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METHODS FOR ESTIMATING AIR CHANGE 

RATES AND SIZING MECHANICAL 

VENTILATION SYSTEMS FOR HOUSES 

C.Y. Shaw, Ph.D. 
ASHRAE Member 

ABSTRACT 

This  paper  p r e s e n t s  a  s i m p l e  method f o r  e s t i m a t i n g  t h e  t o t a l  a i r  change r a t e  of a  house w i t h  

o r  wi thou t  mechanical v e n t i l a t i o n .  The proposed method can be used t o  a s s e s s  t h e  e f f e c t  of a 
mechanical v e n t i l a t i o n  system on t o t a l  a i r  change r a t e s .  It can a l s o  be i n c l u d e d  i n  e x i s t i n g  

I 
s imple  computer programs f o r  e s t i m a t i n g  h e a t i n g  requ i rements  f o r  houses.  

I 
A c a l c u l a t i o n  procedure  is a l s o  p r e s e n t e d  f o r  s i z i n g  mechanical v e n t i l a t i o n  systems f o r  

houses.  This  procedure  can be used t o  e s t i m a t e  t h e  f o r c e d  v e n t i l a t i o n  r a t e  r e q u i r e d  t o  
1 ach ieve  t h e  d e s i r e d  t o t a l  a i r  change r a t e .  

I INTRODUCTION 

The amount of v e n t i l a t i o n  a i r  i n t r o d u c e d  i n t o  a  house has  a  major i n f l u e n c e  on i t s  e n e r g y  

consumption, indoor  air  q u a l i t y ,  and mois tu re  problems. I n  t h e  p a s t ,  most houses were 

v e n t i l a t e d  by a i r  l eakage  through t h e  house enve lope .  However, t h e  demand f o r  energy  

c o n s e r v a t i o n  i n  r e c e n t  y e a r s  has  l e d  t o  t h e  c o n s t r u c t i o n  of t i g h t e r  houses where a i r  l eakage  

can no longer  be r e l i e d  on a s  t h e  s o l e  source  of v e n t i l a t i o n  a i r .  As a  r e s u l t ,  mechanical  

v e n t i l a t i o n  systems a r e  r e q u i r e d  i n  t h e s e  t i g h t  houses .  

Because of t h e  l a c k  of g u i d e l i n e s  f o r  s e l e c t i n g  and d e s i g n i n g  mechanical v e n t i l a t i o n  

sys tems ,  an i n c r e a s i n g  number of t i g h t l y  c o n s t r u c t e d  and mechanical ly  v e n t i l a t e d  houses  have 

shown s i g n s  of problems wi th  chimney b s c k d r a f t i n g ,  e x c e s s i v e  p o l l u t a n t  accumulat ion from 

b u i l d i n g  m a t e r i a l s  and f u r n i s h i n g s ,  and e l e v a t e d  humidi ty  l e v e l s .  Also,  occupants  sometimes 

have turned off t h e  mechanical v e n t i l a t i o n  system t o  e l i m i n a t e  n o i s e  and co ld  d r a f t s .  A 

s e r i e s  of s t u d i e s  h a s ,  t h e r e f  o r e ,  been under taken  on f o u r  de tached  two-story houses t o  d e r i v e  

t h e  r e l a t i o n s h i p  of a i r  change w i t h  wea ther  f a c t o r s  and t h e  o p e r a t i o n  of h e a t i n g  and 

mechanical v e n t i l a t i o n  systems. The r e s u l t s  have been r e p o r t e d  p r e v i o u s l y  (Shaw and Tamura, 

1980; Shaw 1981, 1983; Shaw and Brown, 1982). 

This  paper  p r e s e n t s  ( 1 )  a  b r i e f  summary of t h e  r e s u l t s ,  ( 2 )  a  c a l c u l a t i o n  procedure  f o r  

e s t i m a t i n g  t o t a l  a i r  change r a t e s  wi th  o r  wi thou t  mechanical  v e n t i l a t i o n ,  and ( 3 )  a  method f o r  

s e l e c t i n g  a  mechanical v e n t i l a t i o n  system t h a t  w i l l  provide a  s p e c i f i e d  a i r  change r a t e  

wi thou t  caus ing  a  r i s k  of chimney b a c k d r a f t i n g .  

ESTIMATION OF A I R  CHANGE RATES WITHOUT MECHANICAL VENTILATION 

In t h i s  paper ,  t h e  term " a i r  i n f i l t r a t i o n  r a t e " ,  a s  d e f i n e d  by ASHRAE (1981) ,  means. the  

D r .  C.Y. Shaw, I n s L i t u t e  f o r  Research i n  Construct  i o n ,  NaLional Rcscnr,:li (:ollnc.i 1 of Canrldn, 

Ottawa. 



uncontrol led inward a i r  leakage through the  envelope of the  house caused by weather f ac to r s .  

The " t o t a l  a i r  change r a t e "  means t he  t o t a l  outdoor a i r  supply r a t e  due t o  the  combined ac t ion  

of a i r  i n f i l t r a t i o n  and mechanical v e n t i l a t i o n .  The "forced v e n t i l a t i o n  r a t e "  means t he  

nominal a i r f l o w  r a t e  through a mechanical v e n t i l a t i o n  system a t  the  indoor design condit ions.  

Air i n f i l t r a t i o n  r a t e s  depend on t h e  s i z e  and d i s t r i b u t i o n  of leakage openings i n  t h e  

envelope ( i .e . ,  a i r  leakage c h a r a c t e r i s t i c s )  and t h e  pressure  d i f f e r ences  across these 

openings. A s  these  two parameters cannot be e x p l i c i t l y  eva lua ted ,  approximations have t o  be 

made i n  developing models f o r  es t imat ing  a i r  i n f i l t r a t i o n  r a t e s .  In  a  s e r i e s  of s tud i e s  (Shaw 
and Tamura, 1980; Shaw 1981; Shaw and Brown 1982) i t  was assumed t h a t :  

1. the  a i r  leakage c h a r a c t e r i s t i c s  of a  house could be approximated by two c h a r a c t e r i s t i c  

va lues ,  C and n,  according t o  t he  r e l a t i onsh ip :  

2. t he  a i r  i n f i l t r a t i o n  r a t e ,  I ,  could be approximated by t h e  equat ion:  I 
The r e l a t i onsh ips  between t h i s  pressure  d i f f e r ence  (and hence the  a i r  i n f i l t r a t i o n  r a t e )  and 

the  d r iv ing  fo rces  have been obtained experimental ly (Shaw 1981; Shaw and Brown 1981). They 

a r e  presented below. 

Temperature-Induced A i r  I n f i l t r a t i o n  

Figure 1 shows the response of t he  a i r  inf lows of a  two-story house t o  t he  operat ion of a 

chimney and/or an exhaust f s n  a t  At=28 K. Two d i f f e r e n t  types of chimney were s tudied:  a  

127 mm open chimney of a  conventional gas furnace and a 80 mm wal l  mounted exhaust vent of a  

medium e f f i c i ency  induced d r a f t  gas furnace. The a i r  flow r a t e  through the  open chimney was 

19 L/s and t h a t  through the  vent was 10 L/s a t  At=28 K. Ins tead  of t h e  pressure  d i f f e r ence  

across  the  envelope, t h e  n e u t r a l  p ressure  l e v e l  was used as t h e  absc i s sa  t o  show its 

r e l a t i onsh ip  with t h e  a i r  change r a t e .  

