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I INTROUUCTIOR l 
A v a r i e t y  o f  e n p i n e e r i n p  p rob lems  r e q u i r e  t h e  e s t i m a t i o n  o f  p r e s s u r e  t r a n s i e n t s  
i n  b u i l d i n g s .  N o t a b l e  examples  o f  s u c h  p rob lems  a r e  found i n  t h e  d e s i g n  znd 
s a f e t y  a n z l y s i s  o f  n u c l e a r  po'her p l . n t s .  S i m i l a r  p rob lems  a r e  f a c e d  i n  d e s i g n i n g  

HVAC s y s t e m s  f o r  c h e m i c a l  p l a n t s  and n u c l e a r  f u e l  p r o c e s s i n g  f a c i l i t i e s .  
, j p i c a l l y ,  a  b u i l d i n g  h a s  t o  be  b r o u g h t  t o  a  c e r t a i n  p o s i t i v e  o r  n e g a t i v e  p r e s s u r e  
w i t h i n  a  c e r t a i n  t i m e .  The c a p a c i t y  o f  f a n  r e q u i r e d  t o  b r i n g  t h i s  i b o u t  h a s  t o  
be : a l c u l a t e d .  I n  s a f e t y  e v a l u a t i o n s ,  t h e  f a n  h a s  a l r e a d y  b e e n  s e l e c t e d  and  he 
t i m e  r e q u i r e d  t o  b r i n g  t h e  b u i l d i n g  t o  t h e  d e s i r e d  p r e s s u r e , h a s  t o  be c a l c u l a t e d .  
Formulae  f o r  d o i n g  s u c h  c a l c u l a t i o n s  a r e  n o t  a v a i l a b l e ,  a t  l e a s t  n o t  i n  t h e  
books  n o r m a l l y  r e f e r r e d  t o  by HVAC e n g i n e e r s .  Hence when s u c h  c a l c u l a t i o n s  Ere  
needed  on  e n g i n e e r i n g  p r o j e c t s ,  t h e s e  have t o  be done on c o m p u t e r s  by computer  
a n a l y s i s  s p e c i a l i s t s .  T h i s  g e n e r a l l y  i n v o l v e s  c o n s i d e r a b l e  d e l a y  and e x p e n s e .  

I n  t h i s  p a p e r ,  s i m p l e  f o r m u l a e  d e v e l o p e d  by t h e  a u t h o r  a r e  p r e s e n t e d  which 
c a n  be u s e d  t o  c a l c u l a t e  p r e s s u r e  t r a n s i e n t s  i n  b u i l d i n g s  i n  which  t h e  t empera -  
t u r e  i s  a p p r o x i m a t e l y  c o n s t a n t .  Many p r a c t i c a l  p rob lems  f a l l  i n  t h i s  c a t e g o r y .  
Hence t h e s e  f o r m u l a e  c o u l d  s a v e  t i m e  and expense  and h e l p  t h e  e n g i n e e r s  i n  deve-  
l o p i n g  b e t t e r  d e s i g n s ,  

L,EAKAGE DATA A N D  CORRELATIONS 

The c a l c u l a t i o n  o f  p r e s s u r e  t r a n s i e n t s  i n  b u i l d i n g s  r e q u i r e s  t h e  e s t i m a t i o n  o f  
t h e  r a t e  o f  l e a k a g e  t h r o u g h  v a r i o u s  l e a k a g e  p a t h s .  Through e x p e r i m e n t a l  s t u d i e s ,  
l e a k a g e  d a t a  and c o r r e l a t i o n s  have b e e n  d e v e l o p e d  f o r  a  v a r ' e t y  o f  b u i l d i n g  1 components .  One such  s o u r c e  o f  d a t a  i s  t h e  ASHRAE Handbook . Ref 1 g i v e s  t z b -  

' .a ted  and  g r a p h i c a l  d a t a  f o r  l e a k a g e s  t h r o u g h  w a l l s ,  d o o r s ,  windows e t c .  The 
, a t a  a r e  shown a s  v o l u m e t r i c  l e a k a g e  r a t e  v s  p r e s s u r e  d i f f e r e n c e  a c r o s s  t h e  
component i n  q u e s t i o n .  Ref 1 f u r t h e r  n o t e s  t h a t  t h e  i n f i l t r a t i o n  t h r o u g h  a  
w a l l  component c a n  be e x p r e s s e d  a s  f o l l o w s :  

where C i s  t h e  f l o w  c o e f f i c i e n t  and t h e  exponen t  n  v a r i e s  b e t w e e n  0 . 5  end 1 ,  
u s u a l l y  n e a r  0 . 6 5 .  

