
I n  L ~ I C  cleslgn of a hirii.ding, Che hesiting x ~ d  cool ing  load should be ca l cu l a t ed  accu ra t e ly  ir. 
nvcler t o  proper ly  s i z e  ;I:? h t n r i n g  and cool ing  system and t o  make a  s u i t a b l e  p r ed i c t i on  of t he  
s ea sona l  energy requ i rements .  

Z ~ e r g y  is addt:J t o  o r  t sken  f r o n  a s t r u c t u r e  in a v a r i e t y  of vays: conduct ion of hea t  
through t h e  s o l i d  no r r i on  of ?he s t r u c t u r e ;  t h e m 1  r a d i a t i o n  through t r anspa ren t  s u r f a c e s  
scch a s  uindows; +he a d 2 i t i o n  ?f  cnergy from peop1.e and equipment i n s i d e ;  and f i n a l l y  t he  
er:esgT r:ssnr-i-~:d with t h ?  a i r  Char i s  e i t h e r  introduced through t h e  v e n t i l a t i o n  sys te in  o r  
c ~ ~ n t i n u c i l l y  i n r i l t l - a t i n g  kite and e-xEiltraii-nng out: of t h e  s t r u c t u r e ,  Of a l l  t he se  f a c t o r s ,  
i n f t i t r a t i o n  i s  perhaps t h e  mst d i f f i c u i t  t o  p r e d i c t  and can be r s  much a s  1 / 3  of t h e  h e a t i r ~ g  
!cad and even a l a r g e r  parcentage of t h e  cool ing  l oad .  

Tllr ASKW FhIiD500K OF TLTNDAm.4LS (1) desc r ibe s  t h e  tdo b a s i c  techniques used i n  p r e d i c t  ,. y, 
air  S.2fl l t ra tSun rates. h e  mcithod-the eir change method c o n s i s t s  simply of assurnillg u cer ta i r .  
number of sir ckangas per  t o u r  f o r  each room. The number depends upon t h e  r e l a t i v e  l o c a t i o n  
of t h e  roo= i n s i d e  the structure, as well as , the  nuuber of windows and doors  i n  t h e  room. The 
second method 2s based upon measured leakage c h a r a c t e r i s t i c s  of t he  bu i l d ing  s t r u c t u r e .  S ince  
c r acks  around windows and doors  a r e  u s u z l l y  t h e  main eource of a i r  i n f i l t r a t i o n ,  It 5 s  known 
as t h e  c rack  metho&. I t  is u s u a l i ; ~  regardeg as r w e  a c c u r a t e  a s  long a s  t h e  leakage  charac te r -  
i:;tlce csn be evciudrc?ci proper ly .  Li $ ,  

In t h i s  secoud ze thod ,  t h e  a i r  Cic - r  can be  expressed:  

Q - c AP" 

%her?: 

Q = v o l t r e f . r l s  +low r a t e  of a i r  
C = p r o m r r  -~c,...,' 4-cy c o n j i a n t  
n  = expon?nt Lci:we~n lj2 and L 

bP = p r e s s u r e  d i f  icxence a c r o s s  thc eindow 

C: and n mtist k i  delbnn'lnea f o r  rshe structurit 'l- component i n  ques t i on  and tb,: pressure di . fference 
Z S  s:: 5e -known. Tn5s p r e s s u r e  d i f f e r e n c e ,  exe r t ed  on .zn enc losure ,  is  t h e  resill t .  of q i n d  blow- 
ir,:: l>vcr and aro~i*? the  'aixilding a s  w e l l  a s  che i n t e r i o r  con f igu ra t i on  and c h a r a c t e r i s t i c s  o f  
th2 a i r  h.-ndling equipment. I-n additLon, i n f i l t r a t i o n  can r e s u l t  from J d i f f e r e n c e  in d e n s i t y  
br':-*leen t h e  k~si.de and outsi.de sir. 

Yuch r e sza rch  h;?s been t o  r e f i n e  t h e  des ign  c a l c u l a t i o n s  of hea t i ng  and coo l ing  loads,  
;:~d i a  p a r t i c u l a r ,  t h e  iuff3trat!-o,1 p o r t i p ~ l  $2; i t  appl ied  t o  complex bu i ld ings  and s c m c t m e ~ . .  
~$.nong some ~f t h e  r e c e n t  ~ o n t r ~ i b u !  i ons  n r e  pspers  by Svc t lov  (2)  Jsckman and den Ouden (39 ,  
~.LErieLcsou ana Pa r r a  ( A ) ,  and P,:llrrre ( 5 ) .  I n  a l l  of t h e s e  cases, sone form of Eq (1) has  
+;cr.n appl ied  t o  al.1 of k t ~ e  room: q i t n i n  thf:  s t a c t u r e ,  -with a p r e s su rc  d i f f e r e n c e  used t h a t  is 
r r l i cu la ted  frcjiil assumed v e l o c i t y  ~ n d  tecpe:ature p r o f i l e s  bo th  i n s i d e  and out .  This  genera l  
,t!lproach has  beer, used for sonc 5 m s  ;,,? tn "Procedure f o r  Determining Heat ing and Cooling 
.,osi$ f o r  Cocr;ut~rizeci Energy C~~1r:ulatxurrs" (6). O f  course ,  s i n c e  33.1 of i!lesc procedure3 a x  
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{.ssed on t h e  c r a c k  method and Eq ( I ) ,  they  assume a  s teady  flow s i t u a t i o n  with  a  c o n s t a n t  
p i e s s u r e  d r ~ p  a c r o s s  t h e  c r a c k ,  t h u s  implying a c o n s t a n t  wind v e l o c i t y  on t h e  oucs ide  of t h e  
b u i l d i n g .  T h i s  r a r e l y ,  i f  e v e r ,  happens. The purpose of  t h i s  s tudy  was t o  de te rmine ,  exper i -  
r cc~ ta : ly ,  i f  meaningful i n f i l t r a t i o n  d a t a  could be ob ta ined  from observing t h i s  f l u c t u a t i n g  
vind speed and p r e s s u r e  d i f f e r e n c e  exer ted  on an enc losure .  I n  a d d i t i o n ,  an a t t empt  was made 
t o  e v a l u a t e  t h e  c o r r e l a t i o n  between t h e s e  two dynamic v a r i a b l e s .  

