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SYNOPSIS 

Based on cur ren t  concerns regarding indoor a i r  qua l i ty  and energy 
use,  t h e r e  i s  a  need f o r  i n  s i t u  t e c h n i q u e s  f o r  e v a l u a t i n g  
buildings1 i n f i l t r a t i o n  and v e n t i l a t i o n  cha rac te r i s t i c s .  The U.S. 
National Bureau of Standards has  developed and employed equipment 
and t e c h n i q u e s  f o r  such e v a l u a t i o n .  The measurement of whole 
b u i l d i n g  l e a k a g e  and v e n t i l a t i o n  r a t e s  h a s  been r e p o r t e d  on 
previously. 

A d d i t i o n a l  p r o c e d u r e s  a r e  p r e s e n t e d  h e r e  f o r  a  more comple te  
e v a l u a t i o n  o f  t h e  v e n t i l a t i o n  s y s t e m  o p e r a t i o n  a n d  t h e  
d i s t r i b u t i o n  of  a i r  wi th in  t h e  building. The measurements reveal  
both t h e  amount of ou t s ide  a i r  i n f i l t r a t i n g  through t h e  envelope 
and t h e  amount of i n t e n t i o n a l  i n t a k e  t h r o u g h  t h e  a i r  h a n d l e r s ,  
Tracer gas techniques t o  study t h e  uniformity of a i r  d i s t r i b u t i o n  
throughout a  bui ld ing a r e  a l s o  discussed. 

These i n  s i t u  evaluat ion  techniques a r e  described and r e s u l t s  from 
t h e i r  app l i ca t ion  a r e  presented, The measurements reveal  t h a t ,  i n  
some cases,  a  s i g n i f i c a n t  amount of a  building's  n e t  v e n t i l a t i o n  
r a t e  is  due t o  envelope leakage a s  opposed t o  i n t e n t i o n a l  outs ide  
a i r  i n t a k e  t h r o u g h  t h e  a i r  h a n d l i n g  s y s t e m .  A l s o ,  a i r  
d i s t r i b u t i o n  i n a d e q u a c i e s  a r e  o f t e n  e n c o u n t e r e d  i n  b u i l d i n g s ,  
leading t o  e f f e c t i v e  v e n t i l a t i o n  r a t e s  of occupied zones which a r e  
less than intended o r  advised. 

INTRODUCTION 

The i n f i l t r a t i o n  and v e n t i l a t i o n  c h a r a c t e r i s t i c s  of mechanically 
v e n t i l a t e d  b u i l d i n g s  a r e  a r e a s  of i n c r e a s i n g  impor tance .  The 
performance of  t h e  v e n t i l a t i o n  s y s t e m  and t h e  a i r  l e a k a g e  
c h a r a c t e r i s t i c s  of the  bui ld ing envelope impact upon energy use, 
t h e r m a l  c o m f o r t ,  and i n d o o r  c o n t a m i n a n t  l e v e l s ,  The u s e  of new 
v e n t i l a t i o n  system and envelope designs, and a t tempts  t o  decrease 
energy u s e ,  have  a d d i t i o n a l  e f f e c t s  on v e n t i l a t i o n .  T h i s  
s i t u a t i o n  l e a d s  t o  a  need f o r  i n  s i t u  measurement t e c h n i q u e s  t o  
e v a l u a t e  t h e  i n f i l t r a t i o n  a n d  v e n t i l a t i o n  performance of 
buildings, The f a c t o r s  which requ i re  evaluat ion  include envelope 
a i r t i g h t n e s s ,  mechan ica l  v e n t i l a t i o n  r a t e s ,  and i n t e r i o r  a i r  
d i s t r i b u t i o n  o r  v e n t i l a t i o n  e f f e c t i v e n e s s .  B a s i c a l l y ,  one needs  
t o  e v a l u a t e  t h e  d e s i g n  and pe r fo rmance  of the b u i l d i n g  e n v e l o p e  
and mechanical v e n t i l a t i o n  system a s  they r e l a t e  t o  t h e  goals  of 
p r o v i d i n g  a  s a f e  and c o m f o r t a b l e  env i ronment  f o r  t h e  b u i l d i n g  
occupants wi thout  an excessive expenditure of energy. 

A v a r i e t y  of t r a c e r  g a s  measurement t e c h n i q u e s  a l r e a d y  e x i s t  t o  
c h a r a c t e r i z e  b u i l d i n g  i n f  il t r a t  ionl and v e n t i l a t i o n ,  and new 
t e c h n i q u e s  a r e  b e i n g  d e v e l o p e d ,  S i n g l e  t r a c e r  g a s  decay 
techniques have been developed and employed f o r  determining whole 
bui ld ing i n f i l t r a t i o n  v e n t i l a t i o n  r a t e s ,  and these  have been 
reported on previously. "lf These techniques a r e  used t o  study the  
weather dependence of i n f i l t r a t i o n  and v e n t i l a t i o n  r a t e s ,  but  do 
not  d i s t i n g u i s h  between envelope leakage and i n t e n t i o n a l  outs ide  
a i r  in t ake .  More r e c e n t l y ,  t e c h n i q u e s  have  been developed t o  
s tudy  t h e  performance of  v e n t i l a t i o n  s y s t e m s  i n c l u d i n g  t h e  



separa t ion  of envelope leakage r a t e s  from in ten t iona l  ou t s ide  a i r  
in take  r a t e s ,  and the  determination of t h e  r a t e s  of r e c i r c u l a t i o n  
of r e t u r n  a i r  and t o t a l  a i r f l o w  th rough  t h e  v e n t i l a t i o n  system. 
I n  a d d i t i o n ,  t e c h n i q u e s  t o  q u a n t i f y  i n t e r i o r  a i r  d i s t r i b u t i o n  
performance o r  v e n t i l a t i o n  e f fec t iveness  a r e  a l s o  being developed. 
T h i s  paper  d i s c u s s e s  t h e s e  t r a c e r  g a s  t e c h n i q u e s  f o r  t h e  
cha rac te r i za t ion  of v e n t i l a t i o n  and i n f i l t r a t i o n  i n  mechanically 
v e n t i l a t e d  o f f i c e  bui ld ings ,  P a s t  work i n v o l v i n g  s i n g l e  t r a c e r  
g a s  decay i s  b r i e f l y  summarized, S i n g l e  t r a c e r  measurement 
t e c h n i q u e s ,  developed more r e c e n t l y ,  t o  d e t e r m i n e  v e n t i l a t i o n  
sys tem per fo rmance  and v e n t i l a t i o n  e f f e c t i v e n e s s  a r e  a l s o  
p r e s e n t e d  a l o n g  w i t h  some p r e l i m i n a r y  r e s u l t s  o f  t h e i r  
a p p l i c a t i o n ,  I n  g e n e r a l ,  t h e  m a t e r i a l  i n  t h i s  paper concerns  
modern mechanically v e n t i l a t e d  o f f i c e  buildings,  but  much of the  
d iscuss ion is re levan t  t o  o the r  building types, 

WHOLE BUILDING DECAY MEASUREMENTS 

V a r i o u s  t r a c e r  g a s  d e c a y  t e c h n i q u e s  h a v e  been a p p l i e d  t o  
mechanically v e n t i l a t e d  off  ice bui ld ings  t o  measure i n f i l t r a t i o n  
and v e n t i l a t i o n  r a t e s ,  NBS h a s  employed an  automated sys tem t o  
c o l l e c t  a  1 r g e  amount of d a t a  i n  a b o u t  one dozen o f f i c e  
b u i l d i n g s .  2-5 The measurement t e c h n i q u e  and r e s u l t s  have  been 
reported on previously, and a r e  described b r i e f l y  below, 

Measurement Technique 

The measurement sys tem employs  t h e  t r a c e r  g a s  decay t e c h n i q u e ,  
u s i n g  s u l f u r  h e x a f l u o r i d e  (SF6) a s  t h e  t r a c e r  and m e a s u r i n g  i t s  
concentrat ion wi th  an e l e c t r o n  capture de tec to r  gas chromatograph. 
The s y s t e m  is c o m p l e t e l y  a u t o m a t e d  w i t h  a m i c r o c o m p u t e r  
c o n t r o l l i n g  t r a c e r  i n j e c t i o n ,  a i r  sampl ing ,  and c o n c e n t r a t i o n  
measurement,  p e r f o r m i n g  d a t a  a n a l y s i s ,  a n d  r e c o r d i n g  t h e  
i n f i l t r a t i o n  r a t e s  and w e a t h e r  cond i t ions ,  The system opera tes  
t o t a l l y  u n a t t e n d e d  f o r  p e r i o d s  of s e v e r a l  weeks and y i e l d s  
continuous measurements of hourly, average a i r  exchange rates.  It 
is t y p i c a l l y  deployed i n  a  bui ld ing f o r  s e v e r a l  weeks during each 
season  of t h e  y e a r  i n  o r d e r  t o  o b t a i n  measurements  under  a  wide 
range of weather conditions, 