The n e u t r a l  p ressure  l e v e l  below the  c e i l i n g  was determined from t h e  pressure  d i f f e r ence  

measured a t  s eve ra l  e l eva t ions  along t h e  e x t e r i o r  w a l l s  under calm wind condi t ions  and t h a t  
above the  c e i l i n g  was est imated from t h e  pressure  d i f f e r ence  across  t he  envelope from t h e  

equation: 

where h and h' a r e  the  n e u t r a l  p ressure  l e v e l  of t h e  house with and 

without chimneys o r  exhaust f ans  respec t ive ly .  

When the  n e u t r a l  p ressure  l e v e l  was below the  c e i l i n g  of t h e  top s t o r y ,  the  a i r  inf low through 

t h e  house envelope was measured using t h e  t r a c e r  gas decay method. Above t h e  c e i l i n g ,  it was 

equal  t o  the  a i r  flow r a t e  of t he  exhaust fan. The a i r  f low r a t e s  through the  exhaust f an  and 

t h e  chimney were measured us ing  a  flowmeter cons i s t i ng  of a  p a i r  of t o t a l  pressure averaging 

tubes. 

A s  shown i n  Figure 1 ,  t h e  amount of a i r  in f low inc reases  almost l i n e a r l y  with the  n e u t r a l  

p ressure  leve l .  This l i n e a r  r e l a t i onsh ip  is expected t o  be v a l i d  u n t i l  t h e  neu t r a l  pressure 

l e v e l  reaches the  c e i l i n g  l e v e l  of t he  top s t o r y ,  even though a s i g n i f i c a n t  por t ion  of leakage 

openings is loca ted  there.  This is  because t h e  pressure  d i f f e r ence  across  the c e i l i n g  i s  
e i t h e r  negat ive o r  zero. Once the n e u t r a l  p ressure  l e v e l  is above the c e i l i n g ,  t he  

e x f i l t r a t i o n  through the  house envelope ceases and t h e  amount of a i r  inf low ( a i r  change r a t e )  
is equal  t o  the  a i r  exhaust rate of t he  exhaust  devices.  

The r e s u l t s  i nd i ca t e  t h a t ,  as the  n e u t r a l  p ressure  l e v e l  is  r a i s ed  by a  chimney o r  a  f an ,  

t h e  a i r  i n £  low increases  a t  t h r ee  d i f f e r e n t  r a t e s .  In  t h e  l i n e a r  region where h is  a t  or  

below the  c e i l i n g ,  the a i r  i n f i l t r a t i o n  r a t e  i nc reases  l i n e a r l y  with h. In  t he  t r a n s i t i o n  

* Refer t o  Nomenclature on page 10 f o r  symbol d e f i n i t i o n .  



region where h  i s  s l i g h t l y  above t h e  c e i l i n g  and i s ,  t h e r e f o r e ,  inf luenced by both the  exhaust 

f a n  and s t ack  e f f e c t ,  a  sharp i nc rease  i n  a i r f l o w  occurs  due t o  t h e  increased  pressure 

d i f f e r e n c e  across  t he  c e i l i n g  and the  a i r  leakage openings. And, i n  t h e  power law region 

where t h e  pressure  d i f f e r ence  depend& only on the  exhaust  f a n ,  t he  a i r  inf low v a r i e s  with t he  

n  t h  power of AP. 

Method T, Based on Overa l l  Flow Coef f i c i en t s  

Figure 2  shows t h e  measured a i r  i n f i l t r a t i o n  r a t e s  of a  two-story house with and without 

a  127 mm open chimney (Shaw and Brown 1982). For t h i s  p a r t i c u l a r  house, t h e  a i r  i n f i l t r a t i o n  

r a t e s  have been found t o  be expressed by the  equat ions:  

1; = 0.32 C (A/v)(At)" No Chimney (3)  

Is = 0.43 C ( A / v ) ( A ~ ) "  With Chimney (3.3) 

I n  t he  above equat ions ,  t he  flow c o e f f i c i e n t ,  C ,  d e f ines  t h e  leakage openings i n  t h e  

e n t i r e  house envelope r a t h e r  than those  experiencing a i r  i n f i l t r a t i o n  only. For t he  same 

1 house, t he  n e u t r a l  p ressure  l e v e l  is  h igher  with a  chimney than without.  There a r e ,  

t he re fo re ,  more leakage openings experiencing a i r  i n f i l t r a t i o n  wi th  a  chimney than without ,  
I 

even though the  values of C with and without a  chimney a r e  about t h e  same. Because of t h i s ,  
I Equations 3  and 3a d i f f e r  by a  constant .  This suggests  t h a t  f o r  gene ra l i za t i on ,  an a d d i t i o n a l  

1 parameter should be included t o  account f o r  t he  v a r i a t i o n  i n  t he  leakage openings experiencing 

a i r  in£  i l t r a t i o n  i n  t h e  same house a s  well  as  i n  d i f f e r e n t  houses. Since t h e  por t ion  of t he  
I house envelope exper ienc ing  a i r  i n f i l t r a t i o n  and t h e  pressure  d i f f e r ence  across  it a r e  

propor t iona l  t o  t h e  n e u t r a l  p ressure  l e v e l ,  Equations 3  and 3a can be modified to:  

1; = a '  C f (h l /H)  (A/V) (At)" No Chimney 

I 
Is = a  C f  (h/H) (A/V) (At)" With Chimney. 

From Figure 1: 

Is = 1; ( h / h l )  

Theref ore:  

It can be concluded t h a t  t he  s imples t  expression f o r  f(h/H) and f (h l /H)  would be (h/H) and 

(h l /H) ,  respec t ive ly .  Subs t i t u t i ng  t h e  two v a r i a b l e s  i n t o  Equation (4)  and eva lua t ing  t h e  two 

cons tan ts  a  and a '  by f i t t i n g  t h e  measured a i r  i n f i l t r a t i o n  da t a  i n  Figure 2  t o  Equation 4, we 

have 
I: = 0.5 C ( h ' / l i ) ( A / ~ ) ( A t ) ~  No Chimney 

1, = 0.5 c ( ~ / H ) ( A / v ) ( A ~ ) "  With Chimney 

where : I - 
f s  = air  i n f i l t r a t i o n  r a t e  caused by s t ack  e f f e c t  a lone ,  ach,  

= f low c o e f f i c i e n t  , ~ / ( s - m ~ - ~ a " ) ,  

H = bui ld ing  he igh t ,  m ,  
n = flow exponent,  

A t  = indoor t o  outdoor temperature d i f f e r ence ,  K ,  
0.5 = dimensional cons tan t ,  m 3 * s - ~ a n / ( ~ * ~ n - h ) .  

The values of C ,  n ,  h' and h  can be evaluated a s  fol lows.  For e x i s t i n g  houses, C and n  

can be measured d i r e c t l y  using t h e  fan  p re s su r i za t i on  method, and h '  and h  can be determined 

by measuring t h e  pressure  d i f f e r ence  across the  e x t e r i o r  wal l  a t  s e v e r a l  elevations under calm 

condi t ions  (W < 3.5 m/s). For houses under design,  C and n  can only be estimated from t h e  

measurements of s i m i l a r  houses. An examination of the r e s u l t s  of 160 standard houses--and 40 
low-energy houses, mostly with the chimney sea l ed ,  i nd i ca t ed  t h a t  C varied from 0.014 t o  0.36 
~ / ( s * m ~ - ~ a " )  and n  varied from 0.6 t o  0.72 (Beach 1979; Dumont, O r r  and Figley,  1981). 

Assuming a constant  n of 0.65 (ASHRAE 1981; Tamura 1979), t h e  suggested flow c o e f f i c i e n t s  f o r  
houses a re  l i s t e d  i n  Table 1 ;  h '  is  usual ly  assumed t o  be one-half the d is tance  between t h e  



ground l e v e l  and t h e  t o p  of t h e  envelope,  and h  can  be e s t i m a t e d  u s i n g  t h e  method given i n  

Appendix A. 