EXY ERIf4ENThL RNEST IGATION ------ 
The Center  f o r  Bui ld ing  Technology o f f i c e  b u i l d i n g  l o c a t e d  on t h e  grounds of t h e  Nat iona l  Bureau 
of  S tandards  i n  Gai thersburg ,  Maryland i s  Bui lding 226, Fig.  1. Two s e p a r a t e  o f f i c e s  (A331 and 
B322) approximately  1 0  f t  (3  m) h igh  by 10 f t  ( 3  m) wide by 16 f t  (5 m) long were r e t r o f i t t e d  
and used a s  test rooms f o r  t h i s  s tudy .  A s  shown, one of t h e  rooms was on t h e  n o r t h  s i d e  of  t h e  
b u i l d i n g  and t h e  o t h e r  was on t h e  sou th .  Both were on t h e  t h i r d  f l o o r ,  and each con ta ined  one 
vindow approximately  5  f t  ( 1  112 m) wide x 8  f t  (2 112 m) high and one door f a c i n g  a  c o r r i d o r .  
The i n t e r i o r  w a l l s  of t h e s e  rooms were meta l  p a r t i t i o n  w a l l s ,  3 i n .  (7.6 cm) t h i c k  hav ing  a  
sound t r a n s m i s s i o n  of STC-40. The p a r t i t i o n s  were jo ined  every 4  f t  (1 .3  m) w i t h  meta l  p o s t  
caps .  The normal o f f i c e  windows were removed and rep laced  w i t h  exper imental  p l a s t i c  windows 
c o n t a i n i n g  a d j u s t a b l e  c r a c k s  a s  shown i n  F ig .  2  and 3. The a d j u s t a b l e  b r a c e s  could be loosened 
s o  t h a t  t h e  two c e n t e r  p i e c e s  would s l i d e  about ,  t h u s  e n a b l i n g  one t o  change t h e  wid th  of t h e  
t e s t  c rack .  The t e s t  c r a c k  r e f e r s  t o  t h e  complete U-shaped opening shown. The remainder of 
t h e  opening was always s e a l e d  w i t h  a  s p e c i a l  f i b e r - r e i n f o r c e d  t a p e .  

Before p u t t i n g  t h e  exper imenta l  p l a s t i c  o r  t e s t  windows i n  p l a c e ,  they  were c a l i b r a t e d  i n  a  
t enpora ry  s t r u c t u r e  (Fig.  4 ) .  h  blower was used t o  p u l l  a i r  through t h e  t e s t  c r a c k ,  t h e n  i n t o  
a  po lye thy lene  e n c l o s u r e  around t h e  blower t h a t  pumped a i r  back i n t o  t h e  room f o r  r e c i r c u l a t i o n .  
An a d j u s t a b l e  damper on t h e  blower was used t o  o b t a i n  s e v e r a l  f low r a t e s  through t h e  window. 
A p i t o t  tube  mounted i n  t h e  3  i n .  (7.6 cm) s u c t i o n  p i p e  was used t o  determine t h e  a i r  f low r a t e .  
The p r e s s u r e s  were measured w i t h  a  Hook gage manometer. The manometer was a l s o  used t o  measure 
t h e  p r e s s u r e  d rop  a c r o s s  t h e  window by opening one s i d e  t o  t h e  room and connect ing t h e  o t h e r  t o  
t h e  i n s i d e  of t h e  e n c l o s u r e ,  u s i n g  114 i n .  (0.63 cm) i d  p l z s t i c  Zubing. The two windows were 
c a l i b r a t e d  a t  c r a c k  wid ths  of .05 i n .  (0.126 cm) and .025 i n .  (0.063 cm). S e v e r a l  d i f f e r e n t  
damper p o s i t i o n s  on t h e  blower were used t o  determine t h e  c a l i b r a t i o n  curve  a t  s t e a d y  f low 
c o n d i t i o n s  (Fig.  5 ) .  

Once t h e  test windows were p laced  i n  t h e  o f f i c e s ,  t h e  test equipment was arranged a s  shown 
2 i n  P i g .  6 .  A d i f f e r e n t i a l  p r e s s u r e  t r a n s d u c e r ,  having a  range  of + 0.01 p s i  (68.95 N/m ) 

d i f f e r e n c e ,  was l o c a t e d  i n  each room, one s i d e  connected t o  t h e  o u t s i d e  through a  s m a l l  h o l e  
i n  t h e  test window and t h e  o t h e r  s i d e  open t o  t h e  room. Three t r a n s d u c e r s  a r e  shown en  t h e  
c h a i r  i n  Fig.  7. The t r a n s d u c e r s  measured t h e  i n s t a n t a n e o u s  p r e s s u r e  drop a c r o s s  t h e  windows. 
The t r a n s d u c e r  o u t p u t s  were f e d  by way' o f  s h i e l d e d  c a b l e  down t h e  h a l l  t o  a n  a m p l i f i e r  i n  t h e  
i n s t r u m e n t a t i o n  room. The a m p l i f i e d  s i g n a l s  were i n  t u r n  s e n t  t o  a  two pen c h a r t  r e c o r d e r  and 
an  a m l o g  t a p e  r e c o r d e r  l o c a t e d  on t h e  f i r s t  f l o o r  of t h e  b u i l d i n g .  