In  t h e  t r a c e r  g a s  decay method it is  i m p o r t a n t  t o  beg in  t h e  
c o n c e n t r a t i o n  decay w i t h  a un i fo rm t r a c e r  g a s  c o n c e n t r a t i o n  
throughout t h e  building, This  can be ensured by using i n j e c t i o n  
s t r a t e g i e s  appropr ia te  t o  t h e  bui ld ing and v e r i f i e d  by sampling a t  
s e v e r a l  l o c a t i o n s  i n  t h e  b u i l d i n g .  Most l a r g e  b u i l d i n g s  have  
s e v e r a l  main a i r  h a n d l e r s  which s e r v e  t h e  b u l k  of t h e  b u i l d i n g ,  
and t h e  t r a c e r  must  be i n j e c t e d  i n t o  t h e  supply  d u c t  of  each one 
t o  g e t  t h e  t r a c e r  t h r o u g h o u t  most  of  t h e  b u i l d i n g  volume, 
Buildings of ten  a l s o  have smal l e r  a i r  handlers  f o r  spaces such a s  
lobbies,  and t r a c e r  must a l s o  be re leased i n t o  the  supply ducts  of 
these  systems, Such a mult i-point  i n j e c t i o n  s t ra tegy d i s t r i b u t e s  
t h e  t r a c e r  t h r o u g h o u t  t h e  b u i l d i n g ,  After t h e  t r a c e r  g a s  
in jec t ion ,  one must w a i t  f o r  t h e  t r a c e r  t o  m i x  wi th  t h e  i n t e r i o r  
a i r  u n t i l  a  uniform concentrat ion is  obtained, The operat ion of 
t h e  a i r  h a n d l e r s  a s s i s t s  i n  mix ing  t h e  t r a c e r ,  b u t  it can s t i l l  



t a k e  f rom twen ty  m i n u t e s  t o  one hour  t o  o b t a i n  a s u f f i c i e n t l y  
uni form t r a c e r  g a s  c o n c e n t r a t i o n .  It is n e c e s s a r y ,  however,  t o  
ve r i fy  t h a t  the  concentrat ion is indeed uniform. This  is done by 
sampling the  t r a c e r  concentrat ion a t  seve ra l  loca t ions  wi th in  t h e  
building. I n  a c t u a l  i n s t a l l a t i o n s ,  these  sampling l o c a t i o n s  have 
general ly included re tu rn  a i r  s h a f t  openings on each f l o o r  of t h e  
b u i l d i n g ,  main r e t u r n  d u c t s  of  l a r g e  a i r  h a n d l e r s ,  and r e t u r n  
d u c t s  of  any s m a l l e r  a i r  h a n d l e r s .  The s p e c i f i c  l o c a t i o n s  f o r  
t r a c e r  i n j e c t i o n  and a i r  s a m p l i n g  depend on t h e  b u i l d i n g  l a y o u t  
and a i r  handling system design, 

The pas t  s t u d i e s  of o f f i c e  bui ld ings  have included measurements of 
b o t h  v e n t i l a t i o n  and i n f i l t r a t i o n .  V e n t i l a t i o n  r a t e s  refer t o  
measurements made wi th  t h e  bui ld ing HVAC system operat ing normally 
under occup ied  c o n d i t i o n s .  I n  t h i s  c a s e  t h e  s p i l l  and i n t a k e  
dampers open and c lose  a s  t h e  cont ro l  system d i c t a t e s ,  i n  response 
t o  i n s i d e  and ou t s ide  temperature and humidity, and time of day, 
I n f i l t r a t i o n  refers t o  u n c o n t r o l l e d  a i r  l e a k a g e  t h r o u g h  t h e  
building envelope. These measurements a r e  made wi th  the  s p i l l  and 
in take  dampers closed ( including minimum outs ide  a i r  dampers), a l l  
l o c a l  e x h a u s t s  o f f ,  and t h e  a i r  h a n d l e r s  running. These t e s t  
r e s u l t s  provide an ind ica t ion  of the  a i r t i g h t n e s s  of t h e  building 
envelope, The operat ion of the f a n s  during these  measurements is 
necessary f o r  mixing and may a f f e c t  t h e  test results through l o c a l  
p r e s s u r i z a t i o n  and d e p r e s s u r i z a t i o n  w i t h i n  t h e  b u i l d i n g ,  o r  
through leakage across  the  in take  and exhaust dampers, I n  severa l  
c a s e s  t h e s e  dampers have been s e a l e d  w i t h  p o l y e t h y l e n e ,  and t h e  
i n f i l t r a t i o n  r a t e s  were no d i f f e r e n t  than those measured without  
the  dampers sealed, 

2.2 Measurement Resul ts  

The r e s u l t s  of t h e  past  measurements have provided a g r e a t  deal  of 
i n f o r m a t i o n  w i t h  r e g a r d  t o  i n f i l t r a t i o n  and  v e n t i l a t i o n  
c h a r a c t e r i s t i c s  o f  o f f  i c e  b u i l d i n g s .  The i n f i l t r a t i o n  
measurements  have  shown a r a n g e  i n  t h e  a i r  exchange r a t e s  of 
b u i l d i n g s ,  and v a r y i n g  d e g r e e s  of w e a t h e r  dependence of t h e  
i n f i l t r a t i o n  r a t e s  f o r  t h e  var ious  bui ld ings  studied, I n  severa l  
recent ly  cons t ructed  o f f i c e  buildings,  t h e  measured i n f i l t r a t i o n  
r a t e s  r anged  f rom a b o u t  0,l t o  0,7 exchanges  p e r  hour ,  e x c e p t  
under extremely windy conditions. These i n f i l t r a t i o n  r a t e s ,  which 

f V  account f o r  consume energy even when the  bui ld ing is unoccupie 
20 t o  60% of t h e  b u i l d i n g s 1  d e s i g n  h e a t i n g  load,  Some of t h e  
b u i l d i n g s t  i n f i l t r a t i o n  r a t e s  show s i g n i f i c a n t  dependence on 
inside-outside temperature d i f ference  and wind speed, while o thers  
were i n s e n s i t i v e  t o  weather conditions. No cor re la t ions  between 
b u i l d i n g  c h a r a c t e r i s t i c s ,  such  a s  h e i g h t ,  and t h e  e x t e n t  of 
weather dependence were observed, 

The v e n t i l a t i o n  measurements  have a l s o  r e v e a l e d  i m p o r t a n t  
findings. The measured v e n t i l a t i o n  r a t e s  were found t o  vary wi th  
wea the r  c o n d i t i o n s  due p r i m a r i l y  t o  t h e  e f f e c t  of t h e  c o n t r o l  
systems and, t o  a  l e s s e r  degree, due t o  uncontrolled i n f i l t r a t i o n .  
Typically the  bui ld ings  have low v e n t i l a t i o n  r a t e s  under heat ing 
and cooling condi t ions  when t h e  cont ro l  system brings i n  a  minimum 
amount of outs ide  a i r  i n  order  t o  cont ro l  the  space condit ioning 



load ,  These minimum r a t e s  r a n g e  from a b o u t  0.2 t o  0.6 exchanges  
p e r  hour ,  e x c e p t  under e x t r e m e  w e a t h e r  c o n d i t i o n s .  Dur ing m i l d  
wea the r ,  o u t s i d e  a i r  i s  used t o  c o o l  t h e  b u i l d i n g s  and l a r g e  
v e n t i l a t i o n  r a t e s  a r e  induced. T h i s  p a t t e r n  of low v e n t i l a t i o n  
r a t e s  under heat ing  and cooling condi t ions  and higher r a t e s  during 
mild w t h e r  was exhibi ted  i n  almost  all of t h e  bui ld ings  studied T by NBSo 