E x t e n s i v e  measurements  o f  l e a k a g e  r a t e s  t h r o u g h  a  wide v a r i e t y  o f  s t r u c t u r z l  
components  were  c a r r i e d  o u t  by Koontz  e t  a 1 2 .  The comFonents  t e s t e d  i n c i u d e ?  
s t r u c t u r a l  components  s u c h  a s  d o o r s  and l o u v e r s  a s  w e l l  a s  m a t e r i a l s  such  2 s  
c a u l k i n g  compounds,  g a s k e t s ,  and p a i n t s .  They found  t h a t  t h e  l e a k a g e  r a t e s  
t h r o u g h  a l l  i t e m s  t e s t e d  by them c o u l d  be a c c u r a t e l y  c o r r e l a t e d  by t h e  e q u a t i o n :  

M .  M .  Shah i s  a  C o n s u l t i n g  E n g i n e e r ,  1 5  Rush S t r e e t ,  P o r t  J e f f e r s o n  S t a t i o n ,  
New Y o r k ,  1 1 7 7 6 .  
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INTRODUCTION 

A v a r i e t y  of  e n p i n e e r i n g  problems r e q u i r e  t h e  e s t i m a t i o n  o f  p r e s s u r e  t r a n s i e n t s  
i n  b u i l d i n g s .  N o t a b l e  examples  of s u c h  p rob lems  a r e  found i n  t h e  d e s i g n  and 
ss f  ~ t y  a n ~ . l y s i s  o f  n u c l e a r  poTh.er p l ,  n t s  . S i m i l a r  p rob lems  a r e  f a c e d  i n  d e s i g n i n g  

HVAC s y s t e m s  f o r  c h e m i c a l  p l a n t s  and n u c l e a r  f u e l  p r o c e s s i n g  f a c i l i t i e s .  
, y p i c a l l y ,  a  b u i l d i n g  h a s  t o  be b r o u g h t  t o  a  c e r t a i n  p o s i t i v e  o r  n e g a t i v e  p r e s s u r e  
w i t h i n  a c e r t a i n  t i m e .  The c a p a c i t y  o f  f a n  r e q u i r e d  t o  b r i n g  t h i s  :=bout  h a s  t o  
be  c a l c u l a t e d .  I n  s a f e t y  e v a l u a t i o n s ,  t h e  f a n  h a s  a l r e a d y  b e e n  s e l e c t e d  and t h e  
t i m e  r e q u i r e d  t o  b r i n g  t h e  b u i l d i n g  t o  t h e  d e s i r e d  p r e s s u r e  h a s  t o  be c a l c u l a t e d .  
Formulae  f o r  d o i n g  s u c h  c a l c u l a t i o n s  a r e  n o t  a v a i l a b l e ,  a t  l e a s t  n o t  i n  t h e  
books  n o r m a l l y  r e f e r r e d  t o  by HVAC e n g i n e e r s .  Hence when s u c h  c a l c u l a t i o n s  a r e  
n e e d e d  on  e n g i n e e r i n g  p r o j e c t s ,  t h e s e  have t o  be done on compute rs  by compute r  
a n a l y s i s  s p e c i a l i s t s .  T h i s  g e n e r a l l y  i n v o l v e s  c o n s i d e r a b l e  d e l a y  and e x p e n s e .  

I n  t h i s  p a p e r ,  s i m p l e  f o r m u l a e  d e v e l o p e d  by t h e  a u t h o r  a r e  p r e s e n t e d  which 
c a n  be  u s e d  t o  c a l c u l a t e  p r e s s u r e  t r a n s i e n t s  i n  b u i l d i n g s  i n  which t h e  t empera -  
t u r e  i s  a p p r o x i m a t e l y  c o n s t a n t ,  Many p r a c t i c a l  p rob lems  f a l l  i n  t h i s  c a t e g o r y *  
Hence t h e s e  f o r m u l a e  c o u l d  s a v e  t i m e  and expense  and  h e l p  t h e  e n g i n e e r s  i n  deve-  
l o p i n g  b e t t e r  d e s i g n s .  

LEAKAGE DATA A N D  CORRELATIONS 

The c a l c u l a t i o n  o f  p r e s s u r e  t r a n s i e n t s  i n  b u i l d i n g s  r e q u i r e s  t h e  e s t i m a t i o n  o f  
t h e  r a t e  o f  l e a k a g e  t h r o u g h  v a r i o u s  l e a k a g e  p a t h s .  Through e x p e r i m e n t a l  s t u d i e s ,  
l e a k a g e  d a t a  and  c o r r e l a t i o n s  have been  d e v e l o p e d  f o r  a v a r ' e t  o f  b u i l d i n g  
components .  One s u c h  s o u r c e  o f  d a t a  i s  t h e  ASHRAE Handbook'. 'Ref 1 g i v e s  t a b -  

l a t e d  and  g r a p h i c a l  d a t a  f o r  l e a k a g e s  t h r o u g h  w a l l s ,  d o o r s ,  windows e t c .  The 
d a t a  a r e  shown a s  v o l u m e t r i c  l e a k a g e  r a t e  v s  p r e s s u r e  d i f f e r e n c e  a c r o s s  t h e  
component i n  q u e s t i o n .  Ref 1 f u r t h e r  n o t e s  t h a t  t h e  i n f i l t r a t i o n  t h r o u g h  a  
w a l l  component c a n  be e x p r e s s e d  a s  f o l l o w s :  

where C i s  t h e  f l o w  c o e f f i c i e n t  and t h e  exponen t  n  v a r i e s  be tween  0 . 5  and 1 ,  
u s u a l l y  n e a r  0.65, 

