a t i o n  reduction measured based on t r a c e r  gas measurements. 



APPENDIX A: Der iva t ion  of  b a s i c  model 

I n  t h i s  appendix t h e  b a s i c  phys ica l  model of i n f i l t r a t i o n  w i l l  be  der ived .  Th i s  model i s  simi- 
l a r  t o  a previous ly  presented  model13 wi th  one  exception:  i n  t h e  p r i o r  model we assumed l i n e a r  
(viscous)  flow through c racks  as t h e  dominant leakage  mechanism, whi le  i n  t h i s  work w e  general-  

i z e  t h e  concept  t o  a l l ow  t h e  f low through a c rack  t o  b e  propor t iona l  t o  t h e  appl ied  p re s su re  
r a i s e d  t o  a n  a r b i t r a r y  power. 

F i r s t ,  w e  s e p a r a t e  o u t  t h e  e f f e c t s  of  t h e  d r i v i n g  f o r c e  of  t h e  s t r u c t u r e  ( a i r  leakage)  by 
using t h e  intermediary of s u r f a c e  p re s su re s ;  knowledge of  t h e  t e r r a i n  and weather al lows sur -  

f a c e  p re s su re s  t o  b e  ca l cu l a t ed .  Second, we combine t h e  s u r f a c e  pressures  wi th  t h e  leakage 
func t ion  (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  following s e c t i o n s ,  we w i l l  combine 
these  two ope ra t ions  i n t o  a complete d e s c r i p t i o n  of  weather-driven in£ i l t r a t i o n .  

General Leakage Model 

Air leakage is  t h e  n a t u r a l  f low of air through c racks ,  h o l e s ,  etc. a c r o s s  t h e  bui ld ing  

envelope. There a r e  two phys i ca l ly  well-defined types  of a i r  flow: viscous and turbulent .  I n  

t h e  v iscous  regime, t h e  flow i s  p ropor t i ona l  t o  t h e  app l i ed  pressure ;  i n  t u rbu len t  f low, t h e  

f low i s  p ropor t i ona l  t o  t h e  square-root of t h e  app l i ed  pressure.  The type of f low is  de t e r -  
mined by t h e  appl ied  p re s su re  and t h e  c rack  geometry. I n  most houses t h e r e  w i l l  be  a i r  flows 
i n  both regimes a s  w e l l  a s  i n  t r a n s i t i o n  between regimes. A popular  way o f  express ing  t h i s  

f a c t  is t o  a s p m e  t h a t  t h e  a i r  flow is p ropor t i ona l  t o  t h o  appl ied  p re s su re  r a i s e d  t o  some 

power between 1/2 and 1, and then  t o  f i n d  t h e  parameters  experimental ly.  

where 

Q i s  t h e  a i r  f low due t o  an applied p re s su re ,  (m3/sec) 

& is t h e  app l i ed  p re s su re ,  (Pa) 

L ,n a r e  semi-empirical cons tan ts .  

I n  an a c t u a l  s t r u c t u r e ,  t h e  leakage may depend on t h e  s i g n  of t h e  appl ied  p re s su re  and w i l l  
a l s o  b e  d i f f e r e n t  on d i f f e r e n t  f a c e s  of t h e  s t r u c t u r e .  To account f o r  t he se  p o s s i b i l i t i e s ,  we 
f u r t h e r  gene ra l i ze  t h e  above express ion  t o  



where - 
j is  t h e  index t o  denote-each f a c e  o f  t h e  s t r u c t u r e ,  

+ i n d i c a t e s  dep res su r i za t ion  

- i n d i c a t e s  p re s su r i za t ion .  

Surface Pressures  

D i f f e r e n t i a l  pressures  on  a s t r u c t u r e  are 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  is t h e  change i n  p re s su re  due t o  a change i n  t h e  dens i ty  of two bodies of air 
which, i n  t u rn ,  i s  caused by a temperature d i f f e r e n c e  between t h e  two air  masses. The s i z e  of 

t h i s  e f f e c t  is g iven  by t h e  s t a c k  pressure ,  

where 

Ps is t h e  s t a c k  p re s su re ,  

p is the  d e n s i t y  of a i r ,  (1.2 kg/m3) 

g is the  acce l e ra t ion  of g r a v i t y  (9.8 m/sec2) 

H i s  t h e  he igh t  of  t h e  s t r u c t u r e  (m) 

AT i s  the  ins ide-outs ide  temperature d i f f e r e n c e  (OK) and 

T i s  t h e  i n s i d e  temperature (Z295 OK). 

The change i n  p re s su re  with respec t  t o  h e i g h t  can b e  ca l cu la t ed  by t h e  fol lowing equat ion  

where 

C\p is  t h e  outs ide- ins ide  pressure  drop  and 

h i s  t h e  he igh t  from f l o o r  l e v e l  

The minus s ign  comes from our d e f i n i t i o n  of t h e  r e l a t i v e  s i g n s  of AT and &. 

The wind e f f e c t  is an e x t e r i o r  pressure  caused by a s tream of a i r  impinging upon a s t a t i o n -  
a r y  ob jec t .  The dynamic pressure  caused by a wind s t r i k i n g  a f ixed  ob jec t  is c a l l e d  t h e  s tag-  
na t ion  pressure.  

where 

PSt i s  the  s t agna t ion  pressure  and 

v is  the  wind speed. 