C02 was r e l e a s e d  i n t o  t h e  t e s t  rooms, and t h e  C02 c o n t e n t  o f  t h e  air  was c o n t i n u a l l y  ana- 
lyzed  t o  de te rmine  t h e  a i r  change r a t e  f o r  t h e  rooms. Th is  " t r a c e r  gas" t echn ique  has  been 
used s u c c e s s f u l l y  i n  p r e v i o u s  i n v e n t i g a t i o n s  (7 ,  8 ,  9 ,  1 0 ,  11, 12 ,  1 3 ) .  The a i r  change r a r e  is  
d e f i n e d  as t h e  r a t i o  of t h e  hour ly  r a t e  at  which a i r  e n t e r s  ( o r  l e a v e s )  t h e  e n c l o s u r e  t o  t h e  
volume of t h e  enc losure .  The amount o f  decay i n  C02 c o n c e n t r a t i o n  i n  t h e  test space  pe r  u n i t  
t ime i s  n u m e r i c a l l y  e q u a l  t o  t h e  amount 3 f  C02 l e a v i n g  t h e  space  w i t h  t h e  o u t l e t  a i r  i n  t h e  
same u n i t  t i m e .  T h i s  can  b e  expressed :  

where : 3  3 
V = volume of t h e  s p a c e ,  f t  ( o r  m ) 
C = c 'oncen t ra t ion  o f  C02 a t  t i m e  t 
N = number of a i r  changes p e r  hour 
t = t i m e ,  h o u r s  

(C f o r  c o n c e n t r a t i o n  is  n o t  t o  b e  confused w i t h  t h e  p r o p o r t i o n a l i t y  c o n s t a n t  of Eq ( 1 ) ) .  

With C = Co a t  t ime t = 0 ,  t h e  s o l u t i o n  t o  Eq (2) i s :  
N = (ln[Co/C l ) / t  

9q (3) s t a t e s  t h a t  t h e  number o f  a i r  changes o c c u r r i n g  d u r i n g  t ime ( t )  i s  e q u a l  t o  t h e  n a t u r a l  
Logarithm o f  t h e  r a t i b . o f  t h e  i n i t i a l  C02 c o n c e n t r a t i o n  t o  t h e  c o n c e n t r a t i o n  a t  t h e  end of t h e  
t ime i n t e r v a l .  



I n  o rde r  2 0  dei:emLucz t h e  C02 conten t  ok t h e  a i r ,  an  a i r  pump c i r c u l a t e d  t h e  mixture through 
?./4 i n .  ( 0 . 6 3  cm) i d  p l a s t i c  tub ing  from one o r  t he  o t h e r  of t h e  t e s t  rooms (depending on t h e  
posit lo:^ O F  t h e  two-way va lve)  through a  C02 ana lyzer  and bask i n t o  t he  rooms. A l a r g e  fan 
was used i n  t h e  room for a s h o r t  per iod of tinie a t  t h e  beginning of each t e s t  t o  i n s u r e  a 
unifcrmly mixed atmosphzre. The C02 t ransducers  were l oca t ed  i n  t h e  cen t e r  of t h e  room (Fig.  7 ) .  
S ince  t h e  f an  was no t  rm continuously throughout t h e  t c s t ,  i t  cannot be s a i d  f o r  c e r t a i n  t h a t  
t h e  &cay r a t e  of C02 gzve an accu ra t e  i n d i c a t i o n  of t h e  a i r  movement occur r ing  a t  t he  window. 
The ana lyzer  ou tput  w m  disp layed  and recorded a s  a func t ion  of t i m t l  on a  pen c h a r t  recorder .  
During a l l  t e s t s ,  t h e  i n i t i a l  concent ra t ion  of C02 i n  t h e  t e s t  rooms was 1% o r  l e s s .  S ince  
t h e  ou tput  of t h e  ana lyze r  was l i n e a r  i n  t h i s  range,  t h e  v o l t a g e  read ings  d i sp layed  on t h e  pen 
c h a r t  r e co rde r  could be used d i r e c t l y  f o r  c a l c u l a t i o n  of t h e  a i r  change r a t e .  The r e s u l t  of a 
t y p i c a l  t c s t  record ing  of C02 decay is  shown i n  Fig. 8. S ince  t h e  s l ope  was used t o  de t e rn ine  
t h e  equa t ion  o f  t h e  s t r a i g h t  l i n e  pass ing  through the  d a t a  w i th  t h e  " l e a s t  e r ro r " .  The s lope  
o r  a i r  change r a t e  was t hus  determined. 