E x t e n s i v e  measurements  o f  l e a k a g e  r a t e s  t h r o u g h  a  wide v a r i e t y  of s t r u c t u r a l  
components  were  c a r r i e d  o u t  by Koontz e t  a 1 2 .  The components t e s t e d  i n c l u d e ?  
s t r u c t u r a l  components  s u c h  a s  d o o r s  and  l o u v e r s  as w e l l  a s  m a t e r i a l s  s u c h  a s  
c a u l k i n g  compounds, g a s k e t s ,  and p a i n t s .  They found  t h a t  t h e  l e a k a g e  r a t e s  
t h r o u g h  a l l  i t e m s  t e s t e d  by them c o u l d  be  a c c u r a t e l y  c o r r e l a t e d  by t h e  e q u a t i o n :  

M ,  M O  Shah i s  a C o n s u l t i n g  E n g i n e e r ,  15 Rush S t r e e t ,  P o r t  J e f f e r s o n  S t a t i o n ,  
New Y o r k ,  1 1 7 7 6 ,  
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Ref 2 l i s t s  t h e  v a l u e s  o f  t h e  f l o w  c o e f f i c i e n t s  a a n d  b  f o r  a  wide  v a r i e t y  o f  
b u i l d i n g  components .  

Two l i m i t i n g  c a s e s  o f  Eq 2 may b e  m e n t i o n e d .  If b  = 0 ,  Eq 2 becomes: 

I f  a  = 0 ,  Eq 2 becomes:  

q = b P  0 5 

I n  Eq 1 t o  4 ,  P i s  t h e  a b s o l u t e  v a l u e  o f  p r e s s u r e  d i f f e r e n c e  and  a ,  b ,  and q 
a r e  a. lways p o s i t i v e .  E q 4  a p p l i e s  t o  t h o s e  components which  c a n  be mode l led  
a s  o r i f i c e s  , w h i l e  Eq 3 i s  f o r  c a . p i l l a r y  mode l .  

DFVELOPMENT OF FORMULAE 

Formulae  a r e  now d e v e l o p e d  f o r  some o f  t h e  c a s e s  o f  p r a c t i c a l  i n t e r e s t .  I n  a l l  
t h e  c a s e s  a n a l y z e d ,  t h e  a s s u m p t i o n  i s  made t h a t  t h e  t e m p e r a t u r e  i n s i d e  t h e  
b u i l d i n g  i s  c o n s t a n t .  Whi le  t h e  c a s e  o f  v a r y i n g  b u i l d i n g  t e m p e r a t u r e  i s  a l s o  
o f  p r a c t i c a l  i n t e r e s t ,  it i s  more complex and  w i l l  be  d e a l t  w i t h  i n  a  s e p e r a t e  
p a p e r .  

Formulae  f o r  t h e  f o l l o w i n g  c a s e s  have been  d e v e l o p e d :  

1 .  A i r  f o r c e d  i n  ( o r  f o r c e d  o u t  ) a t  c o n s t a n t  mass f l o w  r a t e .  A i r  l e a k a g e  
a c c o r d i n g  t o  Eq 2 .  

2 .  A i r  f o r c e d  i n  ( o r  f o r c e d  o u t  ) a t  c o n s t a n t  mass f low r a t e .  A i r  l e a k a g e  
a c c o r d i n g  t o  Eq 3 .  

3 .  No f o r c e d  f l o w  o f  a i r .  A i r  l e a k i n g  i n  o r  o u t  e.ccordi .ng t o  Eq 2 ,  

4 .  No f o r c e d  f l o w  of a i r .  A i r  l e a k i n g  i n  o r  o u t  a c c o r d i n g  t o  Eq 3, 

5. A i r  f o r c e d  i n  ( o r  f o r c e d  o u t  ) a t  c o n s t a n t  mass f l o e  r ? t e .  A i r  l e a k a g e  
a c c o r d i n g  t o  Eq 4 .  

No f o r c e d  f l a w  o f  a i r .  A i r  l e a k i n g  i n  or. o u t  a c c o r d i n g  t o  Eq 4 .  

Formulae  f o r 2 c a s e s  3 ,  4 ,  and  6 ( no f o r c e d  f l o w  o f  a i r  ) have been  p r e s e n t e d  by 
Koontz e t  a l  , They a r e  i n d e p e n d e n t l y  d e r i v e d  h e r e  i n  a  somewhat d i f f e r e n t  
f o r m .  

S o l u t i o n  f o r  Case  l 

C o n s i d e r  a  b u i l d i n g  ( o r  any e n c l o s u r e  ) w i t h  a  f i x e d  i n t e r n a l  volume V .  
A i r  i s  b e i n g  f o r c e d  i n t o  t h e  b u i l d i n g  a t  a  c o n s t a n t  mass f l o w  r a t e  G ,  L e t  p  
be t h e  p r e s s u r e  i n  t h e  b u i l d i n g  a t  a n y  i n s t a n t .  T h e r e  a r e  a  number o f  l e a k a g e  
p a t h s  i n  t h e  b u i l d i n g  s t r u c t u r e ,  l e a k a g e  t h r o u g h  e a c h  b e i n g  e x p r e s s a b l e  by Eq 2 .  
L e t  a & ,  ag----- an and b  , b2--- -  b, be  t h e  f l o w  c o e f f i c i e n t s  o f  t h e  v a r i o u s  
l e a k a  e  D t h s .  Then t h e  t o t a l  t h r o u g h  a l l  components i s  e x p r e s s e d  a s :  

