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ABSTRACT 

The pr imary f o c i  i n  d e s i g n i n g  a  d u c t  sys tem is: 
1)  De l ive ry  o f  t h e  c o r r e c t  amount o f  a i r ;  2)  D e l i v e r y  
of a i r  a t  an  a c c e p t a b l e  t empera tu re  w i t h  minimum 
tempera tu re  d rop ;  3)  Del ive ry  o f  a i r  q u i e t l y ;  and ,  
4) A system which i s  a p p l i c a b l e  t o  t h e  p r o j e c t  con- 
d i t i o n s .  The Shee t  Metal  and A i r  Cond i t i on ing  Asso- 
c i a t i o n  (SMACNA) and t h e  Thermal I n s u l a t i o n  Manufac- 
t u r e r s  A s s o c i a t i o n  (TIMA), have done c o n s i d e r a b l e  
t e s t i n g  on a i r  l o s s  and t empera tu re  d r o p  on o p e r a t i n g  
HVAC sys tems.  

It is  impor t an t  t o  n o t e  t h a t  t h e s e  t e s t s  show 
t h a t  a i r  l e akage  through unsea l ed  j o i n t s  i s  t h e  most 
s i g n i f i c a n t  f a c t o r  i n  h e a t  l o s s .  No amount of i n s u l -  
a t i o n  can make up f o r  a  24 p e r c e n t  a i r  l eakage  r a t e  
i n  a n  u n s e a l e d ,  r e c t a n g u l a r  s h e e t  me ta l  sys tem.  
A c o u s t i c a l  d a t a  is n o t  a s  r e a d i l y  a v a i l a b l e .  ASHRAE 
is c u r r e n t l y  t e s t i n g  a c o u s t i c a l  companies;  however. 
t h i s  i n f o r m a t i o n  is n o t  y e t  a v a i l a b l e .  Based o n  
t e s t i n g  by Owens/Corning F i b e r g l a s ,  d u c t  a t t e n u a t i o n  
i n  dB's  p e r  l i n e a l  f o o t  a t  500 HZ o f  v a r i o u s  i n s u l -  
a t i n g  m a t e r i a l s  can range from 2 . 9  dB ' s  t o  3.7 dB ' s .  

The l a s t  a r e a  t o  c o n s i d e r  i n  d e s i g n i n g  a  d u c t  
sys tem is  p r o j e c t  c o n d i t i o n s .  T h i s  a r e a  i s  n o t  a s  
t e c h n i c a l l y  o r i e n t e d  a s  t h e  o t h e r  t h r e e ;  however. 
i t  is c r u c i a l  i n  d e s i g n i n g  a  d u c t  o p e r a b l e  sys t em.  
Items t o  c o n s i d e r  a r e  s u s c e p t i b i l i t y  t o  abuse ,  con- 
c e a l e d  o r  exposed d u c t ,  how c r i t i c a l  t h e  a c o u s t i c s  
a r e ,  d u c t  c l e a n  o u t  r equ i r emen t s ,  c l i m a t e  c o n d i t i o n s .  
r e s i d e n t i a l  v e r s u s  commercial  c o n s t r u c t i o n ,  and new 
v e r s u s  r e t r o f i t  c o n s t r u c t i o n .  Without r e v e a l i n g  t h e  
p r o p e r t i e s  of each  sys tem,  a  f a i l u r e  o r  a  l e s s  t han  
a c c e p t a b l e  environment f o r  occupan t s  could  o c c u r .  

AIR LEAKAGE 

Probably  t h e  most n e g l e c t e d  d e s i g n  c r i t e r i a  f o r  
d u c t  work is a i r  l e a k a g e .  T e s t i n g  by SMACNA (HVAC 
A i r  Duct Leakage T e s t  Manual. F i r s t  E d i t i o n ,  August.  
1985) ,  and T I M  (Thermal T ransmis s ion  Data  f o r  Oper- 
a t i n g  Duct Systems, 3 / 8 3 ) ,  show t h a t  a i r  l e a k a g e  
through unsea l ed  j o i n t s  i s  t h e  most s i g n i f i c a n t  
f a c t o r  i n  h e a t  l o s s .  

Four v a r i a b l e s  a f f e c t  l eakage :  1 )  s t a t i c  
p r e s s u r e ;  2) f o o t a g e  o f  d u c t  work; 3)  openings;  and ,  
4)  workmanship. SMACNA h a s  e v a l u a t e d  l e a k a g e  o f  
v a r i o u s  sys tems and a s s i g n e d  a  f a c t o r  t o  each  d u c t  
c l a s s  and s e a l  c l a s s .  The l eakage  c l a s s  is  what i s  
p e r m i s s i b l e  l eakage  i n  CFM/100 s q u a r e  f e e t  o f  d u c t  
s u r f a c e .  The SMACNA r e s u l t s  a r e  i n  TABLE 1 .  