The wind v e l o c i t y  and d i r e c t i o n  were determined by anemometers loca ted  on a  tOiJcr 300 f  t: 
(92 m) d i r e c t l y  n o r t h  of t h e  bu i ld ing .  They were approximately 30 f t  (9 m) above t he  ground, 
which corresponded approximately t o  tlle he ight  above t he  ground t o  t h e  c e n t e r  of t h e  windows. 
The t o t a l  wind speed was measured by a  cup-type anemometer, which is  e s s e n t i a l l y  a  d c  perman- 
e n t  ulagnet genera tor  w i th  t h e  ou tput  vo l t age  d i r e c t l y  p ropo r t i ona l  t o  t h e  speed of r o t a t i o n  of 
t h e  3-cup r o t o r  a t t a ched  t o  i ts  s h a f t .  Two prope l le r - type  anemometers were a l s o  mounted on t he  
tower t o  measure t h e  north-south and east-west component of t he  wind ve loc i t y .  These a l s o  
were min i a tu r e  d c  gene ra to r s  providing an  analog vo l t age  ou tpu t  p ropo r t i ona l  t o  t h e  wind speed,  
They responded only  t o  t h a t  component of t h e  wind whlch has  p a r a l l e l  t o  t h e  a x i s  of r o t a t i o n  
and i nd i ca t ed  fo rward  and r e v e r s e  a i r  flow by a  r e v e r s a l  of s i g n a l  p o l a r i t y  at t he  genera tor .  
A l l  t h r e e  i n d i c a t o r s  were c a l i b r a t e d  so  t h a t  100 mV output  represen ted  1 0  mph (4.47 n / s )  o f  wFnd 
w e d .  These vo l t age  s i g n a l s  were recorded s imultaneously w i th  t h e  two p re s su re  d i f f e r e n c e  
s i g n a l s  on 5 channels  of t h e  anal.og t ape  recorder  l oca t ed  in Room B150 of t h e  bu i l d ing .  

During each t e s t ,  t h e  e n t i r e  room, w i th  t h e  e ~ c e p t i o p ~ o f  t h e  t e s t  window, was s ea l ed  as 
completely as possib1.e. The v e n t i l a t i o n  system se rv ing  t h e  room was shu t  o f f  aad t h e  r s g i s t e r s  
where a i r  n o r m f l y  e .nters  t h e  room were a l s o  sealed. /"Polyethylene was taped over  t h e  door and 
a l l  o t h e r  n o t i c e a b l e  c recke  i n s i d e  t h e  room were ta6ed. Nine seDarate  one hour t e s t s  were 
conducted dur ing  t h e  summer of  1970, and \ t p $ c a l  r e s u l t s  a r e  shown i n  Fig. 9  - 12 ( f o r  t e s t  
No. 3 ) .  
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Roon A and Room B on t h e  p r e s s u r e  d i f f e r e n c e  p l o t s  s i g n i f y  d a t a  f o r  Roon A331 and Rom B322, 
r e s p e c t i v e l y .  A p o s i t i v e  AP s i g n i f i e s  a  l a r g e r  p r e s su re  o u t s i d e  compared t o  i n s i d e  t h e  room. 
I n  a d d i t i o n ,  t h e  wind v e l o c i t y  components were combined t o  compute a wind d i r e c t i o n  a s  sho~m.  
As noted prev ious ly ,  t h e s e  d a t a  were taken from anemometers l oca t ed  approximately 300 f e e t  
(92 m) nor th  of  t h e  b u i l d i n g  and 30 f e e t  (9  m) above ground. Therefore, they  represent:  undis-- 
turbed cond i t i ons  and would be  d i f f e r e n t  from what is occu r r i ng  a t  t h e  bu i l d ing  su r f ace .  

Sy observing t h e  p l o t s ,  it can be seen t h a t  t he  wind v e l o c i t y  and p re s su re  d i f f e r e n c e s  were 
f a r  from s teady .  Table 1 shows a summary of t h e  i n f i l t r a t i o n  s t u d i e s .  I nd i ca t ed  i n  t h i s  
t a b l e  a r e  t h e  observed wind d a t a  a t  the NBS s i t e  t oge the r  w i th  s i m i l a r  d a t a  obtained a t  Dui les  
I n t e r n a t i o n a l  A i rpo r t ,  approximately 20 mi l e s  southwest of NBS. Colums 9 and 1 5  show t h e  
actual .  a i r  c'hange r a t e  (AC ) as measured by t he  C02 " t r a c e r  gas" technique.  Teniperatures 

a c t  were measured i n s i d e  t h e  room and on o r  around t h e  t e s t  windows i n  a d d i t i o n  t o  t h e  temperature 
ou t s ide .  During t h e  s m e r  per iod  when t h e s e  tests were be ing  conducted, tho  tempereture 
d i f f e r e n c e  seldom exceeded 20 deg F (11.1. deg C ) ,  making t h e  d r i v i n g  f o r c e  due t o  temperature 
d i f f e r e n c e  i n s i g n i f i c a n t  compared t o  t h e  d r i v i n g  f o r c e  due t o  t h e  wind. 

Prc l lminary  t e s t s  were run  on each of t h e  t e s t  roons i n  t P r  s ea l ed  con:!iguration and a l s o  
w i th  t he  wicdov crack s ea l ed  w i th  fiber-rreinforced tape .  A smal l  anouct  of l e ~ l k z g e  s t i l l  
occur red ,  s o  t h e  u n c e r t a i n t y  a s soc i a t ed  w i t h  t h e  a c t u a l  a i r  change r a t e a  is  appro:iimately 
0. OS per  hour. 

The s t eady  flow c h h r a c t e r i s t i c s  of t h e  two test windows, as d isp layed  i n  Fig.  5,  were 
analyzad by use  of t h e  least squares  method t o  g i v e  t h e  c o e f f i c i e n t  (C)  an& exponent (u) 



t ab lua ted  i n  zolumns 6, 7 ,  12, and 1 3  respec t ive ly .  An a i r  change r a t e  (AC 1 was ca lcula ted  
s f  f o r  czch t e s t ,  using these  cons tants  and the  time average of the  measured pressure f1uctua:ions 

( ~ o l u m s  6 end 14) i n  conjunction with Eq (1) .  