Method 11, Based on a  Reference A i r  I n f i l t r a t i o n  Rate  

In  r e c e n t  y e a r s ,  advances have been made i n  t r a c e r  gas  a p p a r a t u s  and measuring 

techniques.  It i s  no longer  i m p r a c t i c a l  t o  r e q u e s t  such a  t e s t ,  when needed. I f  t h e  a i r  

i n f i l t r a t i o n  r a t e  a t  one A t  i s  known, t h e  v a l u e s  f o r  o t h e r  A t ' s  can be e v a l u a t e d  from t h e  

equat ion : 

where 1: and h* a r e  t h e  a i r  i n f i l t r a t i o n  r a t e  and n e u t m l  p r e s s u r e  l e v e l  cor responding  t o  
A t * .  

Figure  3 shows I* as a  f u n c t i o n  of C a t  At*=20 K f o r  houses  w i t h  and wi thou t  chimneys 
(Shaw 1981; Shaw and Erown 1982; Manley, Helmeste and Tamura 1984). The l i n e a r  r e l a t i o n s h i p  

between I* and C sugges t s  t h a t  Equat ions  4a and 5 w i l l  g i v e  s i m i l a r  r e s u l t s .  There fore ,  t h e  
two equat?ons a r e  v a l i d  f o r  most houses. However, i f  a  house has  been r e t r o f i t t e d  t o  improve 

a i r t i g h t n e s s ,  Equat ion 4a w i l l  no longer  be v a l i d  and Equat ion 5 should  be used. This is  

because 1; not  only depends on t h e  s i z e  of t h e  l eakage  openings b u t  a l s o  on t h e i r  l o c a t i o n  
r e l a t i v e  t o  t h e  n e u t r a l  p r e s s u r e  l e v e l ;  whereas C depends o n l y  on t h e  s i z e  of t h e  leakage 

openings. There fore ,  i f  t h e  openings near  t h e  n e u t r a l  p r e s s u r e  l e v e l  have been s e a l e d ,  a  

reduc t ion  i n  C b u t  l i t t l e  o r  no reduc t ion  i n  1; w i l l  r e s u l t .  Thus, Equat ion 4a w i l l  
overes t imate  t h e  e f f e c t  of r e t r o f i t .  

Wind-Induced A i r  I n f i l t r a t i o n  

To e s t i m a t e  wind-induced a i r  i n f i l t r a t i o n  one has  t o  c o n s i d e r  t h e  e f f e c t s  of wind 

d i r e c t i o n  and wind s h i e l d i n g  i n  a d d i t i o n  t o  wind speeds .  These e f f e c t s  may be approximately  

accounted f o r  by c o n s i d e r i n g  a  house t o  be e i t h e r  exposed t o ,  o r  s h i e l d e d  from, wind, 

depending on t h e  wind d i r e c t i o n  and t h e  sur roundings  (Shaw 1981). I n  a  developed r e s i d e n t i a l  

a r e a ,  houses a r e  normal ly  surrounded by o t h e r  houses.  These houses  would l i k e l y  be s h i e l d e d  

from wind, u n l e s s  they have a  windward w a l l  d i r e c t l y  f a c i n g  an open a r e a  such as a  long 
roadway o r  parkland. 

Figure  4  shows t h e  measured a i r  i n f i l t r a t i o n  r a t e s  as  a  f u n c t i o n  of wind speed f o r  both 

exposed and s h i e l d e d  c o n d i t i o n s  (Shaw 1981). The e m p i r i c a l  r e l a t i o n s h i p s  between t h e  two have 
been found t o  be (Shaw 1981): 

I, = 0.4 C (A/V) w2" Exposed 

= 0.7 C (A/V) Wn Shie lded  

where : - 
Iw = t h e  wind induced a i r  i n f i l t r a t i o n  r a t e  i n  a c / h ,  
W = t h e  on s i te  wind speed i n  m / s ,  measured a t  about  20 m above t h e  ground. 

Likewise,  i f  a  r e f e r e n c e  a i r  i n f i l t r a t i o n  r a t e  i s  known, t h e  f o l l o w i n g  equa t ions  can be 

used t o  c a l c u l a t e  t h e  v a l u e s  f o r  o t h e r  wind speeds:  

1, = 1; (wIw*)~"  Exposed 

= 1: (w/w*)" Sh ie lded  

Combined Wind- and Temperature-Induced A i r  I n f i l t r a t i o n  

As t h e  p ressure  d i f f e r e n c e s  due t o  i n d i v i d u a l  e f f e c t s  a r e  a d d i t i v e .  t h e  a i r  i n f i l t r a t i o n  

r a t e  caused by t h e  combined a c t i o n  of wind and temperature  can be approximated by a n  equa t ion  
s i m i l a r  t o  Equation 2: 



where t h e  parameter  F has  been inc luded  t o  account  f o r  t h e  i n t e r a c t i o n  between t h e  p r e s s u r e  

d i f f e r e n c e s  caused by s t a c k  e f f e c t  and wind. This  is n e c e s s a r y  because t h e i r  e f f e c t s  on a i r  

i n f i l t r a t i o n  a r e  no t  always independent  (Sinden 1978).  

I From Equat ion 2: 

S u b s t i t u t i n g  Equat ion 8  i n t o  Equat ion 7  w e  have:  

Using Equa t ions  4a o r  5  and 6  o r  6a f o r  e s t i m a t i n g  I and Iw, r e s p e c t i v e l y ,  and t h e  

measured v a l u e s  f o r  IwS, t h e  v a l u e s  of F were c a l c u l a t e d  ? o r  two houses  wi thout  chimneys and 

one w i t h  chimney (Shaw 1981; ASHRAE 1981). The F  f a c t o r ,  a s  shown i n  F igure  5 ,  could be 

j expressed  by t h e  e q u a t i o n :  

~ = l  f o r  0  < ( l s m l / l l r g )  < 0.1 

= 0.8 ( I sml / I l rg  )-'*I f o r  0.1 < ( 1 ~ ~ ~ 1 1 ~ ~ ~ )  < 1.0 

I where: 
I - 

Isml = s m a l l e r  v a l u e  of Is and Iw, a c / h ,  

I l r g  
= l a r g e r  v a l u e  of Is and Iw, ac /h .  

An e x p r e s s i o n  s i m i l a r  t o  Equat ion 9  (wi thou t  t h e  c o r r e c t i o n  f a c t o r ,  F) h a s  been proposed by 

Sherman and Grimsrud (1980, ASHRAE 1981). A s  i n d i c a t e d  by Equa t ion  10,  t h e  valutt of F  i s  1  

only i f  one of t h e  two weather  f a c t o r s  is  much g r e a t e r  t h a n  t h e  o t h e r  and becomes t h e  dominant ' d r i v i n g  f o r c e .  