We can d e f i n e  a dimensionless measure of t h e  wind s t r e n g t h  r e l a t i v e  t o  the  s t ack  pressure.  



where - 
a is  t h e  wind s t r eng th*  

Wind Speed 

The d e f i n i t i o n  of wind speed is important  i n  determining i n f i l t r a t i o n .  W e  d e f i n e  t h e  wind 

speed,  v ,  t o  be  t h e  wind speed a t  t h e  he ight  of  t h e  c e i l i n g  o f  t h e  s t r u c t u r e  i f  the  s t r u c t u r e  

and immediate surroundings were not  there .  Thus, i n  our d e f i n i t i o n  of wind speed,  w e  are 
excluding any e f f e c t s  of t h e  l o c a l  environment. However, because of t h e  na tu re  of wind dynam- 

i c s ,  t h e  wind speed measured a t  one he igh t  i n  one type of t e r r a i n  w i l l  no t  be  the  same as t h e  
wind speed measured a t  another  he ight  o r  i n  another  type  of 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  use  a s tandard  formula14 t o  c a l c u l a t e  t he  wind speed a t  
any he igh t  and t e r r a i n  c l a s s  from the  wind speed a t  any o t h e r  he ight  and. t e r r a i n  c l a s s .  

where - 

v is  t h e  a c t u a l  wind speed 

vo i s  t h e  wind speed a t  s tandard condi t ions  

c(,Y a r e  cons t an t s  t h a t  depend on t e r r a i n  c l a s s  

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  the  
above formula t o  c a l c u l a t e  t h e  s tandard wind speed f o r  t he  measurement site; then  t h e  s tandard 

wind speed is used t o  c a l c u l a t e  the  wind speed a t  the  des i r ed  site. Values f o r  t he  two t e r r a i n  

class-dependent parameters a r e  shown i n  Table Al .  

W e  must take  i n t o  account the  e f f e c t  of t h e  l o c a l  t e r r a i n  on t h e  wind pressures  f e l t  by the  * 
s t r u c t u r e .  W e  do t h i s  by introducing sh i e ld ing  c o e f f i c i e n t s  t h a t  convert  t he  s t agna t ion  pres- 

s u r e  i n t o  the  a c t u a l  p re s su re  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 .  Ful l - sca le  s tud ie s15  have 

s h o k  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 b e  adequately described by using the  

average pressure  on t h e  face .  Accordingly, t h e r e  is one sh i e ld ing  c o e f f i c i e n t  f o r  every f a c e  
of the  s t r u c t u r e .  

where 

D~ is the  e x t e r i o r  pressure  r i s e  due t o  t he  wind and 
j 

Cj 
is  the  sh i e ld ing  c o e f f i c i e n t  f o r  t h e  j t h  face.  

The sh i e ld ing  c o e f f i c i e n t s  must be funct ions  of t he  angle  between the  inc iden t  wind and the  

o r i e n t a t i o n  of t he  s t r u c t u r e .  Since we w i l l  eventua l ly  average the sh i e ld ing  coe f f ik i en t s  over 

angle ,  w e  have suppressed t h e i r  e x p l i c i t  dependence of them on angle.  

*Our wind s t r e n g t h  parameter is  s i m i l a r  t o  o t h e r  dimensionless q u a n t i t i e s  such a s  t he  
Archimedes number. S p e c i f i c a l l y ,  t h e  wind s t r e n g t h ,  o, i s  equal  t o  t h e  r ec ip roca l  of 
twice the square of t h e  Archimedes number. 

* The term sh ie ld ing  c o e f f i c i e n t  is equiva lent  t o  ?he more standard term of e x t e r i o r  
.pressure c o e f f i c i e n t ;  t h e  only d i f f e r e n c e  l ies i n  t h e  i n t e r p r e t a t i o n .  W e  use the  term 
shie ld ing .  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 pressure  t o  t h e  
s t agna t ion  pressure  a t  t h e  c e i l i n g  he ight .  



. Combining Stack and Wind E f f e c t s  

Now t h a t  we have express ions  f o r  bo th  t h e  s t a c k  and wind e f f e c t s ,  w e  can combine them t o  f i n d  

t h e  t o t a l  pressure  drop a c r o s s  each f a c e  of t he  s t r u c t u r e .  

where 

4 p  i s  the  p re s su re  drop a c r o s s  t h e  j t h  f a c e  and 
j 

dpo is  the  i n t e r n a l  pressure  change 

The i n t e r n a l  p r e s s u r e  change is  t h e  s h i f t  i n  i n t e r n a l  p re s su re  due t o  weather. It is  deter -  
mined by t h e  cond i t ion  t h a t  t h e  a i r  f low i n t o  t h e  s t r u c t u r e  mustrbalance t h e  a i r  flow ou t  of 

t h e  s t r u c t u r e .  TO s impl i fy  t h i s  express ion  w e  make t h e  fol lowing d e f i n i t i o n s  : 

where 

/3 is  a dimensionless he igh t ,  

p0 is c a l l e d  t h e  neutral. l e v e l ,  

/3 i s  c a l l e d  t h e  e f f e c t i v e  n e u t r a l  l e v e l  of t h e  j t h  f a c e  and 

Cd is c a l l e d  the  i n t e r n a l  pressure  c o e f f i c i e n t  

A t  t h i s  po in t  t h e  n e u t r a l  l e v e l  and i n t e r n a l  p re s su re  c o e f f i c i e n t s  must b e  regarded as a rb i -  
t r a r y  funct ions  of  weather b u t ,  as w i l l  b e  demonstrated i n  Appendix B ,  f o r  most purposes they 

may be t r ea t ed  a s  cons tants .  Note a l s o  t h a t  when t h e r e  is  no wind ( u = 0 ) t h e  e f f e c t i v e  neu- 
tral l e v e l s  a r e  equal  t o  t h e  n e u t r a l  l e v e l .  