By p u t t i n g  A = C a  and B = C b 
j j 

C o n s i d e r  a  s h o r t  t i m e  i n t e r v a l  d t ,  T h i s  t i m e  i n t e r v a l  c a n  be made a s  s m a l l  a s  
we p l e a s e .  Hence w h i l e  Eq 5 i s  f o r  s t e a d y  s t a t e ,  i t  c a n  be  a p p l i e d  t o  t h e  t i m e  
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r - - - - - - - - - - -  - - - - -  -- - - -  - - -- -- -- , ~ n t e r v a l  d t .  The mass b a l a n c e  e q u a t i o n  can  t h e n  be w r i t t e n  a s :  
l 
l 
I - G d t  + p, qL d t  = - Vdp ( 7 )  
l 
1 

In E q  7 ,  P, i s  t h e  z i r  d e n s i t y  t o  which t h e  f low c o e f f i c i e n t s  a  and b  r e f e r .  

D i f f e r e n t i a t i n g  t h e  i d e a l  g a s  e q u a t i o n  w i t h  t empera tu re  remaining c o n s t a n t :  

dp = 
R T .(8 

S u b s ? i t u t i n g  i n  Eq 7 and r e a r r a n g i n g :  

dp - - -  R T  d t  
0 . 5 1  v ( 9 )  G - o r  [ ( P  - p O )  + B ( p  - p o )  

The l e f t  hand s i d e  of E q  9 can be e a s i l y  conve r t ed  t o  a  form f o r  which t h e  
i n t e g r a l  i s  a v a i l a b l e  i n  s t anda rd  i n t e g r a t i o n  t a b l e s .  I n t e g r a t i n g  Eq 9  w i t h  
t h e  c o n d i t i o n  p  = pi and P = Pi a t  t = 0 ,  t h e  s o l u t i o n  i s :  

v 

ln i G - p r  (Api+ BP! 5 ,  
t =  

RT O r  A G - p r  (AP + g p o e 5 )  

VB 1 

1 
 ZAP?'^ + B )  + K O a 5  

+ 
R A In [ :: a 

(2Apoe5 + B )  + K O ' ~  

P r ( 2 ~ p 0 . 5  + B )  - 

( 2 1 ~ e . 5  + B )  - K 0 . 5  

where 
K = (4AG o r  + O :  B ' ) .  E q  10  i s  v a l i d  on ly  i f  K > 0 .  

K0s51 
A, B, and G a r e  always p o s i t i v e  and hence t h i s  term cannot  be n e g a t i v e .  If 
B and G a r e  b o t h  z e r o ,  t h i s  term would be ze ro  and E q  1 0  would be i n a p p l i c a b l e .  
Fu r the rmore ,  E q  1 0  i s  c l e a r l y  i n a p p l i c a b l e  i f  A = 0  a s  t h e  r i g h t  hand s i d e  
becomes i n d e t e r m i n a t e .  To avoid  p o s s i b l e  e r r o r s ,  it i s  a d v i s a b l e  t o  u se  E q  10  

q l y  when A ,  B ,  and G a r e  no t  z e r o .  The formulae  p r e s e n t e d  l a t e r  a r e  t o  be 
used f o r  t h e s e  c a s e s .  

E q  1 0  was d e r i v e d  assuming t h a t  a i r  was be ing  f o r c e d  i n t o  a  b u i l d i n g  
which w a s  a t  a p r e s s u r e  h i g h e r  t h a n  t h a t  o u t s i d e .  I t  can be shown e a s i l y  
t h a t  i t  a l s o  a p p l i e s  t o  t h e  case  when a i r  i s  be ing  exhaus ted  from a  b u i l d i n g  
whose p r e s s u r e  i s  lower  t h a n  t h a t  o u t s i d e .  Care must however be t aken  t o  note ,  
t h a t  t h e  s i g n s  o f  A ,  B ,  P ,  Pi ,  and G remain t h e  same f o r  bo th  c a s e s .  

S o l u t i o n  f o r  Case 2  

Th i s  c a s e  i s  t h e  same a s  c a s e  1 excep t  t h a t  B = O G  I n  o t h e r  words, 
l e a k a g e  r a t e  i s  expres sed  be Eq 3.  The s o l u t i o n  f o r  t h i s  c a s e  can  be ob ta ined  
by s u b s t i t u t i n g  B = 0  i n  E q  1 0 .  However, a s e p a r a t e  d e r i v a t i o n  i s  g i v e n  h e r e :  

- G d t  + p, A ( p  - p,) d t  = - Vdp (11) 

Using Eq 7 and r e a r r a n g i n g :  

R T  d t  = dp v G - 0, A ( P  - p 0 )  
(12  1 
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( I n t e g r a t i o n  o f  E q  1 2  w i t h  t h e  c o n d i t i o n  p  = pi  when t = 0 y i e l d s .  