The a b i l i t y  t o  d e t e r m i n e  a c t u a l  b u i l d i n g  v e n t i l a t i o n  r a t e s  and 
compare them t o  design values and recommended outs ide  a i r  in take  
l e v e l s  i s  an i m p o r t a n t  f e a t u r e  of whole  b u i l d i n g  v e n t i l a t i o n  
measurements.  If t h e  measured v e n t i l a t i o n  rates a r e  e x t r e m e l y  
low, t h e  a i r  q u a l i t y  wi th in  the building may be compromised, but 
i f  they  a r e  t o o  h i g h  an  e x c e s s i v e  amount of  energy w i l l  be used. 
The measured minimum v e n t i l a t i o n  r a t e s  i n  severa l  o f f i c e  bui ld ings  
were compared t o  t h e  recommendations of the American Society of 
Heat ing ,  R e f r i g  r a t i n g  and Ai r -Cond i t ion ing  E n g i n e e r s  (ASHRAE) 8 Standard 62-1981 f o r  o f f i c e  spaces  with smoking present, Roughly 
o n e - t h i r d  of t h e  b u i l d i n g s  were found t o  be v e n t i l a t e d  a t  r a t e s  
s i g n i f i c a n t l y  above t h e  s t a n d a r d ,  o n e - t h i r d  were c l o s e  t o  t h e  
s t a n d a r d ,  and o n e - t h i r d  were v e n t i l a t e d  a t  r a t e s  l o w e r  t h a n  t h e  
standard recommends. In  two of the  buildings,  t h  measured r a t e s  
were less than 50% of the  ASHRAE recommendat ions  The exis tence  
of such  low v e n t i l a t i o n  r a t e s  h a s  i m p o r t a n t  i m p l i c a t i o n s  f o r  
b u i l d i n g  o p e r a t i o n ,  and p o i n t s  o u t  t h e  v a l u e  of and need f o r  i n  
s i t u  measurement of v e n t i l a t i o n  rates,  

The v e n t i l a t i o n  da ta  a l s o  revealed t h e  importance of uncontrol led 
a i r  l e a k a g e  t h r o u g h  t h e  b u i l d i n g  enve lope  a s  a  component of  t h e  
n e t  v e n t i l a t i o n  r a t e .  Under c o n d i t i o n s  of  minimum i n t e n t i o n a l  
ou t s ide  a i r  in take ,  t h e  measured ne t  v e n t i l a t i o n  r a t e  of severa l  
bui ld ings  was found t o  increase  wi th  temperature difference.  This 
occurs because temperature dependent  i n f  i l t r a t i b n  i n c r e a s e s  and 
becomes comparable  i n  magn i tude  t o  t h e  i n t e n t i o n a l  v e n t i l a t i o n  
r a t e .  Also,  h i g h  n e t  v e n t i l a t i o n  r a t e s  due t o  t h e  i n f l u e n c e  of 
wind-induced i n f i l t r a t i o n  were a l s o  observed. Several buildings 
exhibi ted  t h i s  property of w e a t h e r  induced  i n f i l t r a t i o n  b e i n g  a  
s ign i f i can t ,  o r  even predominant, por t ion  of the  n e t  v e n t i l a t i o n  
rate. Thus, t h e  measurements revealed t h a t  modern o f f i c e  building 
envelopes a r e  not  necessar i ly  a i r t i g h t ,  and under extreme weather 
c o n d i t i o n s  t h e r e  i s  l i t t l e  c o n t r o l  of t h e  n e t  v e n t i l a t i o n  r a t e .  
Such uncontrol led leakage occurs continuously, and can account f o r  
a  s i g n i f i c a n t  w a s t e  of ene rgy  and a d v e r s e l y  a f f e c t  t h e r m a l  
comfort, 

In  t h e  v e n t i l a t i o n  measurements discussed above, t h e r e  were a l s o  
ind ica t ions  of nonuniform a i r  d i s t r i b u t i o n  wi th in  t h e  buildings. 
One example  i n  a  26-story o f f i c e  u i l d i n g  i n  Newark, New J e r s e y  
h a s  been d e s c r i b e d  previous ly .?  I n  t h i s  b u i l d i n g  t h e  SF 
concentrat ion was sampled on severa l  f l o o r s  of the  building,  an 8 
the  r e s u l t s  were q u i t e  s i m i l a r  on all f l o o r s  except f o r  two. On 
these  two f l o o r s  t h e  i n i t i a l  SF6 concentrat ion was s i g n i f i c a n t l y  
less t h a n  i n  t h e  r e s t  of  t h e  b u i l d i n g ,  a s  was t h e  decay r a t e ,  
This i n d i c a t e s  t h a t  the  supply a i r f low r a t e  f o r  these  f l o o r s  was 
p r o p o r t i o n a l l y  less t h a n  f o r  t h e  rest of t h e  b u i l d i n g ,  and 
t h e r e f o r e  these f l o o r s  have  l o w e r  v e n t i l a t i o n  r a t e s ,  Other 



e x a m p l e s  o f  s u c h  l a r g e  s c a l e  v a r i a t i o n s  i n  i n t e r n a l  a i r  
d i s t r i b u t i o n  and l o c a l  v e n t i l a t i o n  r a t e s  have been observed, and 
s i m i l a r  problems a r e  suspected t o  e x i s t  w i t h i n  individual  rooms. 
When s p e c i f i c  a r e a s  s u f f e r  f r o m  poor a i r  d i s t r i b u t i o n ,  t h e y  may 
have i n d o o r  a i r  q u a l i t y  p rob lems  even i f  t h e  whole b u i l d i n g  o r  
room is adequately venti lated.  Tracer gas  measurement techniques 
t o  quantify a i r  d i s t r i b u t i o n  a r e  discussed below. 

3. VENTILATION EFFECTIVENESS 

The NBS v e n t i l a t i o n  measurements ,  and o t h e r  e x p e r i e n c e ,  h a s  
pointed out  the  po ten t i a l  f o r  inadequate a i r  d i s t r i b u t i o n  wi th in  
mechanically v e n t i l a t e d  buildings, I n  order  t o  quant i fy  building 
o r  room a i r  d i s t r i b u t i o n ,  t h e  concept of v e n t i l a t i o n  e f fec t iveness  
h a s  b e e n  d e v e l o p e d .  S e v e r a l  d e f i n i t i o n s  a n d  a s s o c i a t e d  
measurem n  rocedures e x i s t  and have been applied i n  experimental 
studies?-" I n  t h i s  s e c t i o n  e x i s t i n g  d e f i n i t i o n s  of v e n t i l a t i o n  
e f fec t iveness  a r e  discussed, along with p r a c t i c a l  cons idera t ions  
a f f e c t i n g  t h e i r  u s e  i n  mechanica l ly  v e n t i l a t e d  o f f  ice buildings. 
A m o r e  d e t a i l e d  d i s c u s s i o n  o f  v e n t i l a t i o n  e f f e c t i v e n e s s  
d e f i n i t i o n s  and t h e i r  a p p l i c a t i o n  t o  mechan ica l ly  v e n t i l a t e d  
bui ld ings  is presented i n  r e fe rence  11. 

3.1 Definitions & Vent i la t ion  Effect iveness 

Several  d e f i n i t i o n s  and t h e o r e t i c a l  frameworks have been used t o  
d i s c u s s  v e n t i l a t i o n  e f f e c t i v e n e s s ,  One group of v e n t i l a t i o n  
e f f e c t i v e n e s s  d e f i n i t i o n s ,  r e f e r r e d  t o  h e r e  a s  " c o n c e n t r a t i o n  
e f f i c i enc ies , "  a r e  based on r e l a t i o n s  between pol lu tant  o r  t r a c e r  
g a s  c o n c e n t r a t i o n s  i n  t h e  s u p p l y  a i r ,  t h e f - v a u s t  a i r ,  and a t  
l o c a t i o n s  w i t h i n  t h e  v e n t i l a t e d  space ,  A s t e a d y - s t a t e  
concentrat ion e f f i c i ency  has been defined, which is measured wi th  
a  t r a c e r  g a s  by i n j e c t i n g  t h e  g a s  a t  a  c o n s t a n t ,  known r a t e  i n t o  
t h e  zone being s tudied  and wa i t ing  u n t i l  t h e  concentrat ions reach 
e q u i l i b r i u m .  The i n j e c t i o n  s t r a t e g y ,  i n c l u d i n g  t h e  l o c a t i o n  of 
t h e  s o u r c e  and w h e t h e r  it is d i f f u s e  o r  a  p o i n t ,  depends  on t h e  
n a t u r e  of  t h e  p o l l u t a n t  one w i s h e s  t o  s i m u l a t e ,  There  a r e  a l s o  
t r a n s i e n t  v e n t i l a t i o n  e f f i c i e n c i e s ,  which a r e  measured by s t a r t i n g  
wi th  t h e  t r a c e r  gas  d i s t r i b u t e d  wi th in  t h e  space and no t r a c e r  gas 
sources, Various t r a n s i e n t  e f f i c i e n c i e s  a r e  defined based on the  
r a t i o  of t h e  e x h a u s t  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  some 
l o c a t i o n  wi th in  the occupied space. These d e f i n i t i o n s  include t h e  
r a t i o  of t h e  i n s t a n t a n e o u s  e x h a u s t  c o n c e n t r a t i o n  t o  t h e  
i n s t a n t a n e o u s  c o n c e n t r a t i o n  i n  t h e  s p a c e ,  and t h e  r a t i o  of t h e  
i n t e g r a l s  of these  concentra t ions  over t i m e ,  