Combining a l l  t h i s  t oge the r ,  kre g e t  a decept ive ly  s imple expression f o r  t h e  pressure  drop 
ac ros s  t he  envelope: 

COMBINING SURFACE PRESSURES AND A I R  LEAKAGE 

Now t h a t  w e  have express ions  both f o r  t h e  s u r f a c e  pressures  ac t ing  on t h e  s t r u c t u r e  and t h e  

response of t h e  s t r u c t u r e  t o  these  p re s su res ,  w e  can de r ive  an express ion  f o r  t h e  i n f i l t r a t i o n .  
W e  must b e  c a r e f u l ,  however, t o  s epa ra t e  e x f i l t r a t i o n  (which i s  d r iven  by negat ive  d i f f e r e n t i a l  

s u r f a c e  pressures)  and i n f i l t r a t i o n  (which is d r iven  by p o s i t i v e  d i f f e r e n t i a  su r f ace  pres- 

s u r e s ) .  W e  must i n t e g r a t e  t h e  leakage expression over t he  e n t i r e  su r f ace  and sum 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  separa te ly .  The r e s u l t s  of these  ca l cu la t ions  a r e  presented i n  Table 

A 2 ,  below. 

There a r e  t h r e e  d i f f e r e n t  types of s t r u c t u r e  f aces  t o  be considered: f l o o r ,  w a l l s  and c e i l -  

ing.  Because the  f l o o r  and c e i l i n g  a r e  both a t  a constant  he igh t ,  t h e  i n t e g r a t i o n  over he igh t  
i s  t r i v i a l ;  t h e r e  can be 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  through one of them but  not  both. The 

wa l l s ,  being v e r t i c a l ,  may have both  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  i f  t h e  e f f e c t i v e  n e u t r a l  
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l b e i .  is between the  f l o o r  and the ce i l ing .  W e  s p l i t  t he  problem up i n t o  t h r e e  cases ,  depend- 
ing on the  value of the  e f f e c t i v e  neutra l  l eve l :  

1)  The e f f e c t i v e  neu t ra l  l e v e l  i s  a b w e  the  ce i l ing .  

( l < B f )  

2) The e f f e c t i v e  neu t ra l  l e v e l  i s  between the  f l o o r  and the  ce i l ing .  

3) The e f f e c t i v e  neu t ra l  l e v e l  is below t h e  f loor .  

The combination of t h r e e  faces ,  th ree  neu t ra l  l e v e l  posi t ions  and two a i r  flow d i rec t ions  

y i e l d s  18 e n t r i e s  f o r  Table A2. 

This ana lys i s  assumes knowint, a  host  of s t r u c t u r a l  si te-specif  i c  parameters (L's , n's , 
C's) . Additianally,  t h e  ca lcula t ion of i n f i l t r a t i o n  changes form depending on the value of the 
e f f e c t i v e  neutra l  l eve l .  These f a c t o r s  would make the  ca lcu la t ion  of i n f i l t r a t i o n  very tedious 

and hence impractical  f o r  a  l a rge  number of s i t e s .  In Appendix B ,  we show how t h e  model can be 
s impl i f ied  by making c e r t a i n  reasonable physical  assumptions. 

APPENDIX B: Simplified ana lys i s  

The purpose of t h i s  sec t ion  is t o  present  a  s impl i f ied  expression f o r  the  i n f i l t r a t i o n  r a t e  of 
a  s t ruc tu re .  We w i l l  make reference t o  the  general  theory of a i r  i n f i l t r a t i o n ,  and apply many 
approximations. Along the  way, t h e  approximations w i l l  be e x p l i c i t l y  s t a t e d  a s  they a r e  made. 

APPROXIMATION 1: The flow is dominated by simple o r i f i c e  flow 

Recent evidence7 ind ica tes  t h a t  even a t  low pressures t h e  flow through a  s t r u c t u r e  i s  dom- 
inated by turbulent  flow. That is, viscous forces  do not appear to  dominate the a i r  leakage a t  

t y p i c a l  weather-induced pressures. The turbulent  case is  equivalent  t o  r e s t r i c t i n g  the  values 
of the  L's and n's used i n  the general  model. 

where - 
2 

AJ 
i s  ca l l ed  the e f f e c t i v e  leakage area  of the  j  t h  face  (m ) . 

I n  terms of the air flow through a s t r u c t u r e  face ,  

where - 
Qj is  the flow through the j t h  leakage s i t e ,  '. 
APj is. the pressure drop across the j t h  s i t e .  