ESTIMATION OF A I R  CHANGE RATES WITH MECHANICAL VENTILATION 

Mechanical V e n t i i a t i o n  Systems 

F igures  6  and 7  show t h e  f o u r  mechanical v e n t i l a t i o n  systems s t u d i e d  (Shaw 1983). They 
can be c l a s s i f i e d  a s  e i t h e r  "balanced" systems o r  exhaust-only systems.  A  balanced system 

c o n s i s t s  of a  supply f a n ,  which draws t h e  outdoor  a i r  i n t o  t h e  h o u s e ,  and a n  exhaus t  f a n ,  

which exhaus t s  an equa l  amount of indoor  a i r  t o  t h e  ou tdoors .  I n  a c t u a l  i n s t a l l a t i o n s ,  t h e  

suppiy and t h e  exhaus t  f l o w  r a t e s  a r e  r a r e l y  e q u a l  because no a t t e m p t  i s  made t o  a d j u s t  t h e  

supp ly  a i r  r a t e  t o  account  f o r  v a r y i n g  outdoor  a i r  d e n s i t y .  I f  t h e  two f low r a t e s  a r e  e q u a l  

under  summer c o n d i t i o n s ,  t h e  supply a i r f l o w  can be a s  much a s  20% g r e a t e r  t h a n  t h e  exhaus t  

a i r f l o w  under w i n t e r  c o n d i t i o n s  ( F i g u r e  6 a ) .  

An exhaust-only system c o n s i s t s  of an exhaus t  f a n .  The a i r  supp ly  f lows through t h e  

l eakage  openings i n  t h e  envelope a s  a  r e s u l t  of t h e  p r e s s u r e  d i f f e r e n c e  c r e a t e d  mainly by t h e  

mechanical exhaus r .  

/ Balanced Systems I and I1 

I 

Figures  6a and 6b show t h e  e f f e c t  of ambient t e m p e r a t u r e  and wind speed on t o t a l  a i r  

, change r a t e s  f o r  t h e  two balanced sys tems ,  each with  a  nominal f o r c e d  v e n t i l a t i o n  r a t e  of 0.5 

ach (Shaw 1983). As shown, t h e  t o t a l  a i r  change r a t e  i n c r e a s e s  somewhat a s  t h e  ambient 

1 t empera tu re  d e c r e a s e s  ( F i g u r e  b a ) ,  but i s  r e l a t i v e l y  i n s e n s i t i v e  t o  wind speed ( F i g u r e  6b) .  

The house v e n t i l a t i o n  a i r  comes from two s o u r c e s :  a i r  i n f i l t r a t i o n ,  I ,  and mechanical 

v e n t i l a t i o n ,  Q. Since  t h e  o p e r a t i o n  of a balanced v e n t i l a L i o n  system appears  t o  have l i t t l e  
e f f e c t  on t h e  house p r e s s u r e  ( F i g u r e  6 c ) ,  t h e  s i m p l e s t  model t o  comhine ~ h c  two would be,  



Figure  8 shows a  comparison between t h e  c a l c u l a t e d  and measured a i r  change r a t e s .  It 

i n d i c a t e s  t h a t  Equat ion 11 c o n s i s t e n t l y  o v e r e s t i m a t e s  t h e  a i r  change r a t e  by a s  much a s  25%. 

The reasons f o r  t h i s  a r e  not completely  known. However, F i g u r e  6 c  shows t h a t  t h e  opera t ion  of 

t h e  balanced system d i d  lower t h e  n e u t r a l  p r e s s u r e  l e v e l  s l i g h t l y ,  which, i n  t u r n ,  reduced t h e  

a i r  i n f i l t r a t i o n  i n t o  t h e  house. There fore ,  t h e  a i r  i n f i l t r a t i o n  r a t e  w i t h  mechanical 
v e n t i l a t i o n  was s l i g h t l y  l e s s  than  t h a t  wi thout .  An a t tempt  w a s  t h e n  made t o  combine t h e  two 

flows us ing  an e x p r e s s i o n  s i m i l a r  t o  Equation 9. A s  ( 1 )  F i g u r e  6a  s u g g e s t s  t h a t  by app ly ing  a  
temperature  c o r r e c t i o n  on Q t o  account  f o r  va ry ing  ou tdoor  a i r  d e n s i t y ,  t h e  dependence of 

t o t a l  a i r  change r a t e s  on to can be reduced, and ( 2 )  because t h e  f o r c e d  v e n t i l a t i o n  r a t e  
should be much g r e a t e r  t h a n  t h e  a i r  i n f i l t r a t i o n  r a t e ,  F  is c l o s e  t o  u n i t y ,  Equat ion 11 

be comes : 

achB = {I:!" + [ Q  (Ti/To) 1 (12)  

where achg is t h e  t o t a l  a i r  change r a t e  caused by t h e  combined a c t i o n  of a i r  i n f i l t r a t i o n  and 

balanced mechanical v e n t i l a t i o n ,  and Q i s  t h e  f o r c e d  v e n t i l a t i o n  r a t e  a t  Ti= To. 

Exhaust-Only Systems I11 and I V  

Figures  7a and 7b show t h e  r e l a t i o n s h i p  between house a i r  change r a t e s  and f o r c e d  

v e n t i l a t i o n  r a t e s  f o r  t h e  two exhaust-only systems (Shaw 1983). The r e s u l t s  i n d i c a t e  t h a t  t h e  

t o t a l  a i r  change r a t e  was g r e a t e r  than  t h e  cor responding  f o r c e d  v e n t i l a t i o n  r a t e  when 

Q = 0.25 a c / h  bu t  was approximately  e q u a l  when Q = 0.5 ac /h .  Th is  i n d i c a t e s  t h a t ,  a s  t h e  

forced v e n t i l a t i o n  r a t e  i n c r e a s e s ,  t h e  n e u t r a l  p r e s s u r e  l e v e l  moves upward and t h e  a r e a  of 

b u i l d i n g  envelope e x p e r i e n c i n g  a i r  e x f i l t r a t i o n  decreases .  

A s  t h e  e f f e c t  of an exhaus t  f a n  on a i r  change r a t e s  is  s i m i l a r  t o  t h a t  of a  chimney, t h e  

same l i n e a r  r e l a t i o n s h i p  e x i s t s  between a i r  change r a t e  and n e u t r a l  p r e s s u r e  l e v e l .  An 

express ion  of t h e  form of Equat ion 4a and 9 s h o u l d ,  t h e r e f o r e ,  be v a l i d  f o r  t h e  exhaust  only 

system. Furthermore, s i n c e  t h e  es t imated  house a i r  change r a t e  should  never  be s m a l l e r  than  

Q, I s i n  Equation 9 must be rep laced  by IsQ, t h e  l a r g e r  of Q o r  Is a s  d e f i n e d  by Equation 4a o r  
5. Beyond t h e  l i n e a r  r e g i o n ,  t h e  a i r  change r a t e  must be e q u a l  t o  t h e  f o r c e d  v e n t i l a t i o n  

r a t e .  Thus, 

achE = F ( I A P  • G I n ) "  f o r  h < H  

= Q f o r  h  > H  (12b) 

where achE is  t h e  t o t a l  a i r  change r a t e  with  exhaust-only systems.  

SIZING MECHANICAL VENTILATION SYSTEMS 

The forced v e n t i l a t i o n  r a t e  of a  mechanical v e n t i l a t i o n  sys tem should  be determined on t h e  

b a s i s  of t h e  requ i red  v e n t i l a t i o n  r a t e  and t h e  a i r  i n f  i l t r a t i o n  r a t e .  However, i n  p r a c t i c e ,  
a i r  i n f i l t r a t i o n  is r a r e l y  considered because i t  i s  d i f f i c u l t  t o  e s t i m a t e .  A s  a r e s u l t ,  t h e  

t o t a l  a i r  change r a t e  under t h e  combination of mechanical v e n t i l a t i o n  and a i r  i n f i l t r a t i o n  

o f t e n  exceeds t h e  requ i red  v e n t i l a t i o n  r a t e ,  caus ing  a n  unnecessa ry  i n c r e a s e  i n  energy 

consumption. The energy consequence is not  s e r i o u s  under  mi ld  wea ther  c o n d i t i o n s ,  because 

both temperature  d i f f e r e n c e s  and a i r  i n f i l t r a t i o n  r a t e s  a r e  smal l .  T h i s - i s  n o t  t h e  case  under 
w i n t e r  condi t ions .  For a  house wi th  an average a i r  i n f i l t r a t i o n  r a t e  of 0.26 ac /h  i n  w i n t e r ,  

F igure  6a shows t h a t  t h e  t o t a l  a i r  change r a t e  wi th  a  ba lanced  system can exceed t h e  fo rced  

v e n t i l a t i o n  r a t e  of 0.5 a c / h  by a s  much as 40% i f  a i r  i n f i l t r a t i o n  is  neglec ted .  