Age d i s t r i b u t i o n s  and r e s i d e n c e  times, c o n c e p t s  employed i n  
chemical r eac to r  engineering, h  e l s o  been applied t o  t h e  study 
of v e n t i l a t i o n  e f f e c t i v e n e s s ,  V e n t i l a t i o n  e f f e c t i v e n e s s  
d e f i n i t i o n s  based on age d i s t r i b u t i o n s  i n v o l v e  ave rage  a g e s  of 
i n t e r i o r  a i r  and residence times of con taminan t s ,  To d e t e r m i n e  
v e n t i l a t i o n  ef fec t iveness ,  t h e s e  ages a r e  compared t o  t h e i r  values 
under condi t ions  of pe r fec t  mixing wi th in  t h e  ven t i l a t ed  space o r  
p u r e  p i s t o n  f l o w  t h r o u g h  t h e  s p a c e ,  V a r i o u s  t r a c e r  g a s  
m e a s u r e m e n t  s t r a t e g i e s  a r e  u s e d  t o  d e t e r m i n e  t h e s e  a g e  
d i s t r i b u t i o n  e f f i c i enc ies .  These involve t r a c e r  gas i n j e c t i o n  a t  



a  constant  r a t e  i n t o  the  room o r  supply airstream, and pu l ses  i n t o  
t h e s e  same l o c a t i o n s .  The time r e s p o n s e s  of t h e  e x h a u s t  and/or  
room c o n c e n t r a t i o n s  a r e  n  used t o  d e t e r m i n e  t h e  age  o r  
residence time of in te res t .  pKi-1 1 

Both c o n c e n t r a t i o n  and age  d i s t r i b u t i o n  e f f i c i e n c i e s  have  b  e  
a p p l i e d  i n  e x p e r i m e n t a l  work i n  l a b o r a t o r y  tes t  f a c i l i t i e s .  7 -8 
These rooms have  r e c o n f i g u r a b l e  supp ly  and e x h a u s t  opening 
pos i t ions ,  and con t ro l l ab le  supp ly  a i r  t e m p e r a t u r e ,  v e n t i l a t i o n  
r a t e s ,  and i n t e r n a l  t h e r m a l  loads .  The rooms a r e  e s s e n t i a l l y  
a i r t i g h t  w i t h  a i r f l o w  i n  and o u t  of t h e  space  o c c u r i n g  only 
through t h e  v e n t i l a t i o n  system. In  these  tests, var ious  measures 
of v e n t i l a t i o n  e f fec t iveness  have been determined under a  range of 
c o n d i t i o n s .  These  e x p e r i m e n t s  have  been e x t r e m e l y  u s e f u l  i n  
s tudying t h e  occurrence of shor t - c i r cu i t ing  between the  supply and 
re tu rn  a i r  vents ,  s t r a t i f i c a t i o n  of room a i r ,  and t h e  performance 
of a l t e r n a t i v e  v e n t i l a t i o n  s t r a t eg ies .  

Ven t i l a t ion  Effect iveness Measurement b Buildinns 

While t h e  experimental study of v e n t i l a t i o n  e f fec t iveness  i n  test 
rooms has  been useful ,  it is a l s o  important t o  measure v e n t i l a t i o n  
ef fec t iveness  i n  ac tua l  buildings. The app l i ca t ion  of t h e  t r a c e r  
g a s  measurement p r o c e d u r e s  d i s c u s s e d  above is d i f f i c u l t  i n  r e a l  
b u i l d i n g s  f o r  v a r i o u s  r e a s o n s  d i s c u s s e d  i n  t h i s  s e c t i o n .  One 
problem is  t h e  d i f f i c u l t y  i n  d e f i n i n g  and measur ing t h e  exhaus t  
concentration. Most modern o f f  ice b u i l d i n g s ,  e s p e c i a l l y  i n  t h e  
U.S., employ c e i l i n g  r e t u r n  plenums. The exhaus t  a i r  v e n t s  a r e  
s imply  o p e n i n g s  i n  t h e  dropped c e i l i n g  t h r o u g h  which room a i r  
f l o w s  i n t o  t h e  plenum s p a c e ,  mixes w i t h  r e t u r n  a i r  f r o m  o t h e r  
l o c a t i o n s  on t h e  same f l o o r ,  and f lows t o  an opening i n  t h e  r e tu rn  
a i r  s h a f t .  T h e r e  a r e  g e n e r a l l y  on ly  one o r  two r e t u r n  a i r  s h a f t  
open ings  p e r  f l o o r ,  a n d  t h e r e f o r e  a  w e l l - d e f i n e d  e x h a u s t  
concentrat ion measurement point  exists only f o r  whole f l o o r s  o r  
1 a r g e  p o r t i o n s  of  f l o o r s .  To measure  t h e  e x h a u s t  c o n c e n t r a t i o n  
f o r  a  smal l e r  area, even a  s i n g l e  room, one must sample t h e  a i r  a t  
s e v e r a l  r e t u r n  a i r  o p e n i n g s  i n t o  t h e  c e i l i n g  plenum. T h i s  
procedure can be impract ica l  i n  many cases  due t o  t h e  l a r g e  number 
of measurement po in t s  and l i m i t a t i o n s  of t h e  measuring equipment. 

Depending on t h e  p a r t i c u l a r  measure of v e n t i l a t i o n  e f fec t iveness  
be ing  employed, and t h e  s i z e  and a r rangement  of t h e  s p a c e  be ing  
s t u d i e d ,  t h e  r e q u i r e d  t r a c e r  g a s  i n j e c t i o n  may be d i f f i c u l t  t o  
achieve.  The a p p l i c a t i o n  o f  c e r t a i n  measures  o f  v e n t i l a t i o n  
e f f e c t i v e n e s s  i n  a  l a r g e  a r e a  of a  b u i l d i n g  r e q u i r e s  a  d i f f u s e  
t r a c e r  gas i n j e c t i o n  i n  t h e  lower, occupied zone of t h e  v e n t i l a t e d  
space. The d i f fuse  i n j e c t i o n  of t r a c e r  throughout a  l a r g e  area  a t  
a  r a t e  t h a t  is uniform i n  u n i t s  of t r a c e r  gas flow r a t e  per  f l o o r  
area  may be d i f f i c u l t .  