, " APPROXIMATION 2: The f l o o r  and ce i l ing  a r e  well  shielded 

I n  most circumstances the  w i d  pressure f e l t  by the  f l o o r  and c e i l i n g  is much smaller  than 

t h a t  f e l t  by the  wal ls ;  therefore ,  w e  w i l l  set the  shielding coef f i c i en t s  of the  f l o o r  and 
c e i l i n g  a r b i t r a r i l y  t o  zero. 

We a r e  now i n  a  posi t ion t o  rewri te  Table A2 using our approximations. Before doing so ,  we 
w i l l  change nomenclature s l i g h t l y .  The subscr ip t  j r e f e r s  t o  any of the  s t r u c t u r a l  faces ;  we 

introduce the  subsc r ip t  w which is  r e s t r i c t e d  t o  the  walls  of the s t r u c t u r e  only. We a l s o  
def ine  the  c r i t i c a l  ve loc i ty ,  v,, t o  be the ve loc i ty  of the wind when the s t ack  pressure equals 

the  stagnation pressure. 

where 

v  i s  the  c r i t i c a l  veloci ty .  s 

Table B1 presents  t h e  expressions r e l a t i n g  the  i n f i l t r a t i o n  t o  the  weather parameters under 
these  assumptions. 

APPROXIMATION 3: The i n f i l t r a t i o n  can be s p l i t  i n t o  two regimes. 

m e n  though w e  have s impl i f ied  the  problem, we cannot ye t  ca lcu la te  i n f i l t r a t i o n  d i r e c t l y .  

To ca lcu la te  the i n f i l t r a t i o n  we s p l i t  the  problem i n t o  two halves: wind-dominated and stack- 

dominated regimes. W e  assume t h a t  e i t h e r  a l l .  of the  e f fec t ive  neu t ra l  l e v e l s  a r e  between the  
f l o o r  and the  c e i l i n g  o r  none of them are.  I f  a l l  of the e f fec t ive  neu t ra l  l eve l s  a r e  between 

the f l o o r  and the  c e i l i n g  (O<B <1) then i n f i l t r a t i o n  is  stack-dominated; i f  a l l  of them a r e  
above the  c e i l i n g  (1<p ) o r  be ow the  f l o o r  (p <O) then i t  i s  wind-dominated. The de r iva t ion  

j 
f o r  both cases  i s  shown below. 

1 
j 

Stack Regime 

In  the  s t ack  regime we requ i re  the  e f f e c t i v e  neu t ra l  l e v e l  t o  be between the f l o o r  and the  

ce i l ing  (O<P e l ) .  Extracting these l i n e s  from Table B1 and summing 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 ,  w e  dave: 

where - 
Q+ is  the  i n f i l t r a t i o n  and 

Q' is  the exf i l t r a t i o n .  



APPROXIMATION 4: The n e u t r a l  l e v e l  is about ha l f  way up t h e  s t r u c t u r e .  

The n e u t r a l  l e v e l ,  pO, r ep resen t s  t h e  l e v e l  a t  which the  indoor-outdoor pressure  d i f f e rence  

is  zero  when t h e r e  is  no wind. Above t h e  n e u t r a l  (pressure)  l e v e l ,  t h e  indoor p re s su re  is 
l a r g e r ,  causing exf i l t r a t i o n ;  below, t h e  indoor is sma l l e r  than the  outdoor p re s su re  and i n f i l -  

t r a t i o n  occurs.  The h e i g h t  of t h e  n e u t r a l  level i n  a s t r u c t u r e  w i l l  be about ha l f  t h e  he ight  

of t h e  s t r u c t u r e .  To examine t h e  dependence of t h e  i n f i l t r a t i o n  on p o s i t i o n  of  t h e  n e u t r a l  
l e v e l ,  w e  expand express ions  which conta in  t h e  he igh t  of t he  n e u t r a l  l e v e l  about the  po in t  

( t imes the  s t r u c t u r e  he igh t ) .  W e  de f ine  a  quan t i t y ,  p, t o  be  t h e  dev ia t ion  from t h a t  po in t  ( 

p0 = 112 ) . 

W e  then r e w r i t e  the  equat ions  f o r  t he  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  sums as: 

Since  we are i n  t h e  stack-dominated regime, t h e  e f f e c t i v e  wind s t r e n g t h ,  (Cw - cO) 0, must be  

smal l  compared t o  u n i t y  t o  guarantee t h a t  t h e  e f f e c t i v e  neu t r a l  l e v e l  w i l l  be between the  f l o o r  

and t h e  c e i l i n g .  Therefore,  w e  can expand t h e  terms containing 0 and p, assuming them t o  b e  

small .  

0 
W e  have replaced t h e  quan t i t y  CO by C t o  i n d i c a t e  t h a t  we  a r e  eva lua t ing  t h e  i n t e r n a l  pressure  

c o e f f i c i e n t  a t  low wind s t r eng ths .  