C, r h f r d  a i r  change r a t e  i s  tabula ted  i n  columns 11 and 1 7  and i s  labe led  AC . , t o  
s ign i fy  a ca l cu la t ion  done according t o  recommended procedures i n  t h e  ASHRAE Hk8k38~ OF 
FIRDAMENTALS (1) .  

ASHUE recornends the  use of  Eq (1) ca l cu la t ing  i n f i l t r a t i o n  r a t e s  a s  a  r e s u l t  of wind fo rces ,  
provided t h a t  t he  leakage c h a r a c t e r i s t i c s  of t he  window (C and n)  a r e  known. The only d i f f i -  
cul.ty a r i s e s  i n  t he  choice of a  AP. The ve loc i ty  head equivalent  t o  a  given wind speed a s  
opeci f ied  i n  (Ref 1 )  is: 

2 
Pv = 0.000482 Vw ( 4 )  

where: 
P -- vel.ocity head, inches of H20 

v 
and : 

Vw = wind speed, mi les  per  hour 

Ref 1 recommends f o r  design purposes: "To account f o r  the  buildup of pressure  i n s i d e  t h e  
bui ld ing ,  i t  i s  common p r a c t i c e  t o  t ake  0.64 Pv a s  t he  pressure  d i f f e rence  across  t h e  windward 
wall". 

Consequently, t h e  a i r  change r a t e s  tabula ted  i n  columns 11 and 17  of Table 1 (ACASHRAE) 
were determined by using Eq (1) with: 

2 
AP = .000308 Vw 

(5) 

where: Vw was taken a s  t he  wind speed measured a t  t h e  NBS s i t e ,  averaged over t he  dura t ion  of 
t h e  t e s t .  Due t o  t h e  unique conf igura t ion  of  t h e  experimental se tup  described i n  t h i s  paper, 
one should r e a l l y  not  expect t h e r e  t o  be  much c o r r e l a t i o n  between ACACT and ACASHRAE, which 
i s  used f o r  design purposes under a  more r e a l i s t i c  situation-where a i r  flow through t h e  
bui ld ing  occurs. A t  t h e  beginning of  t h i s  p r o j e c t ,  i t  was intended t h a t  t he  two t e s t  roons be 
connected by f l e x i b l e  ducts  t o  a s c e r t a i n  any d i f f e rences  due t o  t h i s  "through-£1-ow". However, 
t h a t  phase of t h e  p r o j e c t  was never completed. 

The - ~ a r i o u s  a i r  change r a t e s  of Table 1 a r e  p lo t t ed  i n  Fig. 13  - 16. A s  can be seen from 
Fig. 13 f o r  Room A331 and a crack width of 0.05 i n .  (0.126 cm), t h e r e  is  very l i t t l e  corre1.a- 
t i o n  among t h e  t h r e e  d i f f e r e n t l y  determined r a t e s .  For Room B322 and a crack width of 0.05 i n .  
(0.126 cm) (Fig. 14 ) ,  t h e r e  is r e l a t i v e l y  good c o r r e l a t i o n  between the  measured and s teady 
fiow c a l c u l a t i o n  (using t h e  average of t h e  measured AP's) a t  t h e  higher wind v e l o c i t i e s .  For 
a l l  t e s t s  involving t h e  smaller  crack (.025 i n .  (0.063 cm), t he  c o r r e l a t i o n  between t h e  a c t u a l  
r a t e  and s teady s t a t e  c a l c u l a t i o n  is  moderate t o  good (Fig. 15  and 16 ) .  

For a l l  tests where the  average wind v e l o c i t y  was l a r g e r  than approximately 5 mph (2.2 m/s),  
t h e  i ! S U  ca lcu la t ion  gave a much higher a i r  change r a t e  than a c t u a l l y  occurred. As mentioned 
above, t h i s  could be expected. Since l i t t l e  o r  no "through-flow" was allowed, t h e  pressure  
buildup i n s i d e  the  room was such t h a t  t h e  AP a t  any i n s t a n t  was considerably l e s s  than 0 .64  Pv. 

Elk ins  and Wensuian (10) r ecen t ly  repor ted  on an sir i n f i l t r a t i o n  study i n  which two r e s i -  
dences i n  Canton, Ohio were instrumented t o  measure i n f i l t r a t i o n  r a t e s .  Measurements were 
taken f o r  a  period of  alrcost one year. Since these  were s i n g l e  s t o r y  dwell ings,  t h e  r e s u l t s  
indica ted  i n f i l t r a t i o n  r a t e s  a l n o s t  s o l e l y  a funct ion  of wind speed and d i r ec t ion .  

It i s  c f t e n  pos tu la ted  and has  been v e r i f i e d  by seve ra l  t e s t s  (7, 9) t h a t  the  i n f i l t r a t i o n  
s a t e  i s  a l i n e a r  func t ion  of wind speed. This  l i n e a r i t y  a r i s e s  because t h e  i n f i l t r a t i o n  
r a t e  i s  propor t ional  t o  the wind pressure  t o  approximately the one-half po i~e r  while  t he  wind 
j r e s s u r e  is propor t ional  t o  t h e  square of t h e  xdnd speed. Obs.?rving t h i s ,  Elkins and Wensman 
(20) divided t h e i r  experimental ly measured i n f i l t r a t i o n  Fetes by t h e  wind speed and p lo t t ed  
the  new f a c t o r  aga ins t  wind d i r ec t ion .  The r e s u l t i n g  curve hzd a c l e a r l y  defined peak, thus  
s h o w i ~ g  t h e  sepa ra t e  e f f e c t  of wind speed and d i r ec t ion .  A s i m i l a r  p l o t  was attempted f o r  t h e  
da t a  of t h i s  s tudy (Fig. 17) .  There i s  no d e f i n i t e  t ~ e n d  i n  t h e  d a t a ,  i nd ica t ing ,  perhaps, 
l oca l i zed  processes a t  t h e  windows unre la ted  t o  t!ie wind ve loc i ty  and d i r e c t i o n  measured 300 f t  
(92 m) nor th  of the bui ld ing .  