Another problem i n  measur ing  v e n t i l a t i o n  e f f e c t i v e n e s s  i n  
buildings is associa ted  wi th  t h e  d i f f e r e n c e  between an  a i r t i g h t  
t e s t  room and a  v e n t i l a t e d  s p a c e  i n  an  a c t u a l  b u i l d i n g .  I n  t h e  
labora tory  test f a c i l t i e s  discussed above, a i r  e n t e r s  only through 
supply  v e n t s  and l e a v e s  on ly  th rough  t h e  e x h a u s t s ,  l e a d i n g  t o  
well-defined supply and exhaust  a i r s t r eams  and concentrations, I n  



t h i s  s i t u a t i o n  a l l  q u a n t i t i e s  of i n t e r e s t  (a i r f low r a t e s ,  mixing 
f a c t o r s ,  r e s i d e n c e  times, and v e n t i l a t i o n  e f f i c i e n c i e s )  can be 
determined w i t h  a s i n g l e  t r a c e r  gas i n  a s t ra ight forward  manner, 
I n  r e a l  buildings,  t h e  space under study is subjec t  t o  add i t iona l  
a i r f l o w s  t o  and f rom a d j a c e n t  i n t e r i o r  s p a c e s  and i n  and o u t  
through e x t e r i o r  w a l l s ,  The supply and exhaust concentrat ions a r e  
no longer  well charac ter ized ,  and t h e  exis tence  of t h e  add i t iona l  
a i r f l o w s  g r e a t l y  c o m p l i c a t e s  t h e  s i t u a t i o n ,  Even i f  o n e  
determines a value of t h e  v e n t i l a t i o n  ef fec t iveness ,  t h e  results 
a r e  no longer r e l a t e d  t o  t h e  q u a n t i t i e s  of i n t e r e s t ,  

F i n a l l y ,  a l m o s t  a l l  p r o c e d u r e s  f o r  measur ing  v e n t i l a t i o n  
e f fec t iveness  assume t h e r e  is no r e c i r c u l a t i o n  of t h e  r e t u r n  a i r ,  
However, v e n t i l a t i o n  systems opera te  w i t h  100% outs ide  a i r  in take  
only  d u r i n g  l i m i t e d  p e r i o d s  o f  time. To s t u d y  t h e  v e n t i l a t i o n  
system performance of ac tua l  bui ld ings  under r e a l i s t i c  operat ion,  
modif ica t ions  t o  e x i s t i n g  v e n t i l a t i o n  e f f e c t i v e n e s s  measurement 
procedures must be made t o  dea l  wi th  rec i rcula t ion .  I n  addit ion,  
t o  c h a r a c t e r i z e  t h e  v e n t i l a t i o n  e f f e c t i v e n e s s  f o r  l a r g e  zones  
wi th in  a bui ld ing o r  f o r  whole buildings,  one must deal  wi th  the  
f a c t  t h a t  t h e s e  s p a c e s  a r e  o f t e n  s e r v e d  by more t h a n  one a i r  
handler .  These a i r  h a n d l e r s  may be moving d i f f e r e n t  amounts of  
t o t a l  a i r  and o u t s i d e  a i r .  A l l  of t h e  above f a c t o r s  make t h e  
measurement of  v e n t i l a t i o n  e f f e c t i v e n e s s  i n  a c t u a l  b u i l d i n g s  
d i f f i c u l t ,  b u t  i n  many c a s e s  p r o c e d u r e s  can be employed t o  
evaluate  the  v e n t i l a t i o n  system performance. 

4 , VENTILATION SYSTEM CHARACTERIZATION PROCEDURES 

I n  t h i s  s e c t i o n  v e n t i l a t i o n  sys tem performance e v a l u a t i o n  
p r o c e d u r e s  f o r  u s e  i n  r e a l  b u i l d i n g s  a r e  p r e s e n t e d ,  a l o n g  w i t h  
some prel iminary results from t h e i r  app l i ca t ion  i n  a three-story 
o f f i c e  b u i l d i n g .  A t e c h n i q u e  f o r  m e a s u r i n g  sys tem f l o w s  and 
enve lope  l e a k a g e  s i m u l t a n e o u s l y  i s  d e s c r i b e d ,  f o l l o w e d  by a 
d iscuss ion of procedures t o  measure v e n t i l a t i o n  ef fec t iveness ,  

4.1 SvstemFlow Measurement 

The whole  b u i l d i n g  v e n t i l a t i o n  measurement r e s u l t s  d i s c u s s e d  
previously revealed t h e  f a c t  t h a t  uncontrol led a i r  leakage could 
be an i m p o r t a n t  p a r t  of a b u i l d i n g ' s  n e t  v e n t i l a t i o n  r a t e .  I n  
order t o  simultaneously measure t h i s  a i r  leakage r a t e  and t h e  r a t e  
of i n t e n t i o n a l  o u t s i d e  a i r  i n t a k e ,  one can employ a c o n s t a n t  
i n j e c t i o n  t r a c e r  gas technique, This procedure is i l l u s t r a t e d  i n  
t h e  s c h e m a t i c  i n  f i g u r e  1. I n  t h i s  s c h e m a t i c  QOA is t h e  r a t e  of 
i n t e n t i o n a l  ou t s ide  a i r  in take ,  QRC is t h e  r e c i r c u l a t i o n  a i r f low 
r a t e ,  and QSU i s  t h e i r  sum, t h e  supply  a i r f l o w  r a t e .  QIN i s  t h e  
r a t e  of u n c o n t r o l l e d  a i r  l e a k a g e  i n  t h r o u g h  t h e  b u i l d i n g  s h e l l ,  
and QEX is t h e  sum of the  uncontrol led a i r  leakage out  through t h e  
building s h e l l  and the  a i r f l o w  out  of i n t e n t i o n a l  openings such a s  
bathroom exhausts. 

Q R ~  
is t h e  r e t u r n  a i r f l o w  r a t e  and QSp is t h e  

a i r f l o w  r a t e  t h r o u g h  e s p i l l  dampers. T r a c e r  g a s  decay tes ts  
determine t h e  sum of QOA and QIN9 but  t h e i r  individual  va lues  a r e  
important  i n  evaluat ing  t h e  v e n t i l a t i o n  system operat ion and t h e  
a i r t i g h t n e s s  of t h e  bui ld ing envelope, 



AIR HANDLING SYSTEM 
1 

Figure 1 Schematic of Ven t i l a t ion  Evaluation Procedure 

I n  t h i s  measurement procedure, one  i n j e c t s  t r a c e r  a t  a  c o n s t a n t  
r a t e  i n t o  t h e  supply a i rs t ream a s  indicated  i n  f i g u r e  1. One then 
measures  t h e  r e t u r n  a i r  c o n c e n t r a t i o n  C t h e  s u p p l y  a i r  
concentrat ion CS, and t h e  mixed a i r  concentra & ion ' Cy. CM must be 
measured some d i s t ance  downstream of where t h e  r e c i r c u l a t i o n  a i r  
meets t h e  new outs ide  a i r  i n  order  t o  provide the  two a i r s t r eams  
an opportunity t o  mix, Simi lar ly ,  CS must be measured downstream 
of the  t r a c e r  gas  i n j e c t i o n  l o c a t i o n  a f t e r  the  t r a c e r  mixes with 
t h e  supply  a i r s t r e a m .  The t r a c e r  g a s  mix ing  can be enhanced by 
r e l e a s i n g  t h e  t r a c e r  a t  s e v e r a l  l o c a t i o n s  a c r o s s  a supply  d u c t  
cross-section, Under condit ions of good mixing, t h e  value of Q EU can  be d e t e r m i n e d  f rom t h e  t r a c e r  g a s  i n j e c t i o n  r a t e  q and t e 
d i f f e r e n c e  between CS and CM. To make t h i s  d e t e r m i n a t i o n ,  one 
must w a i t  f o r  s t e a d y - s t a t e  c o n d i t i o n s ,  which can t a k e  s e v e r a l  
h o u r s  depending on t h e  n e t  v e n t i l a t i o n  r a t e  and t h e  e x t e n t  of 
mix ing  w i t h i n  t h e  b u i l d i n g .  From v a r i o u s  mass b a l a n c e s  of t h e  
a i r f lows  and t r a c e r  gas, one can determine t h e  values of QOAI QRC, 
Q ~ l . J 9  and Q i ~  from t h e  t h r e e  c o n c e n t r a t i o n s  and t h e  t r a c e r  
i n j e c t i o n  r a  e. I n  t h i s  a n a l y s i s  it is convenient t o  def ine  two 
r a t i o s ,  

and 

R, t h e  r e c i r c u l a t i o n  f r a c t i o n ,  is t h e  p e r c e n t a g e  of r e t u r n  a i r  
which is  rec i rcula ted ,  L is c a l l e d  t h e  leakage f rac t ion,  

I n  a d d i t i o n  t o  t h e  r e q u i r e m e n t  of good mix ing  i n  measur ing  t h e  
values of CM and CS, t he re  is another complication i n  t h e  general 
c a s e  i n  which a b u i l d i n g  is s e r v e d  by more t h a n  one a i r  handler .  
I n  t h i s  s i t u a t i o n ,  it is  d e s i r a b l e  t h a t  t h e  v a l u e  of CS be t h e  
same f o r  a l l  t h e  a i r  hand le r s .  For a g i v e n  t r a c e r  g a s  i n j e c t i o n  



r a t e ,  t h e  v a l u e  of C depends  on R, L, and QSU, and t h e s e  may 
c e r t a i n l y  vary among t 8 e a i r  handlers. Some guesswork is involved 
i n  determining t h e  appropr ia te  values of the t r a c e r  i n j e c t i o n  r a t e  
q f o r  each a i r  handler,  and t r i a l  runs may be necessary t o  achieve 
s a t i s f a c t o r y  t r a c e r  i n j e c t i o n  ra tes ,  