Flow con t inu i ty  r equ i r e s  t h a t  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  b e  equal ;  applying t h i s  

r e s t r i c t i o n  t o  Eq. B7.1 and B7.2 gives: 

0 
Solving t h e s e  two equat ions  l eads  t o  expressions f o r  p and C . 



We have found t h a t  t hese  two parameters a s s u r e  flow con t inu i ty  and, thus ,  t h a t  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  w i l l  be  equal .  To c a l c u l a t e  t h e  a c t u a l  i n f i l t r a t i o n  ( i n  t h e  s t a c k  regime) it 
does not  matter which w e  use;  t h e r e f o r e ,  w e  w i l l  use  the  average. 

Neglecting terms of  o r d e r  p2 we g e t ,  

0 Q m 72-% v 8 (2 A. +, +Ac  + 3 6-c % (4 - hf) ]  

where %. 

A, is  the  t o t a l  leakage a rea  ( a w  + Af + A ) c 
W 

Wind Regime 

I n  t h e  wind-regime we assume t h a t  none of  t h e  e f f e c t i v e  n e u t r a l  l e v e l s  a r e  between t h e  f l o o r  

and t h e  c e i l i n g  (1<p o r  <O). I n  t h e  s t a c k  regime w e  assumed t h e  e f f e c t i v e  wind s t r e n g t h  w a s  
sma l l  compared t o  un ty ;  h e r e  w e  w i l l  assume t h e  opposi te .  Ext rac t ing  t h e  wind-regime d a t a  

from Table Bl and making t h e  ind ica t ed  replacements, we form Table B2, present ing  s i m p l i f i e d  
wind-regime i n f i l t r a t i o n  va lues  

W e  can f i n d  t h e  i n t e r n a l  pressure  c o e f f i c i e n t  i n  t h e  same manner a s  we d i d  t h e  s t a c k  e f f e c t  

(i.2. by r equ i r ing  i n f i l t r a t i o n  and exf i l t r a t i o n  t o  balance) .  However, i n  t he  wind-regime t h e  
equations are non-linear and can only  b e  solved numerical ly once va lues  f o r  sh i e ld ing  coe f f i -  

c i e n t s  and leakage a r e a s  a r e  known. Having found t h e  i n t e r n a l  pressure  c o e f f i c i e n t ,  w e  can  
f i n d  t h e  i n f i l t r a t i o n  by averaging t h e  a i r  flow o u t  of t h e  s t r u c t u r e  and t h e  a i r  flow i n t o  t h e  

s t r u c t u r e .  

where - 
ca, is  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  a t  high wind s t r e n g t h ,  

Now t h a t  we have expressions f o r  t h e  i n f i l t r a t i o n  i n  the  s t a c k  and wind-regimes, we must b e  
a b l e  t o  reduce them t o  a l e v e l  of s i m p l i c i t y  commensurate with the  r e s u l t s  obtained from pres- 

su r i za t ion .  To t h i s  purpose, w e  must make a few more approximations. 



. . 
- AePROXIMATION 5: D i r e c t i o n a l  wind e f f e c t s  a r e  unimportant 

I n  any r e a l  s t r u c t u r e ,  t h e r e  a r e  d i r e c t i o n a l  e f f e c t s  due t o  leakage d i s t r i b u t i o n  and 
sh i e ld ing  d i s t r i b u t i o n .  W e  a r e  going t o  neg lec t  such e f f e c t s  o r ,  equ iva l en t ly ,  assume t h a t  t h e  

wind d i r e c t i o n  changes enough i n  t h e  time frame under cons idera t ion  t o  average ou t  any such 

e f f e c t s .  

I f  d i r e c t i o n a l  e f f e c t s  are unimportant, t hen  we can s impl i fy  t h e  va r ious  sums over s ' l ield- 
i ng  c o e f f i c i e n t s  . 

where - 
qw i s  any q u a n t i t y  t h a t  must b e  summed over t h e  w a l l s ,  

<qw>is the  average va lue  of t h a t  quan t i t y  and 

APPROXIMATION 6: The s t r u c t u r e  i s  t y p i c a l l y  sh ie lded .  

W e  w i l l  use  numerical  va lues  f o r  t h e  ex te rna l  sh i e ld ing  parameters f o r  a t y p i c a l  house of 
rec tangular  f l o o r  plan. Th i s  assumption combined wi th  t h e  previous one al lows us  t o  average 

over wind d i r e c t i o n s  as w e l l .  I f  a p a r t i c u l a r  s t r u c t u r e  has  h ighly  non-uniform sh ie ld ing ,  then  ' ' 

t h e  dimensionless cons t an t s  w i l l  r e t a i n  t h e i r  angular  dependence. 

W e  have chosen t o  u s e  wind-tunnel va lues  f o r  a house of rec tangular  f l o o r  plan.16 

APPROXIMATION 7: The i n t e r n a l  pressure  c o e f f i c i e n t  is cons tant  

W e  have solved e x p l i c i t l y  f o r  t h e  i n t e r n a l  pressure  c o e f f i c i e n t  a t  low wind s t r e n g t h s  and 
w e  can so lve  numerical ly f o r  the  i n t e r n a l  pressure  c o e f f i c i e n t  a t  high wind s t r eng ths .  I f  we 

do s o ,  w e  f i n d  t h a t  they  a r e  roughly equal  f o r  any reasonable choice  of C ' s  and A's. W e  can 

then  r ep lace  a l l  of t h e  i n t e r n a l  pressure  c o e f f i c i e n t s  by a  s i n g l e  value. 