TABLE 1  

Duct C l a s s  112, 1 ,  2  WG 3  WG 4 ,  6 ,  10  WG 

S e a l  C l a s s  C B  A  

S e a l i n g  Required T r a n s v e r s e  T r a n s v e r s e  J o i n t s ,  
J o i n t s  Only Jo in t s /Seams  Seams, 

Pene t r a -  
t i o n s  

Leakage C l a s s  

Rec tangu la r  Meta l  2  4  

Round Meta l  12 

F i b e r g l a s  Duct 
Board 

Unsealed Rec tangu la r  
Duct 48 48 48 

Appendix A  of t h e  SMACNA HVAC A i r  Duct Leakage 
T e s t  Manual g i v e s  l e a k a g e  a s  a  p e r c e n t  of f l ow i n  a  
sys tem by Leakage C l a s s ,  f a n  CFM, and s t a t i c  p r e s s u r e .  
The l e a k a g e  i n  a  1" s t a t i c  p r e s s u r e  sys t em can be  a s  
h i g h  a s  24 p e r c e n t  i n  Leakage C l a s s  48  t o  a  low o f  
1 .5  p e r c e n t  i n  Leakage C l a s s  3 .  With t h i s  wide  a  
r ange ,  i t  is  v e r y  i m p o r t a n t  t h a t  t h e  e n g i n e e r  c a r e -  
f u l l y  choose  what t y p e  o f  d u c t  work t o  s p e c i f y  and 
e v a l u a t e  a l t e r n a t i v e s  c a r e f u l l y .  

Using t h e  SMACNA t e s t  r e s u l t s  i s  t h e  most prac-  
t i c a l  way t o  c a l c u l a t e  l e a k a g e  i n  d e s i g n .  It i s  ve ry  
expens ive  and normal ly  d i s r u p t i v e  t o  t h e  j o b s i t e  t o  
t e s t  f o r  l e a k a g e .  P rope r  s e a l i n g  methods can normal- 
l y  be  v i s u a l l y  i n s p e c t e d .  I f  a  p r o j e c t  i s  s p e c i f i e d  
"according t o  SMACNA - XX E d i t i o n " ,  p rope r  s e a l i n g  
i s  r e q u i r e d  and shou ld  be  e n f o r c e d .  

THERMAL PERFORMANCE 

TIMA t e s t i n g  of o p e r a t i n g  d u c t  sys t ems  ag reed  
w i t h  SMACNA t e s t i n g  t h a t  t h e  a i r  l e a k a g e  i s  t h e  most 
s i g n i f i c a n t  f a c t o r  i n  h e a t  l o s s .  No amount of i n s u l -  
a t i o n  can  make up f o r  a  24 p e r c e n t  a i r  l e a k a g e  r a t e .  
The TIMA t e s t  was a  c a l i b r a t e d  h o t  box w i t h  a  s e c t i o n  
o f  o p e r a t i n g  d u c t  work runn ing  th rough  i t .  U Values  
were  measured where  U is t h e  c o e f f i c i e n t  o f  h e a t  
t r a n s m i s s i o n  measured i n  BTU/hr-ft2-OF. The lower  
t h e  U ,  t h e  b e t t e r  t h e  i n s u l a t i o n  v a l u e .  A l l  t e s t  
d u c t s  were  s e a l e d  because  u n s e a l e d  sys t ems  had more 
ene rgy  l o s s  by l e a k a g e  t h a n  by h e a t  t r a n s f e r ,  and 
t h e  r e s u l t s  were  mean ing le s s .  TABLE 2 shows t h e  
r e t u l t s  of t h e  TIMA test i n d i c a t i n g  f l e x i b l e  d u c t  
and wrapped s h e e t  m e t a l  a s  t h e  most t h e r m a l l y  
e f  f  e c i e n t  . 
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TABLE 2  

ACOUSTICS 

SYSrPl 

ww?Fed 
Shee t  Metal 
(2-inch, 
3/4 l b / f t 3 )  

B 

AIR vEUXITY,I?PM 

Uninsulated 
Sheet Metal 

Lined Sheet 
Metal (1-inch 
21b / f t3 )  

Fiberglas G l a s s  
Duct 1-inch 

I n  most c a s e s ,  duc t  des ign  d e a l s  wi th  so lv ing  
nuisance n o i s e  l e v e l s  and no t  h e a l t h  hazard n o i s e  
l e v e l s .  For t h i s  r eason ,  d a t a  presented w i l l  address  
t h e  nuisance n o i s e  problem and not  t h e  h e a l t h  hazard 
problem. I f  t h e  complexity of a  n o i s e  c o n t r o l  s i t u -  
a t i o n  is  deemed t o  d i f f i c u l t  t o  s o l v e ,  t h e r e  a r e  
many experienced a c o u s t i c a l  eng ineers  and c o n s u l t a n t s  
i n  t h e  United S t a t e s  who can h e l p  s o l v e  t h e  problem. 