On one hand, t o  s a t i s f y  t h e  v e n t i l a t i o n  requ i rement ,  a  mechanical  v e n t i l a t i o n  system 

should always be capable  of d e l i v e r i n g  t h e  des ign  v e n t i l a t i o n  r a t e .  On t h e  o t h e r  hand, t o  
conserve energy,  i t  should be opera ted  under a  reduced f low d u r i n g  t h e  w i n t e r  months t o  t a k e  

advantage of t h e  inc reased  a i r  i n f i l t r a t i o n .  Because of t h e  f r e q u e n t  opening of windows i n  
non-air-conditioned houses ,  t h e  need f o r  mechanical v e n t i l a t i o n  i s  much less dur ing  mild 

weather condi t ions  than dur ing  t h e  w i n t e r  months. Thus, mechanical  v e n t i l a t i o n  systems could 
be equipped with  a  f low c o n t r o l l e r ,  such as  a  two-speed f a n ,  and opera ted  con t inuous ly  with  a  

reduced c a p a c i t y  s u i t a b l e  f o r  t h e  w i n t e r  months. A manual s w i t c h ,  an  outdoor  temperature  
c o n t r o l l e r ,  o r  an indoor  humid is ta t  can be used t o  i n c r e a s e  t h e  f low t o  t h e  des ign  v a l u e ,  a s  



required.  The forced v e n t i l a t i o n  r a t e  f o r  w in t e r  opera t ion  can be determined on the  basis  of 

t he  design v e n t i l a t i o n  r a t e  and t h e  mean a i r  i n f i l t r a t i o n  r a t e  f o r  t h e  win ter  months. These 

two parameters a r e  es t imated  below. 

Design Ven t i l a t i on  Rate 

For houses, ASHRAE Standard 62 (1981), "Vent i la t ion  f o r  Acceptable Indoor Air Quality," 

c a l l s  f o r  a 5 L/s of acceptable  outdoor a i r  supply r a t e  f o r  each room, an a d d i t i o n a l  50 L/S 
i n t e r m i t t e n t  a i r  supply f o r  k i t c h e n s ,  and a 25 L/s i n t e r m i t t e n t  a i r  supply f o r  each bathroom. 

For a t y p i c a l  t h r e e  o r  fou r  bedroom house, t h i s  roughly t r a n s l a t e s  i n t o  an outdoor a i r  supply 

r a t e  of 0.5 ach. Thus, t h e  design a i r  change rate, achD, can be based on t h e  ASHRAE Standard: 

0.5 ach is a reasonable va lue  f o r  t y p i c a l  houses. 

Mean A i r  I n f i l t r a t i o n  Rate For Winter Months 

The a i r  i n f i l t r a t i o n  r a t e  of a house v a r i e s  with weather condi t ions .  However, f o r  

temperature d i f f e r ences  g r e a t e r  than 20 K and wind speeds ranging from 3.5 t o  10 m / s  ( t y p i c a l  
I winter  condi t ions  f o r  many regions of Canada), t h e  average a i r  i n f i l t r a t i o n  r a t e  can be 

approximately es t imated  by Equation 2: 
I 

- 
A s  a b e t t e r  a l t e r n a t i v e ,  Iws can a l s o  be ca lcu la ted  from Equation 9 based on t h e  w in t e r  mean 
indoor-outdoor a i r  temperature d i f f e r ence  f o r  Is (Equation ha) and the  mean win t e r  wind speed 

I f o r  Iw (Equation 6) .  
I 

I 

Forced Ven t i l a t i on  Rate f o r  Continuous Operation 

Balanced Ven t i l a t i on  Systems. Based on a i r  q u a l i t y  cons ide ra t i ons ,  it is advisable  t o  

1 es t ima te  t h e  forced v e n t i l a t i o n  r a t e  without  taking varying outdoor a i r  dens i ty  i n t o  account. 
i This w i l l  g ive  a s l i g h t l y  g r e a t e r  forced v e n t i l a t i o n  r a t e  t han  with a i r  d e n s i t y  cor rec t ion .  - 

Subs t i t u t i ng  achD and I,, f o r  achg and Ls r e spec t ive ly ,  Equation 12 becomes: 
1 

I Exhaust Only Systems. The exhaust  flow r a t e  can be es t ima ted  from Equation B2 derived i n  

Appendix B: 

This equat ion i n d i c a t e s  t h a t  Q is indeterminate i f  ( achD/Ls )  i s  g r e a t e r  t han  (H/hl). This  
condit ion occurs  when the  forced v e n t i l a t i o n  r a t e  is s u f f i c i e n t  t o  r a i s e  the  n e u t r a l  p ressure  

l e v e l  above t h e  c e i l i n g  l e v e l  of t h e  top  s tory.  Under t h i s  cond i t i on ,  t h e  design forced 

v e n t i l a t i o n  r a t e  is  equal  t o  t he  design a i r  change r a t e ,  i.e., Q = achD. 

SELECTING MECHANICAL VENTILATION SYSTEMS 

For houses where t.here might be sources of radon o r  o the r  contaminants i n  t h e  bu i ld ing  

s t r u c t u r e ,  a balanced system is  recommended. Otherwise, t h e  choice between a balanced system 

and an exhaust-only system should be determined on such f a c t o r s  as a i r  leakage 

c h a r a c t e r i s t i c s ,  type of hea t ing  systems, and cost .  I n  gene ra l ,  i f  t h e  opera t ion  of an 

exhaust-only system w i l l  not  cause chimney backdraft ,  i t  should be used i n s t e a d  of a more 

expensive balanced system. 

Figure 9 shows t h e  e f f e c t  of an exhaust fan on the  vent ing  capac i ty  of a 127 mm open 

chimney i n  a t i g h t l y  b u i l t  two-story house ( see  a l s o  Figure I ) .  The chimney flow r a t e s  were 

measured with the  chimney d r a f t  f u l l y  es tab l i shed  before  the  exhaust  f a n  was turned on. To 

de t ec t  the  s p i l l a g e  of f l u e  gases ,  t h e  concentrat ion of CO was monitored i n  t he  basement near 

the  furnace. As shown, the  chimney flow decreased continuously as t h e  a i r f l o w  r a t e  through 

t h e  exhaust f an  increased.  The chimney backflow occurred when the  n e u t r a l  p ressure  l eve l  
reached 35 m above the  ground l eve l .  The corresponding pressure  d i f f e r e n c e  across the  



envelope was 35 Pa and t h e  a i r  exhaus t  r a t e  was 310 L/s .  The p r e s e n c e  of CO was d e t e c t e d  when 
t h e  chimney flow had been reduced t o  about  14  L/s .  Th is  s u g g e s t s  t h a t  s p i l l a g e  of t h e  f l u e  

gas  occurs  w e l l  be fore  t h e  chimney flow is  zero.  