V G-P, A Pi t =  RT pr  A In [ A 1 ( 1 3 )  

S o l u t i o n  f o r  Case  3 

I n  t h i s  c a s e  G = 0  and l e a k g e  f o l l o w s  Eq 2 .  S o l u t i o n  i s  o b t a i n e d  by 
i n t e r e s t i n g  G = 0  i n  Eq  1 0  as :  

2 V + B 
t =  

P r RTA In [ AFo-5 + B ] (14.1 

S o l u t i o n  f o r  C a s e  

I n  t h i s  c a s e  G = 0  and  l e a k a g e  f o l l o w s  Eq 3 .  The s o l u t i o n  f o r  t h i s  c a s e  
i s  o b t a i n e d  f rom Eq 13 p u t t i n g  G = 0  as :  

t =  RT v P, A i n  [+] ( 1 5 )  

IT i s  i n t e r e s t i n g  t o  n o t e  t h a t  s u b s t i t u t i n g  o f  B = 0  i n  Eq 14 a l s o  y i e l d s  t h e  
same r e s u l t s .  However, t h i s  amounts t o  p u t t i n e -  K = 0  i n  Eq 1 0  which i s  mathe-  
m a t i c a l l y  i n c o r r e c t ,  Hence d e r i v a t i o n  h a s  b e e n  made f rom E q  13.  

S o l u t i o n  f o r  Case  5 

I n  t h i s  c a s e ,  A = 0  and hence l e a k a g e  i s  a c c o r d i n g  t o  Eq 4 .  The mass 
b a l a n c e  e q u a t i o n  i s :  

v - ~ d t  + i B ( p - p 0 ) 0 ~ 5  d t  = - - 
X- R T  ( 1 6 )  

S e p e r a t i o n  o f  v a r i a b l e s  and  i n t e g r a t i o n  y i e l d s :  

$ . 5  

[ i  - 

G ~ n  G-p r B pi 
RT B B~ G-G B ~ ~ ' 5  

T -  

o e :  I ( 1 7 )  
'r P r  r 

S o l u t i o n  f o r  Case  6 

I n  t h i s  o ~ s e ,  A = 0  and G = 0 .  The s o l u t i o n  f o r  t h i s  c a s e  i s  o b t a i n e d  by 
t t i n g  G = 0 i n  E q  17  a s :  

t =  2 '1 0 . 5  - 4 . 5 )  
R T  ) r  dpi ( 1 8 )  

DISCUSSION O N  FORMULAE 

I n  d e r i v i n g  t h e  f o r m u l a e  p r e s e n t e d  i n  t h e  f o r e p o i n g ,  t n e  a s s u m p t i o n  was made 
t h a t  G was c o n s t a n t .  T h i s  a s s u m p t i o n  c l o s e l y  a p p r o x i m a t e s  t h e  s i t u a t i o n  i n  
p r a c t i c a l  HVAC s y s t e m s .  C o n s i d e r  a  f a n  d rawing  a i r  from o u t s i d e  and d i s c h a r g i n g  
i t  i n t o  t h e  b u i l d i n g  i n  o r d e r  t o  p r e s s u r i z e  i t .  A s  t h e  p r e s s u r e  i n  t h e  b u i l d i n g  
r i s e s ,  t h e  v o l u m e t r i c  f l o w  r a t e  o f  f a n  would t e n d  t o  d e c r e a s e .  However, t h e  
i n c r e a s e  i n  b u i l d i n g  p r e s s u r e  i s  g e n e r a l l y  a s m a l l  f r a c t i o n  o f  t h e  o v e r a l l  
s y s t e m  p r e s s u r e  d r o p  t o  be  overcome by t h e  f a n .  Hence t h e  a s s u m p t i o n  o f  
c o n s t a n t  f l o w  r a t e  g e n e r a l l y  i n v o l v e s  v e r y  l i t t l e  e r r o r ,  I n  s p e c i a l  c a s e s  
where e n c l o s u r e s  have t o  be r a i s e d  t o  p r e s s u r e s  h i g h  enough t o  s i g n i f i c a n t l y  
r e d u c e  t h e  f a n  o u t p u t ,  t h e s e  f o r m u l a e  s h o u l d  be a p p l i e d  s u c c e s s i v e l y  o v e r  s m a l l  
r a n g e s  o f  p r e s s u r e  c h a n g e s  u s i n g  t h e  a p p r o p r i a t e  v a l u e s  o f  G ,  

A l l  t h e  f o r e g o i n g  f o r m u l a e  were d e r i v e d  f o r  t h e  c a s e  when a i r  i s  l e a k i n g  
o u t  af a  p r e s s u r i z e d  b u i l d i n g ,  However, t h e s e  a r e  a l s o  a p p l i c a b l e  t o  t h e  c a s e  
where  a i r  i s  l e a k i n g  i n t o  a b u i l d i n g  which is a t  a  p r e s s u r e  l o w e r  t h a n  s u r r o u n d -  
i n g s ,  I n  a p p l y k n g  t h e s e  f o r m u l a e ,  i t  s h o u l d  be remembered t h a t  t h e  s i g n s  o f  
P ,  Pig and G a r e  p o s i t i v e  f o r  b o t h  c a s e s .  