$'cry r ~ c e n t l p  H.  K .  Malinowski (l4) presented a  d i s cus s ion  of t he  wind e f f e c t  on a i r  move- 
c : . r l t  i n s i d e  bu i ld ings .  H i s  observa t ions  were t h a t  a i r  exchange i s  a  r e s u l t  of four  f a c t o r s :  

1. a i r  flow through a  space 
2 .  p u l s a t i n g  flow 
3 .  t h e  pene t r a t i on  of eddies  ( turbulence)  
4 .  s t a t i c  or  molecular d i f f u s i o n  

The a i r  exchange by through-flow i s  depicted i n  A of Fig.  1 8  and occurs  when openings a r e  
l oca t ed  i n  a r e a s  of d i f f e r e n t  p r e s su re .  A s  noted prev ious ly ,  t h i s  type of flow was p r a c t i c a l l y  
e l imina ted  i n  t h e  p r e sen t  s t udy  a s  a  r e s u l t  of completely s e a l i n g  t he  room except f o r  t h e  t e s t  
window, 

P u l s a t i n g  flow occurs  when a l l  t h e  openings a r e  loca ted  i n  an a r ea  of the  same e x t e r n a l  
p r e s su re ,  c r  when t h e  p r e s su re  d i f f e r e n c e  is very smal l ,  bu t  t h e  v a r i a t i o n  of the  p r e s su re  
i n  time predominateg. This  process  is  demonstrated i n  B of Fig.  18 and,  a s  a l r eady  noted,  was 
perhaps t h e  predominate f a c t o r  i n  t h e  experiments conducted i n  t h i s  s tudy .  

Pinother type  of p u l s a t i o n  flow e x i s t s  when the  ex t e rna l  p r e s su re  changes between two o r  more 
openings i n  such a  way t h a t  t h e  flow p e r i o d i c a l l y  changes d i r e c t i o n  (C of Fig. 18) .  Because 
of t h e  b a s i c  con f igu ra t i on  of t h e  t e s t  c r ack ,  t h i s  l a t t e r  p rocess  could very  we l l  have occurred 
dur ing  t h e  t e s t s  and would he lp  expla in  why t h e  i n f i l t r a t i o n  r a t e ,  cal .culated using t he  s t eady  
flow equat ion ,  and measured AP gave va lues  smal le r  r a t h e r  than l a r g e r  than a c t u a l l y  measured 
dur ing  63% of t h e  t e s t s .  Unfortunately only one l o c a t i o n  i n  t h e  cen t e r  of t h e  window was 
chosen f o r  a p r e s su re  d i f f e r e n c e  measurement and no q u a n t i t a t i v e  d a t a  e x i s t s  t o  v e r i f y  t h e  
occurrence of t h i s  phenomena. 

I f  t h e  e x t e r n a l  f low is tu rbu l en t  o r  i f  p o t e n t i a l  tu rbulence  is  c r ea t ed  i n  t h e  v i c i n i t y  of 
t h e  opening, eddies ,  by p e n e t r a t i o n  i n t o  t h e  bu i l d ing ,  a r e  c a r r i e r  v e h i c l e s  f o r  t h e  conveyance 
of e x t e r n a l  a i r  i n t o  t h e  bu i l d ing  and t h e  removal of t h e  h t e r n a l  mix ture  of a i r  t o  t h e  ou t s ide .  
This  process  i s  i l l u s t r a t e d  i n  D of Fig. 18. It i s  f e l t  t h a t  openings much l a r g e r  than  t hose  
which e x i s t e d  i n  t h e  presen t  t e s t s  a r e  requi red  be fo re  ' t h i s  process  becomes s i g n i f i c a n t  . 
SPECTRUM ANALYSIS . \ - \ - '  

I f  any iileaningful s imu la t i on  i s  t o  be made of t h e  dynamic i n f i l t r a t i o n  process ,  then  t h e  f r e -  
quency of  t h e  wind a d l o r  p r e s su re  d i f f e r e n c e  o s c i l l a t i o n s  must be known. The range of frequen- 
c i e s  t h a t  a r e  predominant have been d e t e m i n e d  by a  spectrum a n a l y s i s  of t h e  measured da t a .  
The d e t a i l s  o f  t h i s  kind of a n a l y s i s  a r e  g iven  i n  t he  Appendix and i n  more d e t a i l  i n  Ref 17. 

A sequence of c a l c u l a t i o n s ,  descr ibed  i n  t h e  Appendix, were appl ied  t o  a  3 min segment of 
north-south and east-west v e l o c i t y  components of t e s t  No. 3.  The r e s u l t s  a r e  shown i n  Fig.  19. 
The o r d i n a t e  is  a normalized "power", and t h e  absc i s sa  i s  t h e  frequency i n  Hz. The t ime 
increment between d a t a  p o i n t s  was 0.5 seconds, which l i m i t s  t h e  h ighes t  p o s s i b l e  frequency 
d e t e c t a b l e  by t h e  a n a l y s i s  t o  1 Hz. A s  can be seen ,  t h e  h ighes t  s i g n i f i c a n t  frequency is on 
t h e  o rde r  of 0 .1  Hz w i th  t h e  maximum "power" occur r ing  a t  f requenc ies  i n  t h e  range of 0.01 Hz. 
The d a t a  of o t h e r  t e s t s  were analyzed,  and s i m i l a r  r e s u l t s  were ob ta ined .  It i s  f e l t  t h a t  t h i s  
specturm is a c c u r a t e  s i n c e  t h e  response curve f o r  t h e  prope l le r - type  anemometers is  r a t h e r  
f l a t  ou t  t o  1 Hz. 