It should be po in ted  out  t h a t  t h e  exhaus t  f a n  was tu rned  on a f t e r  t h e  chimney d r a f t  was 

f u l l y  e s t a b l i s h e d .  I f  i t  were o p e r a t i n g  b e f o r e  t h e  f u r n a c e  was on ,  t h e  chimney would f i l l  

wi th  cold outdoor  a i r  and l o s e  i t s  d r a f t .  Under t h i s  c o n d i t i o n ,  t h e  chimney would con t inue  t o  

back flow even though t h e  exhaus t  f a n  flow drops  t o  a  v a l u e  w e l l  below what is  needed t o  
i n i t i a t e  t h e  back flow. 

For houses wi th  chimneys, t h e  s t a c k  - e f f e c t  r e i n f o r c e d  by t h e  a i r f l o w  through t h e  chimney 

i s  u s u a l l y  much s t r o n g e r  t h a n  t h e  wind e f f e c t  d u r i n g  t h e  w i n t e r  months (Shaw and Brown 1982). 

The backf low w i l l  n o t  l i k e l y  occur  a s  long  as t h e  n e u t r a l  p r e s s u r e  l e v e l  is below t h e  c e i l i n g  
l e v e l  of t h e  t o p  s t o r y .  The c e i l i n g  l e v e l ,  t h e r e f o r e ,  wodld be a  r e a s o n a b l e  cho ice  a s  t h e  

l i m i t  f o r  s a t i s f a c t o r y  chimney s t a r t u p .  

With t h e  l i m i t  f o r  s a t i s f a c t o r y  chimney s t a r t - u p  e s t a b l i s h e d ,  t h e  i n t e r a c t i o n  between an  

exhaust-only system and a  chimney can be determined u s i n g  an a i r f l o w  vs .  n e u t r a l  p r e s s u r e  

l e v e l  graph. Such a  graph (e.g., F igure  10) can be c o n s t r u c t e d  f o r  any house i f  I*, h ' ,  n ,  

and H a r e  known. Note t h a t  1: and h'  a r e  t h e  a i r  i n f i l t r a t i o n  r a t e  and t h e  n e u t r a f  p r e s s u r e  

l e v e l  of t h e  house wi thou t  chimneys o r  exhaus t  fans .  For e x i s t i n g  h o u s e s ,  t h e s e  parameters  

can be measured. For houses  under c o n s t r u c t i o n ,  t h e  v a l u e s  of h '  and n  a r e  normal ly  assumed 

t o  be HI2 and 0.65, r e s p e c t i v e l y .  The v a l u e  of I: can  be o b t a i n e d  from F i g u r e  3. To 
c o n s t r u c t  such a  g raph ,  a  r e f e r e n c e  p o i n t  A r e p r e s e n t i n g  1: is  p l o t t e d  on a  g raph  w i t h  a i r f l o w  

r a t e  as  t h e  o r d i n a t e  and n e u t r a l  p r e s s u r e  l e v e l  as t h e  a b s c i s s a .  The a i r  i n f i l t r a t i o n  l i n e  i s  

p l o t t e d  next  by drawing a  s t r a i g h t  l i n e  through A and t h e  o r i g i n ,  and e x t e n d i n g  i t  t o  H. 

Since a t  h' a i r  i n f i l t r a t i o n  r a t e  is  e q u a l  t o  a i r  e x f i l t r a t i o n  r a t e ,  t h e  e x f i l t r a t i o n  l i n e  

should a l s o  go through P o i n t  A. To f i n d  ano ther  p o i n t  on t h e  e x f i l t r a t i o n  l i n e ,  a  v a l u e  f o r  h  
between h'  and H is  s e l e c t e d ,  and t h e  a i r  exhaus t  r a t e  c o r r e s p o n d i n g  t o  h  is  c a l c u l a t e d  from 

t h e  equa t ion  below. This  &qua t ion  was o b t a i n e d  from Equat ion A8 by r e p l a c i n g  fws with  1; f o r  
no wind c o n d i t i o n s :  

The e x f i l t r a t i o n  r a t e  cor responding  t o  h  ( P o i n t  B) is t h e n  o b t a i n e d  by s u b t r a c t i n g  Q from t h e  

a i r  i n f i l t r a t i o n  r a t e .  The e x f i l t r a t i o n  l i n e  is o b t a i n e d  by c o n n e c t i n g  a  s t r a i g h t  l i n e  

through A and B. And a  l i n e  r e p r e s e n t i n g  " in£  i l t r a t i o n  - exf  i l t r a t i o n "  can a l s o  be 

determined. I f  t h e  house has  a  chimney, t h e  n e u t r a l  p r e s s u r e  l e v e l  c o r r e s p o n d i n g  t o  t h e  

chimney can be c a l c u l a t e d  from Equat ion 16. F i n a l l y ,  a h o r i z o n t a l  l i n e  r e p r e s e n t i n g  achD is 
p l o t t e d  on t h e  graph. I f  t h e  achD l i n e  i n t e r c e p t s  t h e  i n f i l t r a t i o n  l i n e  below H ,  t h e  chimney 

w i l l  s t a r t  t o  ven t  when t h e  f u r n a c e  s t a r t s .  On t h e  o t h e r  hand, i f  t h e  achD l i n e  i n t e r c e p t s  t h e  

i n f i l t r a t i o n  l i n e  above H ,  chimney backdraf t  can occur .  

Two such graphs a r e  shown on F i g u r e  10, one f o r  a  t i g h t  house and t h e  o t h e r  an average  

house. The v a l u e s  of I; were 0.15 and 0.3  a c / h ,  r e s p e c t i v e l y .  The v a l u e s  of h '  and n  a r e  
assumed t o  be 2.7 m and 0.65, r e s p e c t i v e l y .  The r e s u l t s  i n d i c a t e  t h a t  an  exhaust-only system 

works s a t i s f a c t o r i l y  i n  an  "average" house wi th  an open chimney but i t  w i l l  cause chimney 

backdraf t  i n  a  t i g h t  house u n l e s s  an outdoor  a i r  supp ly  i s  provided i n  t h e  envelope.  On t h e  
o t h e r  hand, t h e  o p e r a t i o n  of an  exhaus t  f a n  w i l l  s i g n i f i c a n t l y  reduce  t h e  amount of i n s i d e  a i r  

l eav ing  t h e  house through t h e  w a l l s  and c e i l i n g .  I f  a  house h a s  no chimney (e.g., a n  
e l e c t r i c a l l y  hea ted  house)  an  exhaust-only system w i l l  a l s o  be s a t i s f a c t o r y  and w i l l  reduce 

t h e  r i s k  of mois ture  problems i n  t h e  house envelope. 

CHECK AGAINST MEASURED A I R  CHANGE RATES 

Equation 9  g ives  t h e  a i r  i n f i l t r a t i o n  r a t e  due t o  t h e  combined a c t i o n  of s t a c k  e f f e c t  and 

wind. It has been checked u s i n g  t h e  measured a i r  i n f i l t r a t i o n  r a t e s  of two bungalows wi th  o i l  

fu rnaces  (T1 and T2) (Tamura 1979). F igure  11 compares t h e  e s t i m a t e d  and measured a i r  

i n f i l t r a t i o n  r a t e s .  The r e s u l t s  i n d i c a t e  t h a t ,  excep t  f o r  t h r e e  p o i n t s ,  a l l  t h e  d a t a  l i e  

w i t h i n  225% of t h e  l i n e  of agreement. To determine s t a t i s t i c a l l y  i f  t h e r e  is any s y s t e m a t i c  

d i f f e r e n c e  between t h e  c a l c u l a t e d  and measured a i r  i n f i l t r a t i o n  r a t e s ,  t h e  d a t a  have been 
transformed t o  t h e  form, 

RE = ( c a l c u l a t e d  v a l u e  - measured v a l u e )  / measured v a l u e  



Figure 12 shows the  r e l a t i v e  e r r o r ,  RE, a s  a func t ion  of t h e  measured a i r  i n f i l t r a t i o n  ra te .  
The mean value of RE i s  0.037 and t h e  s tandard  d e v i a t i o n  i s  0.153. A s t u d e n t  "t" t e s t  ( t  value 

i s  0.24) i nd i ca t e s  t h a t  t he  d i f f e r e n c e  between t h e  mean and t h e  i d e a l  mean of 0 is  not 

s t a t i s t i c a l l y  s i g n i f i c a n t .  In o t h e r  words, t h e r e  is no sys t ema t i c  d i f f e r e n c e  between t h e  

ca lcu la ted  values given by Equation 9 and t h e  measured a i r  i n f i l t r a t i o n  r a t e s  f o r  t he  two 

houses. 