' .j 



I n  a l l  t h e  f o r m u l a e  p r e s e n t e d  h e r e  a r e f 2 r e n c e a i . r  d e n s i t y  p, h a s  been  u s e d ,  
T h i s  i s  t h e  a i r  d e n s i t y  a t  which t h e  f l o w  c o e f f i c i e n t s  a ,  b ,  o r  C have been  ' 

e v a l u a t e d .  Thus t h e  l e a k a g e  r a t e  c o r r e a a t i o n  may b e  i n  t e r m s  o f  t h e  o u t s i d e  
a i r  d e n s i t y  o r  t h e  s t a n d a r d  a i r  d e n s i t y  and  t h e n  t h e s e  w i l l  b e  u s e d  a s  p . 
However, i f  t h e  l e a k a g e  r a t e  c o r r e l a t i o n  i s  b a s e d  o n  t h e  d e n s i t y  i n s i d e  'the 
b u i l d i n g ,  t h e s e  f o r m u l a e  a r e  n o t  a p p l i c a b l e .  D e r i v a t i o n s  f o r  l e a k a g e  c o r r e l a -  
t i o n s  i n  t e r m s  o f  i n s i d e  a i r  d e n s i t y  c a n  be  made q u i t e  e a s i l y  b u t  such  f o r m u l a e  
have n o t  b e e n  p r e s e n t e d  i n  t h i s  p a p e r .  

G e n e r a l l y ,  it i s  v e r y  d i f f i c u l t  t o  p r e d i c t  t h e  l e a k a g e  r a t e  o f  any b u i l d i n g  
a c c u r a t e l y .  The a c t u a l  l e a k a g e  r a t e  c o u l d  depend s t r o n g l y  on t h e  q u a l i t y  of 
c o n s t r u c t i o n  and  i n s t a l l a t i o n .  The m a n u f a c t u r e r  may produce  a h i g h  q u a l i t y  d o o r ,  
b u t  t h e  a c t u a l  l e a k a g e  w i l l  depend o n  how w e l l  it i s  i n s t a l l e d .  F u r t h e r m o r e ,  
l e a k a g e  r a t e s  w i l l  g e n e r a l l y  i n c r e a s e  w i t h  a g e .  I n  a d d i t i o n ,  t h e  l e a k a g e  d a t a  
f o r  many b u i l d i n g  components a r e  u n a v a i l a b l e .  Due t o  t h e s e  u n c e r t a i n t i e s  a b o u t  
l e a k a g e  r a t e s ,  c a l c u l a t i o n s  w i t h  more p r e c i s e  m a t h e m a t i c a l  models  do n o t  
n e c e s s a r i l y  y i e l d  more r e l i a b l e  r e s u l t s .  F o r  a n  a v e r a g e  b u i l d i n g  r e q u i r i n g  
m o d e r a t e  p r e s s u r i z a t i o n ,  a s s u m p t i o n  o f  a l l n e a r  r e l a t l o n  be tween  l e a k a g e  and . 
p r e s s u r e  d i f f e r e n c e  would be  a d e q u a t e  f o r  most p r a c t i c a l  c a l c u l a t i o n s .  

The f o r m u l a e  f o r  a l l  s i x  c a s e s  have been  p r e s e n t e d  a s  e x p l i c i t  i n  t ,  I n  
many p r a c t i c a l  a p p l i c a t i o n s ,  f o r m u l a e  e x p l i c i t  i n  P o r  G a r e  n e e d e d ,  While 
Eq 1 0  and  1 7  c a n  n o t  be  s o  e x p r e s s e d ,  t h e  o t h e r  f o u r  f o r m u l a e  c a n  be easl1.y 
e x p r e s s e d  as e x p l i c i t  i n  e i t h e r  P o r  G by r e a r r a n g e m e n t .  The a l t e r n a t i v e  fo rms  
o f  Eq 1 3 ,  1 4 ,  1 5 ,  and 1 8  have t h e r e f o r e  n o t  be g i v e n  i n  t h i s  p a p e r ,  

A l l  t h e s e  f o r m u l a e  have been  d e r i v e d  u n d e r  t h e  a s s u m p t i o n  t h a t  p r e s s u r e  
o u t s i d e  t h e  b u i l d i n g  i s  u n i f o r m  a l l  a round  and c o n s t a n t .  Hourever, t h e  o u t s i d e  
p r e s s u r e  c h a n g e s  w i t h  h e i g h t  and wind v e l o c i t y .  F u r t h e r m o r e ,  t h e  p r e s s u r e  i s  
h i g h e r  on  t h e  windward s i d e  compared t o  t h e  l e e w a r d  s i d e .  These  fo rmulae  s h o u l d  
be  u s e d  o n l y  when t h e  e f f e c t  of t h e s e  v a r i a t i o n s  i s  n e g l e g i b l e .  

A l l  t h e  f o r m u l a e  p r e s e n t e d  h e r @  a r e  d i m e n s i o n l e s s  and hence any c o n s i s t e n t  
s y s t e m  o f  u n i t s  c a n  be u s e d .  

PRACTICAL APPLICATIONS 

Some p r a c t i c a l  p rob lems  f o r  which t h e  f o r m u l a e  p r e s e n t e d  e a r l i e r  a r e  u s e f u l  
a r e  now d i s c u s s e d ,  