W e  can now rewr i t e  t h e  stack-regime and wind-regime equations by making a  new d e f i n i t i o n  t o  

e l iminate  Ac and Af .  

Rewriting the  two i n f i l t r a t i o n  equat ions ,  we have: 

2  

Qs tack  
5 72-% A. vS ( 2 + R ) + 288-'/2 A. p CO 
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APPROXIMATION 8: The i n f i l t r a t i o n  is independent of  t h e  s i g n  of & 

I n  t h e  preceding d e r i v a t i o n  w e  assumed t h a t  t h e  s t a c k  pressure  was p o s i t i v e  (L.z., t h a t  

i n s i d e  i s  g r e a t e r  t han  o u t s i d e  temperature).  I f  t h e  r eve r se  is t r u e ,  t h e  only change i n  these  
equations is  a s i g n  r e v e r s a l  o f  p; f o r  cool ing  loads  P should b e  replaced by 7 i n  a l l  t h e  
above equations. I n  both  equat ions  this asymmetric term is q u i t e  s m a l l ;  t he re fo re ,  we w i l l  set 
these  terms t o  zero. 

Qs t a c k  - 72-"2 A. vS ( 2 + R ) (B18.1) 

From t h e  wind-tunnel d a t a  w e  can  c a l c u l a t e  t he  terms involving t h e  sh i e ld ing  parameters. 

W e  now i n s e r t  t h e  numerical v a l u e s  i n t o  t h e  equations and d e f i n e  two dimensionless parame- 

t e r s  f s  and fw. 

These expressions a r e  accu ra t e  t o  two s i g n i f i c a n t  f i g u r e s  . 
# 

Combining these  terms y i e l d s  express ions  f o r  t he  s t a c k  and wind i n f i l t r a t i o n .  

COMBINING WIND AND STACK REGIMES 

We have an express ion  f o r  the i n f i l t r a t i o n  i n  t h e  s t ack  regime and an  express ion  f o r  i n f i l t r a -  

t i o n  i n  t h e  wind-regime, but  we have no adequate expression f o r  t h e  in termedia te  case.  
Although the  in termedia te  ca se  w i l l  no doubt be  very complicated and s i t e - s p e c i f i c ,  we w i l l  
assume t h a t  one of  t h e  two equations w i l l  adequately desc r ibe  the  s i t u a t i o n .  We s h a l l  use t h e  

l a r g e r  of t he  two i n f i l t r a t i o n  va lues  a t  a l l  t i m e s .  



where 

Q(hT,v) is the  ins tantaneous  i n f i l t r a t i o n .  

There is  a wind speed a t  which the  s t a c k  e f f e c t  and wind e f f e c t  become equal.  Above t h a t  wind 

speed, t h e  wind e f f e c t  dominates whi le  below, t h e  s t a c k  e f f e c t  dominates. A t  t h e  equil ibrium 
wind speed, 

Depending on t h e  va lue  of R, t h e  equi l ibr ium wind speed may be  anywhere from 2/3 vs t o  vs. 

NOMENCLATURE 

2 A e f f e c t i v e  leakage a r e a  [m 1 
- 

A, t o t a l  leakage area  (2 + Af + A ) 
W 

W C 

c  s u b s c r i p t  i nd ica t ing  t h e  c e i l i n g  

C (wind pressure)  sh i e ld ing  c o e f f i c i e n t  

Qs tack 

Qw ind 

R 

i n t e r n a l  (wind) pressure  c o e f f i c i e n t  

i n t e r n a l  p re s su re  c o e f f i c i e n t  a t  h igh  wind s t r e n g t h  

s t ack -e f f ec t  f a c t o r  

reduced-stack e f f e c t  f a c t o r  [ m / s / E ]  

wind-effect f a c t o r  

reduced wind-ef f e c t  f a c t o r  

2  acce l e ra t ion  of g r a v i t y  [ 9 . 8  m/sec ] 

height  v a r i a b l e  [m] 

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

he igh t  of  t h e  wind measurement 

index t o  denote each f a c e  of t he  s t r u c t u r e  

semi-empirical constant  used i n  empir ica l  f i t s  t o  leakage d a t a  

semi-empirical constant  used i n  empir ica l  f i t s  t o  leakage d a t a  
2 s t agna t ion  pressure  ( 1/2pv ) [Pa] 

s t a c k  p re s su re  (pg@) 

appl ied  pressure  d i f f e rence .  

e x t e r i o r  pressure  r i s e  due t o  t h e  wind 

i n t e r n a l  pressure  change 

i s  a i r  flow [rn3/sec] 

ins tantaneous  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  the  s t ack  regime 

i n f i l t r a t i o n  i n  t he  wind regime 

f r a c t i o n  of leakage a rea  combined i n  f l o o r  and c e i l i n g  



NOMENCLATURE 

i n s i d e  temperature [OK] 

ins ide-outs ide  temperature d i f f e r e n c e  

wind speed a t  c e i l i n g  he igh t  [m/secJ 

reduced wind speed 

wind speed a t  s tandard  ( t e r r a i n )  condi t ions  

c r i t i c a l  wind speed 

reduced c r i t i c a l  wind speed 

measured wind speed 

index t o  denote t h e  wa l l s  o f  t he  s t r u c t u r e  

cons t an t  t h a t  depends on t e r r a i n  class (see t a b l e s  above) 

normalized he igh t  

e f f e c t i b e  n e u t r a l  l e v e l  of t he  J th f a c e  

n e u t r a l  l e v e l  

cons tant  dependent on t e r r a i n  c l a s s  ( s e e  t a b l e s  above) 