Simliar  comparisons have been made i n  F igures  13 and 14 f o r  t h e  two balanced systems and 

the  two exhaust-only systems. Figure 13 shows t h a t  t h e  agreement between t h e  ca lcu la ted  and 

measured a i r  change r a t e s  is  wi th in  '20% of t h e  l i n e  of agreement f o r  t h e  balanced system. 

The agreement f o r  t h e  exhaust only system is  215% (Figure  14). Again, t h e r e  i s  no sys temat ic  

d i f f e r ence  between the  ca l cu l a t ed  and t h e  measured a i r  change r a t e s .  

A simple ca l cu l a t i on  procedure has been proposed f o r  e s t i m a t i n g  t h e  a i r  change r a t e  of a house 

wi th  o r  without mechanical v e n t i l a t i o n .  This procedure can be summarized a s  follows. 

1. Prepare i npu t  d a t a ,  C ,  n,  A, V,  h ' ,  h ,  H ,  Ti, To, W and Q where C and n can be 

measured d i r e c t l y  o r  es t imated  from Table 1;  A and V can be measured d i r e c t l y  o r  

est imated from t h e  b luep r in t s .  h ' ,  h ,  and Q can a l s o  be measured o r  est imated us ing  

t h e  method given i n  Appendices A and B. To, Ti, and W can be obta ined  from 
meteorological  records f o r  t he  area.  

2. Calcu la te  t he  a i r  i n f i l t r a t i o n  r a t e  due t o  s t a c k  e f f e c t  a lone  from t h e  equat ions :  

Is = 0.5 C (A/V) (h'/H) (At)" No Chimqey 

= 0.5 C (A/V) (h/H) (At)" With Chimney 

I,= 1: (h/h*) ( ~ t / ~ t * ) "  With o r  Without Chimney ( 5 )  

3. Calcula te  t he  a i r  i n f i l t r a t i o n  r a t e  due t o  wind a lone  from t h e  equat ions :  

I, = 0.4 C (A/V) w2" Exposed 

= 0.7 C (A/V) W" Shie lded  

I w  = I$ ( w / w * ) ~ ~  Exposed 

= % (w/w*)" Shie lded  

4. Calcu la te  the  a i r  i n f i l t r a t i o n  r a t e  due t o  t he  combined a c t i o n  of s t a c k  e f f e c t  and 

wind from t h e  equat ion:  

IWS = F (I:/" + I:/")" 

where: F = l  f o r  0 < ( ISm1/I l rg)  < 0.1 ( 10) 

= 0.8 ( l s m l / l l r g ) O 1  f o r  0.1 < ( I s m l / I l m )  < 1.0 

5. Calcu la te  the a i r  change r a t e  due t o  the  combined a c t i o n  of a i r  i n f i l t r a t i o n  and 

mechanical v e n t i l a t i o n  from t h e  equat ions:  



Balanced Sys tem: 

Exhaust-Only Systems: 

The proposed method has  been checked a g a i n s t  measured a i r  change r a t e s .  The agreement,  

i n  g e n e r a l ,  was w i t h i n  25% of t h e  measured values .  

I n  a d d i t i o n ,  t h e  f o l l o w i n g  two equa t ions  a r e  proposed f o r  s i z i n g  mechanical v e n t i l a t i o n  

systems f o r  houses. 

Balanced Systems : 

Exhaust-Only Systems: 

where: 

- 
(Note: Iws can a l s o  be c a l c u l a t e d  from Equation 9 based on t h e  mean w i n t e r  indoor-outdoor 

temperature  d i f f e r e n c e  and t h e  mean w i n t e r  wind speed) .  

NOMENCLATURE 

a l ,  a 2 ,  a ,  a '  = dimensional  c o n s t a n t  

A = a r e a  of b u i l d i n g  envelope,  i.e., a r e a  of e x t e r i o r  w a l l  above g r a d e  and c e i l i n g  a r e a  of 

t h e  t o p  f l o o r ,  m 2  

ach = t o t a l  a i r  change r a t e  w i t h  mechanical v e n t i l a t i o n ,  ach 
C = f low c o e f f i c i e n t  , ~ / ( s * m ~ - P a " )  

F = c o r r e c t i o n  f a c t o r  a s  d e f i n e d  i n  Equation 10 

g = a c c e l e r a t i o n  of g r a v i t y ,  9.807 m / s  
h = n e u t r a l  p r e s s u r e  l e v e l  w i t h  chimneys o r  f a n s ,  m 
H = b u i l d i n g  height ,m 

I = a i r  i n f i l t r a t i o n  r a t e ,  ach 
K = o v e r a l l  f l o w  c o e f f i c i e n t  , L / ( s - P ~ " )  

M = a i r f l o w  r a t e  through t h e  chimney and /or  fo rced  v e n t i l a t i o n  r a t e  ( s e e  Q), L / s  
n = flow exponent 

AP = uniform e q u i v a l e n t  p r e s s u r e  d i f f e r e n c e  a c r o s s  b u i l d i n g  enve lope ,  Pa 
q = a i r  leakage r a t e  measured by f a n  p r e s s u r i z a t i o n  method, ach  

Q = fo rced  v e n t i l a t i o n  r a t e  a t  d e s i g n  indoor  c o n d i t i o n s ,  ach 
RE = r e l a t i v e  e r r o r  

= ( c a l c u l a t e d  va lue  - measured value)/measured va lue  
A t  = indoor  t o  outdoor  t empera ture  d i f f e r e n c e ,  K 

T = a b s o l u t e  a i r  t empera ture ,  K 
V = b u i l d i n g  volume i n c l u d i n g  basement, m 3  
W = on-s i t e  wind speed m / s  

P = a i r  d e n s i t y ,  kg/m3' 

S u b s c r i p t s  

a = above n e u t r a l  p r e s s u r e  l e v e l  

b = below n e u t r a l  p r e s s u r e  l e v e l  
B = balanced v e n t i l a t i o n  system 

D = design v a l u e  



des ign  v a l u e  
exhaus t-only system 

D 
E 

i 

l r g  
0 

S 

s m l  

sQ 
W 

W S  

indoor  

l a r g e r  v a l u e  of Is and I, 
outdoor  

s t a c k  e f f e c t  

s m a l l e r  v a l u e  of Is and I, 
l a r g e r  va lue  of Is and Q 
wind e f f e c t  

combined a c t i o n  of wind and s t a c k  e f f e c t  

S u p e r s c r i p t s  

' = without  chimneys o r  mechanical v e n t i l a t i o n  - 
= mean 

* = r e f e r e n c e  
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APPENDIX A 

ESTIMATION OF NEUTRAL PRESSURE LEVEL FOR HOUSES WITH CHIMNEYS OR EXHAUST DEVICES 

I f  a  house has a  chimney o r  an  exhaust-only v e n t i l a t i o n  system,  t h e  n e u t r a l  p r e s s u r e  l e v e l ,  a s  

shown i n  Figure  A l ,  w i l l  s h i f t  from h '  t o  h  . The v e r t i c a l  d i s t r i b u t i o n  of p r e s s u r e  
d i f f e r e n c e  ac ross  t h e  e x t e r i o r  wa l l  due t o  s t a c k  e f f e c t  a l o n e  w i l l  change accord ing ly .  