4,2 Ven t i l a t ion  Effec t iveness  Measurement 

D e s p i t e  t h e  d i f f i c u l t i e s  i n v o l v e d  w i t h  making v e n t i l a t i o n  
e f fec t iveness  measurements i n  real buildings,  t h e r e  is a need t o  
q u a n t i f y  a i r  d i s t r i b u t i o n  c h a r a c t e r i s t i c s ,  The p rocedure  
d i s c u s s e d  i n  t h e  l a s t  s e c t i o n  t o  d e t e r m i n e  sys tem f l o w s  can be  
e x t e n d e d  t o  s t u d y  v e n t i l a t i o n  e f f e c t i v e n e s s ,  T h i s  is  done by 
analyzing the  t r a c e r  gas concentra t ions  a s  the  system approaches 
e q u i l i b r i u m  and, a g a i n ,  d u r i n g  t h e  decay a f t e r  t h e  t r a c e r  g a s  
i n j e c t i o n  is turned off. 

There  have  been on ly  a f e w  c a s e  o v e n t i l a t i o n  e f f e c t i v e n e s s  
measurement  i n  r e a l  b u i l d i n g s .  189 The work i n  r e f e r e n c e  10, 
done a t  t h e  Norwegian I n s t i t u t e  of Techno ogy, i n v o l v e d  t h e  2 d e t e r m i n a t i o n  of  r e s i d e n c e  times i n  a 400 m room i n  a h o t e l  i n  
Trondheim, Norway. The room was c o n s i d e r e d  t o  be i s o l a t e d  f rom 
t h e  rest of t h e  b u i l d i n g  i n  terms of a i r f l o w  and was v e n t i l a t e d  
wi th  no r e c i r c u l a t i o n ,  avoiding some of t h e  d i f f i c u l t i e s  discussed 
e a r l i e r .  A c o n s t a n t  f l o w  of t r a c e r  g a s  was i n t r o d u c e d  i n t o  t h e  
supply  a i r  and t h e  t r a c e r  c o n c e n t r a t i o n  was m o n i t o r e d  i n  t h e  
supp ly ,  e x h a u s t ,  and a t  a l o c a t i o n  w i t h i n  t h e  room, Dur ing t h e  
bui ld-up i n  t r a c e r ,  t h e  l o c a l  mean age  of t h e  a i r  a t  a s p e c i f i c  
p o i n t  i n  t h e  room T i  and i n t e r n a l  mean a g e  f o r  t h e  e n t i r e  s p a c e  
C T ~ I  a r e  given by 

03 

- S [ I  - ( C i ( t ) / C i ( ~ ) I  d t  'i - (3)  

and 
03 

{Ti} = ( l / T n )  1 [ I  - (Ce(t)/Ce(m)lt d t  
0 

(4)  

C i ( t )  is the  t r a c e r  concentrat ion a t  t h e  po in t  i n  ques t ion ,  and T~ 

is t h e  i n v e r s e  of t h e  a i r  exchange r a t e  of  t h e  space, -ci can be 
conveniently determined by f i l l i n g  an a i r  sample conta iner  a t  t h e  
l o c a t i o n  of i n t e r e s t  from t h e  time t h e  i n j e c t i o n  s t a r t s  u n t i l  t h e  
c o n c e n t r a t i o n  a t t a i n s  e q u i l i b r i u m .  The d e t e r m i n a t i o n  of {Ti) 

r equ i res  t h e  continuous monitoring of Ce(t) .  Both -ri and  can 
a l s o  be d e t e r m i n e d  from t h e  c o n c e n t r a t i o n  decay a f t e r  t h e  
i n j e c t i o n  is stopped wi th  expressions s i m i l a r  t o  equations (3) and 
(4), S k a r e t  and Mathisen p o i n t  o u t  t h a t  when t h e r e  i s  enve lope  
leakage t h e  decay r e s u l t s  a r e  more r e l i a b l e  because during build 
a l l  t h e  incoming  a i r  c a n n o t  b e  l a b e l l e d  w i t h  t h e  t r a c e r  gas, YE 
Based on t h e  a g e s  i n  e q u a t i o n s  (3)  and (4)  one d e f i n e s  a mean a i r  
exchange e f f i c i ency  a s  

This  ef f ic iency a t t a i n s  a maximum value of 1.0 under condi t ions  of 
pure  p i s t o n  f l o w  th rough  t h e  space  and e q u a l s  0.5 under  p e r f e c t  
mixing. The ex i s t ence  of s t agnan t  zones wi th in  the  space y i e l d s  a 



v a l u e  l e ss  t h a n  0.5. Local  c o n d i t i o n s  a r e  c h a r a c t e r i z e d  by t h e  
l o c a l  a i r  exchange ef f ic iency 

If t h e  l o c a l  i n t e r i o r  a i r  age is less than t h e  room average age, a 
g e n e r a l l y  f a v o r a b l e  s i t u a t i o n  a t  t h a t  l o c a t i o n ,  t h e n  ea h a s  a 
v a l u e  greater  than one. These q u a n t i t i e s  were d e t e r m i n e d  f o r  t h e  
h o t e l  s p a c e  i n  Trondheim u s i n g  t h i s  p rocedure  on two  d i f f e r e n t  
occass ions .  The v a l u e s  of  Iqalwere 0.59 and 7$8, and t he  l o c a l  
a i r  exchange e f f i c i e n c i e s  were 0.87 and 1.24. T h i s  room had a 
d i s p l a c e m e n t  t y p e  v e n t i l a t i o n  sys tem,  which  is c o n s i s t e n t  w i t h  
values of Cnal above 0.5, 

The d e f i n i t i o n s  i n  e q u a t i o n s  ( 3 )  and (4)  a r e  a p p r o p r i a t e  f o r  t h e  
case of a bui ld ing v e n t i l a t e d  w i t h  100% ou t s ide  a i r ,  bu t  w e  a l s o  
requ i re  techniques when t h e r e  is r e c i r c u l a t i o n  of r e tu rn  a i r ,  One 
o p t i o n  i s  t o  employ t h e s e  d e f i n i t i o n s  w i t h  no m o d i f i c a t i o n s ,  
ignoring the f a c t  t h a t  t h e r e  is rec i rcu la t ion ,  The values  of 3 
and ea w i l l  t h e n  ref lec t  more c o m p l e t e  m i x i n g  t h a n  is a c t u a l f y  
o c c u r r i n g  w i t h i n  t h e  b u i l d i n g ,  The v a l u e s  of  t h e s e  measures  of 
v e n t i l a t i o n  e f f e c t i v e n e s s  w i l l  be  a f f e c t e d  by t h e  amount of  
r e c i r c u l a t i o n  occurring, r ega rd less  of the ac tual  a i r  d i s t r i b u t i o n  
c h a r a c t e r i s t i c s  wi th in  the building. Al ternat ive ly ,  a measure of 
v e n t i l a t i o n  e f f e c t i v e n e s s  t h a t  is n o t  a f f e c t e d  by t h e  amount of 
r e c i r c u l a t i o n  i s  requ i red .  T h i s  a n a l y s i s  i s  more i n v o l v e d  t h a n  
f o r  the  case of 100% outs ide  a i r  in take  and is not  y e t  available. 