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  from t h e  mid-point 

dens i ty  of a i r  11.2 kg/m3] 

wind s t r e n g t h  

f i n d i c a t e s  depressurization/pressurization 

o r  i n f  i l t r a t i o n / e x f  i l t r a t i o n  r e spec t ive ly  
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Table A l :  Terrain Parameters f o r  Standard Terrain Classes f 

Class Y c( Description 

I 0.10 1.30 ocean o r  o ther  body of water with a t  
l e a s t  5 b  of m r e s t r i c t e d  expanse 

I I 0.15 1.00 f l a t  t e r r a i n  with some isola ted obs- 
t a c l e s  (buildings o r  t r e e s  well  
separated from each o ther  

I11 0.20 0.85 r u r a l  areas  with low buildings,  
t r e e s ,  e t c .  

I V  0.25 0.67 urban, i n d u s t r i a l  o r  f o r e s t  a reas  

V 0.35 0.47 center of l a r g e  c i t y  (Manhattan) 

f l o o r  

f l o o r  

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

ce i l ing  

f l o o r  

L P: 
wall  - n + l  [-$+I - (pj-l)n+l] 

ce i l ing  L P: ~7 

f l o o r  L P: (-pjIn 

L P; 
p j  < 0 wall  - n + l  [ ( I - B ~ ) ~ + ~  - ( - ~ ~ ) ~ + l ]  

ce i l ing  L P: ( l - ~ ~ ) ~  

f l o o r  0 

L P; 
Exf i l t r a t ion  wall 

n + l  ( 1 -pj ) n+l 

ce i l ing  L PE (l-BjIn 

f loor  0 

1 < B j  wall o 
ce i l ing  0 



Table- B1: Inf i l t ra t ion  Through Each Face 

Direct ion Condition Location Expression 

Inf i l t r a t i o n  

f l o o r  
wall 

ce i l ing  

f loor  

wall 

ce i l ing  

f loor 

wall 

ce i l ing  

4f vs ,/B,-1 
2 - 312 (pw-1)3/1 
3 vs Ley 

vs da, 

Exf i l t r a t i o n  

* 

f loor  

wall 

ce i l ing  

f loor 

wall 

ce i l ing  

f loor 

wall 
ce i l ing  

L i 

Table B2: Wind Regime Inf i l t ra t ion  Values 

Face Infiltration/Exfiltration 

f loor  V A  ,/7?-i-(l-&~~) 
f 4bc0 

wall  
W 

c e i l i n g  





F i g .  1 L i n e s  o f  c o n s t a n t  i n f i l -  
t r a t i o n  a s  a  f u n c t i o n  o f  t he  2 
r e d u c e d  v e l o c i t i e s :  t h e  d a s h e d  
l i n e  s e p a r a t e s  t he  s t a c k - d o m i n a t e d  
a n d  w i n d - d o m i n a t e d  r e g i m e s .  ( R e f e r  
t o  " S y m b o l  T a b l e "  a n d  " D e f i n i n g  
R e l a t i o n s "  p r e c e d i n g  t h e  f i g u r e s . )  
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F i g .  2 L i n e s  o f  c o n s t a n t  i n f i l -  
t r a t i o n  a s  a  f u n c t i o n  o f  w i n d  
s p e e d  a n d  t e m p e r a t u r e  d i f f e r e n c e :  
t h e  d a s h e d  l i n e  s e p a r a t e s  the 
s t a c k - d o m i n a t e d  a n d  w i n d - d o m i n a t e d  
r e g i m e s .  ( R e f e r  t o  " D e f i n i n g  Re-  
l a t i o n s "  p r e c e d i n g  t h e  f i g u r e s .  
T h i s  f i g u r e  c o n t a i n s  e s s e n t i a l l y  
the  s a m e  i n f o r m a t i o n  a s  F i g .  1 ,  
b u t  e x p r e s s e s  i t  i n  d i f f e r e n t  
v a r i a b l e s .  ) 
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Fig. 4 

F i g .  3 A g r a p h  o f  t h e  p r e d i c t e d  vs m e a s u r e d  i n f i l t r a t i o n  p o i n t s  f o r  
a l l  d a t a  p o i n t s  t h a t  h a d  b o t h  p r e d i c t e d  a n d  m e a s u r e d  i n f i l t r a t i o n  v a l u e s  
o f  l e s s  t h a n  1 5 0  m 3 / h :  t h e  s o l i d  l i n e  i s  t h e  l o c u s  o f  p o i n t s  t h a t  re- 
p r e s e n t s  p e r f e c t  a g r e e m e n t ;  t h e  d a s h e d  l i n e s  d e f i n e  a n  a r e a  o f  a c c e p t -  
a b l e  a g r e e m e n t  b a s e d  o n  t h e  m e a s u r e m e n t  u n c e r t a i n t i e s  o n l y .  -. 
F i g .  4 A g r a p h  o f  t h e  p r e d i c t e d  v s  m e a s u r e d  i n f i l t r a t i o n  p o i n t s  n o t  
i n c l u d e d  o n  t h e  p r e v i o u s  g r a p h :  t h e  b o x  i n  t h e  l o w e r  l e f t  h a n d  c o r n e r  
i s  t h e  r a n g e  o f  t h e  p r e v i o u s  g r a p h ;  t h e  s o l i d  l i n e  i s  t h e  l o c u s  o f  
p o i n t s  t h a t  r e p r e s e n t s  p e r f e c t  a g r e e m e n t ;  t h e  d a s h e d  l i n e s  d e f i n e  a n  
a r e a  o f  a c c e p t a b l e  a g r e e m e n t  b a s e d  o n  t h e  m e a s u r e m e n t  u n c e r t a i n t i e s  o n l y .  