Assuming t h a t  f o r  a  house wi th  n e i t h e r  chimney nor  exhaus t  f a n  ( 1 )  t h e  a i r  leakage 

c h a r a c t e r i s t i c  can be represen ted  by two openings,  one l o c a t e d  a t  t h e  grade l e v e l  and t h e  

o t h e r  a t  t h e  c e i l i n g  l e v e l  of t h e  t o p  s t o r y ,  and ( 2 )  t h e  v e r t i c a l  d i s t r i b u t i o n  of p r e s s u r e  

d i f f e r e n c e  is  known, h  can be e s t i m a t e d  from t h e  conserva t ion  of mass (Shaw and K i m  1984): 

S u b s t i t u t i n g  t h e  fo l lowing  r e l a t i o n s h i p s  (from Figure  Al) i n t o  Eq. (Al ) :  

APb = ( h / h l )  AP; , 

APa =[(H - h)/(H - h ' ) ]  APH = [ ( H / h l )  - (h/h')]AP; 

we have: 1 

I n  t h e  above equa t ion ,  t h e  terms K and Kb d e f i n e  t h e  a i r  leakage c h a r a c t e r i s t i c  of t h e  house 

without  e i t h e r  chimney o r  exhaus t  t e v i c e .  They can be e s t i m a t e d  from t h e  mass ba lance  

equa t ions  (Shaw and K i m  1984) : 

K~ (AP;)" P, = K, (AP;)"P~ 

and 

where C is t h e  f low c o e f f i c i e n t  wi thout  chimneys o r  exhaus t  fan .  Since:  

t h e r e f o r e ,  Equation A3 can be r e w r i t t e n  as :  

S u b s t i t u t i n g  Equation A5 i n t o  Equation A2, we have: 

Equation A6 can be so lved  f o r  h/h '  a s  fol lows.  

E x i s t i n g  Houses 

The va lues  of C ,  AP;, h ' ,  and n can be measured and Ka can he e s t i m a t e d  from Equat ions  

A4 and A5. The only unknown on t h e  lef t -hand s i d e  of Equation A6 i s  M. The v a l u e  of M f o r  a n  

exhaust  dev ice  i s  u s u a l l y  known ( s e e  Appendix B). The v a l u e  of M f o r  a  chimney can be 

es t imated  u s i n g  t h e  method g iven  i n  ASHRAE (1983). 

With a l l  t h e  v a r i a b l e s  on t h e  l e f t -hand  s i d e  of Equation A6 known, t h e  v a l u e  of ( h / h l )  

can be obtained by g r a p h i c a l  methods. Figure  A2 shows a  t y p i c a l  p l o t  of ( h / h ' )  vs .  

M / [ K ~ ( A P ' ) ] "  f o r  n  = 0.65 and var ious  va lues  of H/h1. S i m i l a r  p l o t s  can  be cons t ruc ted  f o r  
o t h e r  va tues  of n. 



Houses under Design 

For houses under des ign ,  t h e  va lues  of n  and h1 a r e  u s u a l l y  assumed t o  be 0.65 and H/2 

r e s p e c t i v e l y .  The fo l lowing  approximat ions  would a l s o  apply. 

and 

K,( AP;)" z K,,(AP;)" (A7) 

- = Iws 

Replacing M with  Q ( i . e . ,  c o n v e r t i n g  t h e  u n i t  of M from L/s t o  a c h ) ,  Equation A6 becomes: 

Q/T,, = [ ( ~ / h ' ) ( h / h ' ) - ( h / h ' ) I n  - [ (H/h l )  - ( h / h ' ) l n  

( h l h ' )  can a l s o  be ob ta ined  from Figure  A2. 

APPENDIX B 

FORCED VENTILATION RATE OF AN EXHAUST-ONLY SYSTEM FOR WINTER MONTHS 

The design exhaust a i r f l o w  r a t e  f o r  win te r  o p e r a t i o n  can be e s t i m a t e d  from Equation A6: 

To s o l v e  f o r  M ,  one has t o  know ( h l h ' )  and K,(AP;)". These two terms can be e s t i m a t e d  a s  
fol lows.  

Consider a  house with  an  average a i r  i n f i l t r a t i o n  r a t e  of f w  f o r  t h e  w i n t e r  months. The 
n e u t r a l  p ressure  l e v e l  i s  h' .  I f  an  exhaust-only system is i n s t a g l e d ,  t h e  n e u t r a l  p r e s s u r e  

l e v e l  w i l l  r i s e  t o  h. I f  t h e  v e n t i l a t i o n  system is  p r o p e r l y  s i z e d ,  t h e  amount of outdoor  a i r  

e n t e r i n g  i n t o  t h e  house should be e q u a l  t o  achD, t h e  des ign  v e n t i l a t i o n  r a t e .  A s  shown i n  
Figure  A l ,  t h e  outdoor a i r  supply r a t e  is approximately p r o p o r t i o n a l  t o  t h e  n e u t r a l  p r e s s u r e  

l e v e l .  Thus: 

n o t i n g  t h a t  

S u b s t i t u t i n g  Equations B1 and A9 i n t o  Equation A6 and r e p l a c i n g  M w i t h  Q ( i . e . ,  c o n v e r t i n g  t h e  

u n i t  of M from L/s t o  a c h ) ,  we have 

Figure- A I .  Dis tr ibut ion  o f  leakage 
openings and pressure 
d i f f e rence  p r o f i l e  caused 
by temperature di f ' ference 



TABLE 1 

Suggested Values f o r  Flow Coeff ic ien t  and Exponent 

Flow Flow 

Coeff ic ien t  C,  exponent,  Number of 

Construction TY P ~ S  Rating ~ / ( s * r n ~ * ~ a " )  n houses 

Tight 0.07 

Bungalow Average 0.22 0.65 58 

Loose 0.36 

Tight 0.08 ' 

Standard S p l i t  Level* Average 0.19 0.65 49 

Loose 0.3 

Tight 0.01 

Two-storey Average 0.19 0.65 5 4 
Loose 0.27 

Tight 0.01 

Bungalow Average 0.08 0.65 14 
Loose 0.14 

Tight 0.02 
Low Energy S p l i t  Level* Average 0.07 0.65 14 

Loose 0.12 

Tight 0.03 

Two-storey Average 0.15 0.65 15 

Loose 0.27 

*Including bi- level  and 13-storey 
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Discussion 

D. EIARRJR, Princeton University, Princeton, NJ: Please explain the differences with the David 

Wilson paper as to how mechanical and natural ventilation are added. In that paper, it is 

direct addition: here it takes the form (A + B)". 

SMW: Because our measurements indicate that the two flows are not directly additive, an 1 expression of the above form has been derived to combine the two flows. The calculated air ' 
change rates using this expression which are lower than the sun of the two flows, are in good 

agreement with the measured values. 

1 D. WIlsON, University of Alberta, Edmonton, Canada: The exponent in the wind driven 

infiltration varies by exactly a factor of two between shielded and unshielded houses. Would 

you speculate on a physical reason for this experimentally observed difference? 
I 

I SHAW: The two exponents have been obtained by the curve fitting technique. I don't know why 
I they differ by a factor of two. 
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