Turbulence i n  a  flow f i e l d  is  c a l l e d  i s o t r o p i c  i f  i t s  s t a t i s t i c a l  f e a t u r e s  have no p re f e r -  
ence f o r  any d i r e c t i o n  (16). This  cond i t i on  s imultaneously r e q u i r e s  no zverage shear  stress 
and no v e l o c i t y  g r ad i en t  i n  t h e  f i e l d .  Even though i t  i s  a hypo the t i ca l  s i t u a t i o n ,  t h e  
ma jo r i t y  of t h e o r e t i c a l  ana ly se s  on turbulence  ha s  been i n  t h i s  a r e a ,  and a knowledge of i t s  
c h a r a c t e r i s t i c s  had formed a fundamental b a s i s  f o r  t h e  s tudy  of a c t u a l  t u rbu l en t  flows. One 
of t h e  ranges of f r equenc i e s  where an  equat ion f o r  t h e  power ,pecturm has  been der ived  on a 
t h e o r e t i c a l  b a s i s  (assuming i s o t r o p i c  tu rbulence)  is t h e  so-cal led " i n e r t i a l  subrange". It 
can be shown t h a t  t h e  "power" is  equa l  t o  a  cons tan t  t imes t h e  frequency t o  t h e  minus 5 /3  power. 
It is i n t e r e s t i n g  t o  n o t e  i n  Fig. 19 t h a t  t h e  specturm obta ined  has  t h i s  kind of dependence over 
a l a r g e  po r t i on  of t h e  range.  

Fig.  20 shows t h e  r e s u l t s  of a  s i m i l a r  a n a l y s i s  t h a t  was doneon t h e  p r e s su re  d i f f e r e n c e s  
a c r o s s  t h e  t e s t  windows dur ing  t e s t  No. 3 .  As wi th  t h e  v e l o c i t y  components, t h e  s i g n i f i c a n t  
f r equenc i e s  were below 0 .1  Hz w i th  t h e  maximum "power" occur r ing  a t  f requenc ies  below 0.01 HZ. 
However, one should be cau t ioned  t hac  no frequency response was determined f o r  t h e  t ransducer-  
tub ing  system, and t h e  absence of high frequency components could very  we l l  be  due t o  t h e  



response c h a r a c t e r i s t i c s  of t h e  measuring system i t s e l f .  

CONCLUSIONS 

The mst obvious conclusion t o  be drawn from t h e  presen t  s tudy is t h a t  t h e  i n f i l t r a t i o n  process  
t h a t  a c t u a l l y  occurs  i n  and around window cracks  i s  an extremely complex one. I t  is pos tu la ted  
t h a t  a i r  change i s  p r imar i l y  a  r e s u l t  of a  pu l s a t i on  process  a t  t he  window crack ,  and t he  r e s u l t  
is  complicated by t h e  f a c t  t h a t  a i r  flow can occur  i n t o  and out  of t h e  room simultaneously.  

The des ign  c a l c u l a t i o n ,  a s  recommended by ASHKAE, gave a i r  change r a t e s  l a r g e r  than those  
measured, p a r t i c u l a r l y  when t h e  average wind speed was higher  than approximately 5 mph ( 2 . 2  m/s).  
Of course,  t h e  des ign  c a l c u l a t i o n  i s  f o r  t he  normal s i t u a t i o n  where t h e  bu i l d ing  space i s  
unsealed and a i r  moving i n  through a  window i s  f r e e  t o  move ou t  through another  opening. The 
c o r r e l a t i o n  between a c t u a l  a i r  change r a t e s  and ones ca l cu l a t ed  using t h e  s teady flow equat ion 
and a  measured AP (averaged over  t h e  du ra t i on  of t h e  t e s t )  was moderate t o  good. The agreement 
was b e t t e r  a t  h igher  average wind v e l o c i t i e s .  The major reason t h a t  t he  agreement was not 
b e t t e r  between t h e  a c t u a l  flow r a t e s  and those  ca l cu l a t ed  using t he  steady-flow assl~mption was 
assumed t o  be t h e  simultaneous forward and r eve r se  flow through t h e  windows. 

APPENDIX 

Spectrum Analysis  Ca l cu l a t i ons  

Consider one of t h e  v e l o c i t y  components of t h e  wind. Over a  c e r t a i n  l eng th  of t ime t h e  
average va lue  of t h i s  component can be determined. The ins tan taneous  va lue  i s  then a s s m e d  
t o  be composed of t h e  t ime average va lue  p lu s  some time dependent f l u c t u a t i o n .  

where : 
U1 = ins tan taneous  v e l o c i t y  component 
- 
U = t ime average va lue  
1 

u = ins tan taneous  va lue  of t h e  f l u c t u a t i n g  component 
1 

The k i n e t i c  energy of t h e  t u rbu l en t  f l u c t u a t i o n s  can be considered t o  c o n s i s t  of t h e  s ~ m  of t h e  
con t r i bu t i ons  of  a l l  t h e  f requenc ies  (n) . Let : 

E(n) dn 

be  t h e  c o n t r i b u t i o n  t o  u l  of t he  f requenc ies  between n  and n  + dn; t h e  d i s t r i b u t i o n  func t ion  
E (n) then has t o  s a t i s f y  t h e  condi t ion :  

E  (n) i s  c a l l e d  t h e  power spectrum. 