DISCUSS 

JEAN LeBRUN, P r o f . ,  Univ. o f  L i e g e ,  L i e g e ,  Belgium: I n  t h e  i n f i l t r a t i o n  
measurements ,  i t  i s  d i f f i c u l t  t o  i d e n t i f y  c o r r e c t l y  t h e  m i c r o - c l i m a t e  t o  which  
t h e  b u i l d i n g  i s  r e a l l y  s u b m i t t e d .  What complementa ry  measurements  c o u l d  we 
make ( l o c a l  v e l o c i t y ,  w a l l  m e a s u r e m e n t s ) ?  

MAX SHERMAN: W h i l e  i t  i s  t r u e  t h a t  t h e  m i c r o - c l i m a t e  i n  t h e  i m m e d i a t e  v i c i n i t y  
o f  t h e  s t r u c t u r e  d e t e r m i n e s  t h e  d r i v i n g  f o r c e s  o f  i n f i l t r a t i o n ,  i t  i s  i m p r a c t i c a l  
t o  b a s e  a model  o f  i n f i l t r a t i o n  o n  t h e s e  p a r a m e t e r s ,  i f  w e  w i s h  t o  make u s e  o f  
t h i s  model  i n  t h e  f i e l d .  We h a v e ,  t h e r e f o r e ,  u s e d  t h e  l o c a l  ( b u t  n o t  m i c r o )  
w e a t h e r  c o n d i t i o n s  as o u r  i n p u t s  t o  t h e  model.  

LeBRUM: I f  t h e s e  measurements  are  n o t  s a t i s f a c t o r y ,  I would s u g g e s t  t h e  f o l l o w -  
i n g :  Those  who a n a l y z e  b u i l d i n g  a i r  i n f i l t r a t i o n s  s h o u l d  u s e  a " r e f e r e n c e  
model" i n  t h e  v i c i n i t y  o f  t h e  b u i l d i n g  b e i n g  c o n s i d e r e d ,  e . g .  a s m a l l  c u b e  w i t h  
c a l i b r a t e d  o r i f i c e s  t h a t  c o u l d  b e  e v e n t u a l l y  t e s t e d  u n d e r  l a b o r a t o r y  c o n d i t i o n s .  
C o n t i n u o u s  a i r  i n f i l t r a t i o n  m e a s u r e u e n t s o n  t h e  r e f e r e n c e  mode l  would c o n s t i t u t e  
a  c h e c k i n g  o f  o u r  u n d e r s t a n d i n g  o f  t h e  phenomena and  v a l i d i t y  o f  o u r  t h e o r e t i c a l  
and  e x p e r i m e n t a l  p r o c e d u r e s  ( e . g . ,  t h e  i n t e r p r e t a t i o n  o f  t h e  mic ro-c l imate ) . '  
T h e r e  i s  no h o p e  o f  s i g n i f i c a n t  r e s u l t s  i n  t h e  b u i l d i n g  i f  we a r e  n o t  a b l e  t o  
u n d e r s t a n d  wha t  h a p p e n s  i n  t h e  r e f e r e n c e  model.  W e  a r e  a l r e a d y  a p p l y i n g  t h i s  
methodology  i n  Be lg ium f o r  t h e  h e a t i n g  e n e r g y  a n a l y s i s  o f  b u i l d i n g s .  

SHERMAN: It i s ,  however ,  i m p o r t a n t  i n  t h e  model  d e v e l o p m e n t  s t a g e  t o  b e  a b l e  t o  
c o n n e c t  t h e  l o c a l  w e a t h e r  t o  t h e  m i c r o - c l i m a t e  and t h e  m i c r o - c l i m a t e  t o  t h e  i n -  
f i l t r a t i o n .  F o r  t h i s  p u r p o s e ,  we h a v e  b u i l t  a  Mobi le  I n f i l t r a t i o n  T e s t  U n i t  
(MITU) which  i s  f u l l y  i n s t r u m e n t e d  t o  m e a s u r e  w e a t h e r , i n f i l t r a t i o n s ,  s u r f a c e  
p r e s s u r e s  and  i n t e r i o r  c o n d i t i o n s .  W e  e x p e c t  t o  v a l i d a t e  o u r  model  u s i n g  MITU 
a n d  s u p p l y  d a t a  t o  t h e  A i r  I n f i l t r a t i o n s  C e n t e r  i n  B r a c k n e l l ,  U . K . ,  f o r  g e n e r a l  
u s e .  