Case  1 

C e r t a i n  rooms and b u i l d i n g s  i n  n u c l e a r  power p l a n t s  have t o  be r a p i d l y  
u r o u g h t  t o  a  c e r t a i n  p r e s s u r e  below a t m o s p h e r i c  i n  c a s e  o f  r a d i o a c t i v e  s p i l l  
i n s i d e  them i n  o r d e r  t o  p r e v e n t  e x c e s s i v e  u n c o n t r o l l e d  o u t f l o w  o f  r a d i o a c t i v i t y .  
Examples a r e  t h e  a n n u l u s  b u i l d i n g  s u r r o u n d i n g s  many of t h e  PWR-type r e a c t o r  
c o n t a i n m e n t s  and t h e  b u i l d i n g s  e n v e l o p i n g  t h e  d r y w e l l  i n  t h e  BWR-type n u c l e a r  
power p l a n t s .  A f i l t e r e d  e x h a u s t  sys tem o f  c a p a c i t y  s u f f i c i e n t  t o  b r i n g  a b o u t  
t h i s  d e p r e s s u r i z a t i o n  h a s  t o  be p r o v i d e d .  Leakage c o e f f i c i e n t s  a and b  
v a r i o u s  b u i l d i n g  components  a r e  e s t i m a t e d  u s i n g  t h e  d a t a  o f  Koontz e t  a l B f o r  
f rom o t h e r  s o u r c e s ,  The r e q u i r e d  c a p a c i t y  o f  e x h a u s t  f a n  c a n  t h e n  be c a l c u l a t e d  
u s i n g  Eq 1 0 .  

The c o n t r o l  rooms of  n u c l e a r  power p l a n t s  g e n e r a l l y  r e q u i r e  r a p i d  p r e s s u r i -  
z a t i o n  f o l l o w i n g  a r a d i o a c t i v e  s p i l l  o u t s i d e .  Eq 1 0  c a n  be u s e d  f o r  e s t i m a t i n g  
r e q u i r e d  p r e s s u r i z a t i o n  f l o w  i n  t h e  same way. 

The p r o b l e m s  d i s c u s s e d  i n  t h e  f o r e g o i n g  c a n  be posed i n  a n o t h e r  way. A 
s a f e t y  a n a l y s i s  h a s  t o  be  performed t o  d e t e r m i n e  w h e t h e r  t h e  sys tem p r o v i d e d  
f o r  p r e s s u r i z a t i o n  o r  d e p r e s s u r i z a t i o n  a r e  a d e q u a t e .  Eq 1 0  c a n  a p a i n  be used  
t o  d e t e r m i n e  t h e  t i m e  r e q u i r e d  t o  r e a c h  t h e  d e s i r e d  p r e s s u r e  l e v e l  w i t h  t h e  
a v a i l a b l e  f a n  c a p a c i t y .  I t  i s  n o t  uncommon f o r  t h e  pe r fo rmance  c r i t e r i a  t o  
change  d u r i n g  t h e  d e s i g n  s t a g e  o r  even  f o r  o p e r a t i n g  p l a n t s ,  and t h e  adequacy 
o f  t h e  e x i s t i n g  equ ipment  c a n  t h e n  be  e v a l u a t e d  w i t h  Eq 1 0 ,  



Case 2 

A l l  d i s c u s s i o n  on  C a s e 1  a l s o  a p p l y  t o  Case  2 e x c e p t  t h a t  l e a k a g e  is  
c a l c u l a t e d  w i t h  Eq 3 i n s t e a d  o f  Eq 2 .  G e n e r a l l y  Eq 3 i s  u s e d  where rough 
e s t i m a t e s  a r e  a d e q u a t e  o r  where more a c c u r a t e  l e a k a g e  d a t a  a r e  n o t  a v a i l a b l e .  
F o r  example ,  a t  t h e  e a r l y  d e s i g n  s t a g e  t h e  o n l y  l e a k a g e  i n f o r m a t i o n  a v a i l a b l e  
may be  t h a t  t h e  b u i l d i n g  l e a k a g e  s h a l l  n o t  exceed  one a i r  cha.nge p e r  day .  I n  
s u c h  a c a s e ,  l e a k a g e  may be  assumed t o  be a c c o r d i n g  t o  Eq 3 and Eq 13  used f o r  
e s t i m a t i n g  t h e  r e q u i r e d  f a n  c a p a c i t y ,  a d d i n g  a p p r o p r i a t e  s a f e t y  m a r g i n .  I t  i s  
o f  c o u r s e  p o s s i b l e  t h a t  t h e  l e a k a g e  c h a r a c t e r i s t i c s  o f  some e n c l o s u r e s  may 
a c ~ u a l l y  f o l l o w  Eq 3 a n d ,  i n  t h a t  c a s e ,  Eq 1 3  would b e  t h e  p r o p e r  c h o i c e .  

Case  3 

T h i s  c a s e  o f t e n  o c c u r s  i n  s a f e t y  a n a l y s e s  o f  n u c l e a r  power p l a n t s .  C e r t a i n  
p o t e n t i a l l y  r a d i o a c t i v e  b u i l d i n g s  a r e  k e p t  a t  a n e g a t i v e  p r e s s u r e  by e x h a u s t  
f a n s .  I n  c a s e  o f  l o s s  o f  power ,  t h e  e x h a u s t  sys tem s t o p s  and t h e  b u i l d i n g  
b e g i n s  t o  l o s e  t h e  n e g a t i v e  p r e s s u r e  due t o  l e a k a g e .  I t  i s  t h e n  d e s i r e d  t o  
know t h e ,  t i m e  it w i l l  t a k e  f o r  t h e  b u i l d i n g  t o  r e a c h  z e r o  p r e s s u r e  d i f f e r e n c e  
sn t h a t  t h e  emergency f i l t e r e d  e x h a u s t  sys tem be d e s i g n e d  t o  become o p e r a t i v e  

h i n  t h i s  t i m e .  I f  t h e  l e a k a g e  d a t a  a r e  a v a i l a b l e  i n  t e r m s  o f  Eq 2 ,  Eq 15 
c a n  be  u s e d  t o  d e t e r m i n e  t h e  t i m e  t o  z e r o  p r e s s u r e  d i f f e r e n c e  o r  any  o t h e r  
p r e s s u r e  d i f f e r e n c e ,  