While t h e  a n a l y s i s  techniques t o  d e t e r m i n e  b u i l d i n g  a v e r a g e  and 
l o c a l  i n t e r n a l  a g e s  w i t h  nonzero  r e c i r c u l a t i o n  have n o t  been 
completed, some i n t e r e s t i n g  r e l a t i o n s  have  been developed. For 
example, t h e  average age of t h e  a i r  leaving t h e  building, i.e. t h e  
r e tu rn  a i r ,  can be determined when t h e r e  is rec i rcula t ion .  I n  t h e  
case of 100% outs ide  a i r  intake,  t h i s  average residence time TI: is 
e q u a l  t o  T, r e g a r d l e s s  of t h e  f l o w  p a t t e r n  w i t h i n  t h e  building. 
When t h e r e  i s  l ess  t h a n  100% o u t s i d e  a i r  i n t a k e ,  one may s t i l l  
d e t e r m i n e  t h i s  ave rage  r e s i d e n c e  time. To do so ,  one c o n s i d e r s  
t h e  average time f o r  t h e  v e n t i l a t i o n  a i r  t o  make a c i r c u i t  of t h e  
b u i l d i n g  f rom t h e  supply  f a n  back t o  t h e  r e t u r n  f a n ,  -C . T~ i s  
equal t o  the bui ld ing volume V divided by t h e  supply a i r h o w  r a t e  
QSUo The average age of the  r e t u r n  a i r  is then given by 

A s  expec ted ,  when t h e r e  is 100% r e c i r c u l a t i o n  ( R = O ) ,  Tr=-CS=-C 
One can a l s o  d e t e r m i n e  T by a n a l y z i n g  the  v a l u e s  of  C and ?A 5. during t h e  concentrat ion guildup and decay. The values  o CS a r e  
n o t  used because  t h e y  r i se  q u i c k l y  d u r i n g  b u i l d u p  and t y p i c a l l y  
e x h i b i t  more s c a t t e r  t h a n  C R  and C making t h e i r  a n a l y s i s  
d i f f i c u l t .  Also, t h e  values of CM and !; a r e  i d e n t i c a l  during t h e  
decay, During t h e  buildup t h e  concentra t ions  a r e  given by 



During t h e  decay, t h e  concentrat ions a r e  given by 

Given t h e  a v e r a g e  age of t h e  r e t u r n  a i r  T~ and t h e  r e c i r c u l a t i o n  
f r a c t i o n  R, t h e  average age of t h e  supply a i r  is given by 

T h i s  e q u a t i o n ,  and e q u a t i o n  (71, a r e  on ly  t r u e  a f t e r  many sys tem 
time c o n s t a n t s  T~ have  e lapsed .  E a r l i e r  i n  t h e  f a n  o p e r a t i o n  
s c h e d u l e ,  one must  accoun t  f o r  t h e  a g e  of  t h e  b u i l d i n g  a i r  when 
t h e  f a n s  a r e  t u r n e d  on, Depending on t h e  v a l u e s  of R and T , it 
may t ake  severa l  hours f o r  t h e  supply a i r  a r e  -cSu t o  approaci  the 
v a l u e  g i v e n  i n  e q u a t i o n  (101, If T is t h e  ave rage  a g e  of  t h e  
building a i r  when t h e  f ans  a r e  turned on, then t h e  supply a i r  age 
a f t e r  n  time constants  Ts have elapsed is given by 

For example, consider  the  case  i n  which t h e  average bui ld ing a i r  
age  i s  10  h o u r s  when t h e  f a n s  come on i n  t h e  morning, R=0.75, and 
~ , = 0 . 5  hr. The e q u i l i b r i u m  v a l u e  of T,, i n  e q u a t i o n  (10)  is 1.5 
h r ,  b u t  it t a k e s  5 h o u r s  b e f o r e  t h e  a c t u a l  v a l u e  of T is l ess  
than 2  hours. Thus, the  supply a i r  age v a r i e s  through tte day and 
is s t rongly  dependent on f a n  operat ion schedules. Note t h a t  a l l  
of t h e  above d i s c u s s i o n  n e g l e c t s  t h e  a g e  of t h e  a i r  i n  t h e  
breathing zone of the  occupants, which may be much o lde r  than t h e  
supply a i r  f o r  some i n t e r i o r  a i r f l o w  patterns.  

4.3 Measurement &s&& 

I n  o r d e r  t o  i n v e s t i g a t e  t h e  a p p l i c a b i l i t y  of t h e  t e c h n i q u e s  
d i s c u s s e d  above,  e x p e r i m e n t s  were conduc ted  i n  a  t h r e e - s t o r y  
o f f i ce  bui ld ing i n  Plainsboro, New Jersey. This p r iva te ly  owned 
building was completed i n  t h e  f a l l  of 1984, and an overhead view 
of i t s  f l o o r  p l a n  is shown i n  f i g u r e  2, The b u i l d i n g  d i m e n s i o n s  
a r e  rough ly  90 by 55 m ,  i n c l u d i n g  an unco d i t i o n e d  a t r ium.  The 

9 '3 volume o  t h e  conditioned space is 46,000 m and t h e  f l o o r  area  is 
12,000 m . A skyl ighted  cor r idor ,  extending all th ree  s t o r i e s ,  is 
i s o l a t e d  from the o f f i c e  s p a c e  e x c e p t  f o r  g l a s s  p a n e l s  and 
doorways. There a r e  two a i r  handlers,  serv ing t h e  e a s t  and west 
s i d e s  of t h e  b u i l d i n g .  Openings t o  e a c h  f a n ' s  r e t u r n  a i r  s h a f t  
a r e  shown i n  the  f i g u r e ,  and t h e s e  a r e  t h e  on ly  c o n n e c t i o n s  
between t h e  e n t i r e  f l o o r t s  c e i l i n g  r e t u r n  plenum and t h e  r e t u r n  
fans. Note t h a t  t h e  r e tu rn  a i r  from o f f i c e  space near t h e  bottom 
of the  f i g u r e  must go a l l  t h e  way around t h e  skylighted cor r idor  
t o  r e a c h  t h e  r e t u r n  s h a f t .  The l a y o u t  of  t h i s  b u i l d i n g  s u g g e s t s  
t h e  po ten t i a l  f o r  a i r  d i s t r i b u t i o n  problems, making t h i s  building 
an i n t e r e s t i n g  candidate f o r  v e n t i l a t i o n  e f fec t iveness  tests. 



I n  t h e s e  tes ts ,  a  known f l o w  of t r a c e r  g a s  was i n j e c t e d  i n t o  t h e  
main supply duct of each a i r  handler and t h e  concentrat ions CM, 
and CR,  a s  shown i n  f i g u r e  1, were moni to red  over  time f o r  e a c  
a i r  hand le r ,  Once s t e a d y - s t a t e  was ach ieved ,  t h e  i n j e c t i o n  was 
s topped  and t h e  decay i n  t h e  c o n c e n t r a t i o n s  were monitored.  
During t h e  bu i ldup ,  and d u r i n g  t h e  decay,  a i r  sample  bags  were 
f i l l e d  a t  s i x  l o c a t i o n s  on t h e  f i rs t  f l o o r ,  a s  no ted  i n  f i g u r e  2. 
A l l  s i x  l o c a t i o n s  were a t  approximately desktop height. The tests 
were c a r r i e d  o u t  on two c o n s e c u t i v e  days. The r e s u l t s  of t h e  
s t e a d y - s t a t e  e v a l u a t i o n  of sys tem f l o w s  a r e  shown i n  t a b l e  1, 
This t a b l e  lists t h e  equil ibrium values of t h e  concentrat ions,  t h e  
r e c i r c u l a t i o n  and l e a k a g e  r a t i o s  ( R  and L) ,  and t h e  c a l c u l a t e d  
values of Q QOA and QIN' Based on t h e  d i f ferences  between t h e  
e a s t  and wes s i d e s  observed on 6/13, t h e  t r a c e r  i n j e c t i o n  r a t e s  
were a d j u s t e d  on 6 / 1 4  a n d  t h e  e q u i l i b r i u m  v a l u e s  o f  t h e  
c o n c e n t r a t i o n s  on t h e  two s i d e s  of t h e  b u i l d i n g  were c l o s e r  
t o g e t h e r .  The v a l u e s  of R, L,  and t h e  a i r f l o w  r a t e s  a r e  q u i t e  
s i m i l a r  f o r  t h e  two days. A s  no ted  i n  f i g u r e  1, Q 

O% is the rate of in ten t iona l  outside a i r  in take  through.the a i r  han lers  and QIN 
i s  t h e  r a t e  of u n c o n t r o l l e d  a i r  l e a k a g e  th rough  t h e  b u i l d i n g  
shell .  Table 1 shows t h a t  t h i s  uncontrolled leakage c o n s t i t u t e s  
about two-thirds of the  ne t  outs ide  a i r  v e n t i l a t i o n  rate.  This is 
n o t  e x p e c t e d  s i n c e  t h e  b u i l d i n g  i s  i n t e n d e d  t o  be o p e r a t e d  a t  a  
s l i g h t  o v e r p r e s s u r e  of t h e  i n t e r i o r ,  which should  c a u s e  QIN t o  
equa l  zero. 