I n  t h e  f i e l d  of s t a t i s t i c s ,  t h e r e  a r e  many types of c o r r e l a t i o n  func t ions  t h a t  have been 
def ined .  One such func t ion  involves  t h e  c o r r e l a t i o n  between va lues  of a  f l u c t u a t i n g  quan t i t y  
a t  a  f i x e d  po in t  i n  a  flow f i e l d  a t  two d i f f e r e n t  i n s t a n t s  t '  and t'-t o r  t ' + t .  For t h e  
experiment being analyzed he re ,  t h e  q u a n t i t y  of  i n t e r e s t  i s  t he  f l u c t u a t i n g  v e l o c i t y  component 

ul. The c o r r e l a t i o n  d e s i r e d  i s  then: 

o r  i n  terms of a  c o e f f i c i e n t :  

where t h e  average i s  taken  wi th  r e spec t  t o  time t .  



It can be show: (15, 16)  t h a t  t h e  time c o r r e l a t i o n  c o e f f i c i e n t  def ined above and t he  power 
spectrum a r e  Fou r i e r  cos ine  t ransforms:  

and : 

Consequently, t h e  power spectrum can be obtained by f i r s t  computing t h e  c o r r e l a t i o n  c o e f f i c i e n t  
and then ob t a in ing  t h e  power spectrum. I n  t h e  a n a l y s i s  of t he  d i s c r e t e  da t a  ob ta ined  from the  
experiment,  t h e  fol lowing sequence of  c a l c u l a t i o n s  was used: 

C 
m-1 v  

P < &) = ~t R(O) + 2 r R(L) cos 2n k 
k= 1 

f o r  v = 0, 1, . . . m 

- v 1 
i 

v-n 1 P (- ) = C  a P (y 
m 2At n=-i n 

where : 
X ( t  ) = va lue  of t h e  v a r i a b l e  of i n t e r e s t  a t  t ime t 

n n 
2 

a = va r i ance  

A t  = t ime increment between d i s c r e t e  d a t a  va lues  

N = No. of d a t a  va lues  chosen f o r  t h e  a n a l y s i s  

a  = smoothing window 
n 

The purpose of t h e  window is t o  smooth t h e  d i s t o r t i o n  caused by t h e  f i n i t e ,  d i s c r e t e  da t a .  

The smoothing window chosen f o r  t h e  c a l c u l a t i o n  i n  t h i s  s tudy was: 
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ROBERT A. MACRISS ( I n s t i t u t e  of Gas Tech, Chicago I L ) :  You showed t h a t  a l l  your 
i n f i l t r a t i o n  va lues  were much lower than one would c a l c u l a t e  by using t h e  crack 
and AP method of ASHRAE a t  each windspeed l e v e l .  Could t h e  d i f f e r ence  account 
i n  t h e  f a c t  t h a t  t h e  sharp-edged, well-defined crack you c r ea t ed  i n  t h e  window 
does no t  approach t h e  shape, roughness, e t c . ,  of  a c t u a l  c racks  i n  houses i n  t h e  
f i e l d ?  Furthermore s i n c e  t h e  ASHRAE method has  used da t a  from a c t u a l  f i e l d  mea- 
surements, do you f e e l  a s  I do t h a t  it rep re sen t s  more c l o s e l y  t h e  l e v e l  of in-  
f i l t r a t i o n  i n  t h e  f i e l d  than your approach? 

HILL: I t h i n k  your observa t ion  i s  c o r r e c t .  Our enclosure  was r a t h e r  un rea l i s -  
t i c  i n  t h a t  no through flow was allowed t o  occur. However, our  o b j e c t i v e  was 
no t  t o  v a l i d a t e  t h e  ASHRAE design method bu t  r a t h e r  t o  determine t he  r e l a t i o n -  
s h i p  between t h e  p u l s a t i o n s  a t  t h e  window cracks  and t h e  a i r  movement through 
them. 

PAUL R. ACHENBACH (Nat ional  Bureau of Standards ,  Washington D C ) :  This s tudy 
e s s e n t i a l l y  shows t h e  e f f e c t  of pu l sa t i ng  indoor-outdoor p re s su re  d i f f e r ence  
caused by v a r i a b l e  wind v e l o c i t y  on t h e  a i r  i n f i l t r a t i o n  of an e s s e n t i a l l y  a i r -  
t i g h t  room except  f o r  window cracks .  The graphs show t h a t  t h e r e  i s  an apprecia- 
b l e  a i r  exchange cause by p u l s a t i n g  p re s su re  d i f f e r ence  t h a t  i nc rea se s  wi th  
average wind v e l o c i t y ,  b u t  it i s  of a  lower magnitude than would be determined 
by convent ional  c a l c u l a t i o n  methods f o r  a  room having both i n t e r i o r  and e x t e r i o r  
c racks  and openings. 

HILL: I agree.  

ARUN VOHRA (Fa i r f ax  Hospi ta l ,  F a l l s  Church VA): You have pointed ou t  t h a t  t h e  
aerodynamics of a i r  flow around a bu i ld ing  i s  extremely complex and it is  d i f -  
f i c u l t  t o  c a l c u l a t e  t h e  a i r  leakage. Is i n f r a r e d  thermography a  u se fu l  and 
p r a c t i c a l  t o o l  t o  observe a i r  leakage i n t o  and from a bu i ld ing?  

HILL: I t  i s  a  p r a c t i c a l  t o o l ;  W e  have used such equipment a t  t h e  Bureau of 
Standards  t o  f i n d  a  s i g n i f i c a n t  leakage of ho t  a i r  from one of our  experimental 
r e s i d e n t i a l  bu i ld ings .  