Case  4 

C s s ~  4 i s  ~ : ? e  same as Case 3 e x c e p t  t h a t  Eq 3 i n s t e a d  o f  Eq 2 i s  used f o r  
e s t i m a t i n g  b u i l d i n g  l e a k a g e .  The r e a s o n s  f o r  u s i n g  Eq 3 i n s t e a d  o f  Eq 2 a r e  a s  
e x p l a i n e d  f o r  c a s e  2 .  

Case  5 and 6 

I n  t h e s e  c a s e s ,  t h e  l e a k a g e  i s  a c c o r d i n g  t o  Eq 4 .  T h i s  e q u a t i o n  i s  a p p l i -  
c a b l e  t o  t h o s e  b u i l d i n g  components which can  be m o d e l l e d  a.s o r i f i c e s .  Examples 
a r e  c e r t a i n  k i n d s  o f  d o o r s  and r o o f  h a t c h e s ,  p a r t i a l l y  open dampers and l o u v e r s .  
The l e a k a g e  c h a r a c t e r s t i c s  o f  some b u i l d i n g s  a p p r o x i m a t e  t o  Eq 4 .  

SUMMARY A N D  CONCLUSION 

G e n e r a l i z e d  f o r m u l a e  f o r  e s t i m a t i o n  o f  p r e s s u r e  t r a n s i e n t s  i n  b u i l d i n g  and 
e n c l o s u r e s  a t  consTant  t e m p e r a t u r e  have been  d e v e l o p e d  t h r o u g h  i n t e g r a t i o n  o f  
m a s s  b a l a n c e  e q u a t i o n s .  These fo rmulae  can  be used  t o  e s t i m a t e  t h e  s i z e  o f  f a n  

l u i r e d  t o  a c h i e v e  a c e r t a i n  p o s i t i v e  o r  n e g a t i v e  p r e s s u r e  i n  t h e  b u i l d i n g .  
Tnese  c a n  a l s o  be used  t o  d e t e r m i n e  t h e  p r e s s u r e  t h a t  c a n  be a c h i e v e d  by e x i s t i n g  
s y s t e m s .  F u r t h e r m o r e  t h e s e  fo rmulae  can  be used  t o  d e t e r m i n e  t h e  t i m e  r e q u i r e d  
t o  r e a c h  a  c e r t a i n  p r e s s u r e  i n  a n  i s o l a t e d  b u i l d i n p ,  e . g .  a f t e r  power f a i l u r e .  
F i n a l l y ,  t h e s e  f o r m u l a e  c a n  be used n o t  o n l y  f o r  a i r  b u t  f o r  any  g a s .  I t  i s  
hoped t h a t  t h e s e  would s a v e  much t ime  and e f f o r t  i n  sys tem d e s i g n  and s a f e t y  
a n a l y s e s .  

a  Flow c o e f f i c i e n t  i n  Eq 2 ,  f o r  a p a r t i c u l a r  l e a k a r e  p a t h .  

A Sum o f  c o e f f i c i e n t  ' a '  f o r  a l l  l e a k a p e  p a t h s  i n  a  b u i l d i n g  

b Flow c o e f f i c i e n t  i n  Eq  2 ,  f o r  a  p a r t i c u l a r  l e a k a g e  p a t h .  

B Sum o f  c o e f f i c i e n t  b  f o r  a l l  l e a k a r e  p a t h s  in a b u i l d i n g  

G Mass f l o w  r a t e  o f  a i r  b e i n g  f o r c e d  i n  o r  o u t  o f  t h e  b u i l d i n g .  

p  A b s o l u t e  p r p s s u r e  i n  t h e  b u i l d i n g  a t  any i n s t a n t .  

pO A b s o l u t e  p r e s s u r e  o u t s i d e  t h e  b u i l d i n g ,  assumed c o n s t a n t ,  



L 

P Absolu te  v a l u e  of  p r e s s u r e  d i f f e r e n c e  ( p - p O ) .  

q Volumetr ic  l eakage  r a t e a t  a i r  d e n s i t y  pr from a p a r t i c u l a r  leakage  p a t h .  

qL Sum o f  vo lume t r i c  l e a k a g e s  a t  a i r  d e n s i t y  p, from a l l  l eakage  p a t h s  i n  a  

b u i l d i n g .  

R Gas c o n s t a n t  f o r  a i r ,  287 J/kg deg K (53 3 f t l b f / l b m  deg R ) 

T Abso lu t e  t empera tu re  i n s i d e  t h e  b u i l d i n g ,  assumed c o n s t a n t .  

p 3 e n s i t ;  of a i r  i n  t h e  b u i l d i n g  a t  any i n s t a n t .  

pr  Reference  a i r  d e n s i t y  f o r  c o e f f i c i e n t s  a.anci b ,  

t Time from s t a r t .  

V I n t e r n a l  volume of b u i l d i n g  occupied by a i r  

h b s c r i p t s  

i A t  t ime t = 0 .  
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