@ AIR SAMPLE BAG LOCATIONS 

Figure 2 Schematic of Tes t  Building 

The v a l u e s  o f  T~ a n d  {-ri}from e q u a t i o n s  ( 3 )  a n d  ( 4 )  were 
determined f o r  t h e  two days of t e s t i n g  i n  t h i s  same building,  and 
a re  given i n  t a b l e  2, The values  of -rn i n  t h i s  t a b l e  ( t h e  inverse 
of the  a i r  exchange r a t e )  is based on t h e  ne t  v e n t i l a t i o n  r a t e  of 
the  building, QIN-t-QOAI The f a c t  t h a t  more outs ide  a i r  e n t e r s  t h e  
building through t h e  envelope than through t h e  v e n t i l a t i o n  system 



may make t h e  a n a l y s i s  p r o c e d u r e  i n a p p l i c a b l e ,  It w i l l  a t  l e a s t  
make t h e  decay r e s u l t s  more accura te  t t h e  buildup r e s u l t s ,  a s  
p o i n t e d  o u t  by S k a r e t  and Mathisen. " The v a l u e s  o f  {.ri]are 
ca lcula ted  using equation (4) during t h e  buildup and a v a r i a t i o n  
of t h i s  equation during decay. While t h e  values determined during 
t h e  decay a r e  a l m o s t  twice t h o s e  f r o m  the  b u i l d u p  p e r i o d ,  t h e  
v a l u e s  a r e  s i m i l a r  over  t h e  t w o  tests, The v a l u e s  o f  ( q a l a r e  
a l s o  given i n  t h e  table.  On both n igh t s  the west-buildup value of 
{ Q ~ )  is g r e a t e r  t h a n  i t s  t h e o r e t i c a l  maximum of 1.0, b u t  the  
buildup values a r e  expected t o  be less re l i ab le .  The averages of 
t h e  e a s t  and west down values  a r e  O,4l and 0.44 f o r  t h e  two tests, 
corresponding t o  less than p e r f e c t  mixing. The f a c t  t h a t  t h e  down 
v a l u e s  on the  west s i d e  a r e  g r e a t e r  t h a n  0,5, c o r r e s p o n d i n g  t o  
displacement flow, may o r  may not  be s ign i f i can t ,  It is doubtful 
t h a t  t h e  west s i d e  of t h e  b u i l d i n g  p e r f o r m s  l i k e  a d i s p l a c e m e n t  
sys tem and the e a s t  s i d e  d o e s  not.  T a b l e  2 a l s o  p r e s e n t s  v a l u e s  
of  T~ ( e q u a t i o n  (3)) d e t e r m i n e d  a t  t h e  s i x  l o c a t i o n s  i n  f i g u r e  2 
using a i r  sample bags, With only a few exceptions, t h e  values a t  
each l o c a t i o n  a r e  somewhat s i m i l a r  over t h e  two days and f o r  both 
t h e  up and down data.  The v a l u e  of ea ( e q u a t i o n  ( 6 ) )  based on 
t h e s e  v a l u e s  of  T~ a r e  a l s o  g i v e n  and no c o n s i s t e n t  p a t t e r n s  a r e  
e v i d e n t ,  The v a l u e s  of t h e  a v e r a g e  c o n c e n t r a t i o n s  o v e r  b u i l d u p  
and decay, and the concentra t ions  a t  the steady-state, a t  t h e  s i x  
d i f f e r e n t  l o c a t i o n s  were s u p r i s i n g l y  s i m i l a r .  T h i s  i m p l i e s  
r e l a t i v e l y  good mixing on the f l o o r  and no s i g n i f i c a n t  d i f f e rences  
f o r  loca t ions  3 and 5, which a r e  d i r e c t l y  below t h e  r e t u r n  s h a f t  
openings, 

6/ 13/85 
EAST 82.5 60.1 45.2 e75 073 10.7 2*7 490 60% 
WEST 100.1 70.4 57.3 081 970 7.0 1.3 3.0 70% 

6/ 14/ 85 
EAST 76.9 54,7 39.9 073  ~ 7 1  1008 2.9 4*4 60% 
WEST 86,8 61.2 48.5 079 871 6.6 1.4 287 66% 

3 Concentrations i n  pbb, flows i n  m /s. 

Table 1 Results  of System Flow Measurements 

The results of t h e  residence time ana lys i s  a r e  presented i n  t a b l e  
3, A s  mentioned e a r l i e r ,  the average t i m e  f o r  t h e  v e n t i l a t i o n  a i r  
t o  make a c i r c u i t  of t h e  b u i l d i n g  T~ can  be de te rmined  i n  more 
t h a n  one ways. T~ i s  e q u a l  t o  V/Q and t h i s  q u a n t i t y  is g iven  tU i n  t h e  t a b l e  f o r  t h e  e a s t  and wes s i d e  of  t h e  b u i l d i n g  and f o r  
t h e  b u i l d i n g  a s  a  whole. A l t e r n a t i v e l y ,  T s  can be d e t e r m i n e d  
d u r i n g  t h e  b u i l d u p  from e q u a t i o n  (8) and d u r i n g  t h e  decay from 
equation (91, These values f o r  t h e  two s i d e s  of t h e  bui ld ing a r e  
a l s o  given i n  t a b l e  3, While t h e  values of V/QSU f o r  t h e  e a s t  and 
west s i d e s  a r e  q u i t e  d i f f e r e n t ,  t h e  v a l u e s  of  T based on 
e q u a t i o n s  (8 )  and ( 9 )  a r e  e s s e n t i a l l y  t h e  same f o r  bo th  s i d e s  of 
the  building. This  may be due t o  mixing between t h e  two s i d e s  of 



t h e  bu i ld ing .  Also,  t h e  v a l u e s  of -rs based on t h e  decay d a t a  a r e  
l a r g e r  t h a n  t h o s e  based on bu i ldup ,  However, t h e  ave rage  of t h e  
decay and b u i l d u p  v a l u e s  a r e  ve ry  c l o s e  t o  t h e  whole b u i l d i n g  
values of V/QSUe 

6/ 13/ 85 6/ 14/ 85 
East  West East West 

Up Down Up Down Up Down Up Down 

Table 2 I n t e r n a l  A i r  Age Results  

6/ 13/85 6/14/85 
East  West Whole Eas t  West Whole 

Building Building 

V/Qm 36 55 43 35 58 44 

-rs Buildup (eq (8))  
Return 39 37 3 8 40 
Mixed 43 39 42 4 0  

-rS Decay (eq ( 9 ) )  
Return 53 52 52 4 8 
Decay 50 4  8 49 46 

Table 3 Residence Time Resul ts  (minutes) 

5, CONCLUSIONS 

I n  t h i s  paper  we have d i s c u s s e d  e x i s t i n g  and r e c e n t l y  developed 
t r a c e r  g a s  t e c h n i q u e s  f o r  t h e  i n  s i t u  e v a l u a t i o n  of  v e n t i l a t i o n  
system performance, Pas t  work on whole building i n f i l t r a t i o n  and 
v e n t i l a t i o n  measurement was d i s c u s s e d  and t h e  ma jo r  f i n d i n g s  



r e v i e w e d .  T h e  u s e  o f  t r a c e r  g a s  t o  m e a s u r e  v e n t i l a t i o n  
e f f e c t i v e n e s s  i n  m e c h a n i c a l l y  v e n t i l a t e d  b u i l d i n g s  was a l s o  
d i s c u s s e d .  While t e c h n i q u e s  e x i s t  f o r  such  measurements  under 
condi t ions  of 100% ou t s ide  a i r  intake,  the evaluat ion of systems 
o p e r a t i n g  w i t h  r e c i r c u l a t i o n  is more d i f f i c u l t .  Techn iques  
a p p r o p r i a t e  t o  t h i s  l a t t e r  s i t u a t i o n  a r e  n o t  y e t  a v a i l a b l e ,  b u t  
some l i m i t e d  evaluat ion  is possible. Measurement procedures a r e  
a l s o  described t o  separa te ly  measure t h e  i n t e n t i o n a l  ou t s ide  a i r  
in take  through t h e  a i r  handlers  and t h e  amount of uncontrol led a i r  
l e a k a g e  t h r o u g h  t h e  b u i l d i n g  s h e l l .  The  r e s u l t s  o f  t h e  
app l i ca t ion  of these techniques i n  a three-story o f f  ice bui ld ing 
a r e  presented and discussed. 
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