There a r e  t h r e e  primary ways t o  c o n t r o l  no i se :  
1) a t  i ts  source;  2) a long  its path;  and. 3) a t  t h e  
r e c e i v e r .  Con t ro l l ing  n o i s e  a t  i t s  source  can b e  
achieved by proper  s e l e c t i o n  of equipment, r edes ign  
of t h e  equipment, o r  proper  support  of equipment t o  
reduce v i b r a t i o n .  Along its pa th ,  sound energy can 
be absorbed o r  blocked by a c o u s t i c a l  m a t e r i a l .  The 
p o s i t i o n i n g  of t h e  r e c e i v e r  by excluding him from 
t h e  n o i s e  can so lve  t h e  t h i r d  problem. I n  duct  
des ign  we a r e  p r i m a r i l y  concerned w i t h  c o n t r o l l i n g  
n o i s e  a long i t s  path;  however, most a c o u s t i c a l  
problems a r e  b e s t  solved by combining a l l  t h r e e .  I n  
d i scuss ing  n o i s e  reduc t ion  i n  d u c t s  a long t h e i r  p a t h ,  
d a t a  w i l l  be  presented i n  duc t  a t t e n u a t i o n  i n  dB per  
l i n e a r  f o o t .  Duct l i n e r s  absorb sound caused by a i r  
handl ing equipment a t  t h e  pe r imete r  of t h e  d u c t s  a s  
i t  moves through t h e  l eng th  of t h e  duc t .  To under- 
s t and  t h i s  d a t a ,  a  d e f i n i t i o n  of terms is  necessary.  

1000 

.64 

.23 

I 

U-value 

U-value 

25% Canpression 

50% r h p r e s s i o n  

Insulated 
Flexible 
Duct 
1-inch 

At tenua t ion  - t o  l e s s e n  i n  i n t e n s i t y  and s e v e r i t y .  

2000 

.68 

.31 

U-value 

dB ( d e c i b e l )  - a  logar i thmic  measure of  t h e  r e l a t i v e  
loudness  of a  sound. 

U-value 

U-value 

Perv ious  
Liner 

Impervious 

Frequency - t h e  number of c y c l e s  pe r  second measured 
i n  h e r t z  (HZ). 1000 Hz means 1000 c y c l e s  
pe r  second. 

.19 

It i s  a l s o  important  t o  n o t e  t h a t  c u r r e n t  d a t a  
on duc t  a t t e n u a t i o n  is  d i spu ted  and being r e t e s t e d  
by ASHRAE. The new d a t a  i s  not  a v a i l a b l e  st t h i s  
t i m e .  Because of t h i s ,  d a t a  should be  reviewed on a  
comparison b a s i s  and not  a s  a c t u a l  f i g u r e s  i n  calcu-  
l a t i n g  a c o u s t i c a l  performance.The d a t a  i n  TABLE 3  is  
from Owens/Corning F i b e r g l a s  Acous t i ca l  Research 
Laboratory a c c r e d i t e d  by t h e  f e d e r a l  government's 
Na t iona l  Voluntary Laboratory A c c r e d i t a t i o n  Program. 
A l l  tests a r e  conducted according t o  noted test 
methods. (See TABLE 3 ) .  

Based on t h e  d a t a  i n  TABLE 3 ,  i f  you had a  12" 
X 24" s h e e t  metal  duc t  and you needed t o  reduc t  n o i s e  
a t  500 HZ, t h e  b e s t  l i n e r  i n  terms of  n o i s e  reduc t ion  
would be  2" of duc t  l i n e r  board,  t h e  l a r g e s t  a t t enua-  
t i o n  of dB's  a t  3.8. 

.16 

.19 

-21  

U-value 

U-value 

.16 

.21 

.18 

-29 

.18 
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Table UI-1 Octave Band Center Frequencies. Hz 
twt Attenuation in dB Product PIAY2) 125 250 500 1000 2000 4000 
per l ira1 f m t  of 3 .5 .5 1.5 2.8 4.0 2.7 
d w t  lh3r (1) IXrtLiree 4 .6 .8 2.0 3.4 3.9 3.6 

1,.5pcf 1 " t h W I  5 .5  1.2 2.1 3 .4  5.1 3.8 
(1) - Tested at air valociw of 2000 fpm. 8 .2 1.1 2.4 3.5 3.9 3.7 
(2) - PIA 3 b a r d  on 12"a24" duct. 8 .4  1.7 3.1 4.0 4 .8  4.4 

PIA 4 basd  on lZ"xl2" duct. 
PIA 5 basd  on 8" a 12" duct 

3 .9 1.1 3.2 4.6 3.5 2.6 

PIA 8 based on 6"a12" dun. lhlct L i m  4 .9 1.5 3.0 4.1 3.9 3.8 

PIA 8 based on 6"a6" duct. 
1.5 pcf 2" thick 5 .5 1.8 3.4 4.7 5.3 4.1 

'PIA - The ~nslda perimeter ol a h a d  dun  In 
6 .4 1.3 3.1 3.6 3.9 3.5 

feet diwdad by the cross smlonal lraa 
8 . 4  1.8 3.7 4.2 4 8 4.4 

wee of the d u n  ln squere leat. 3 .7 .6 1.7 2.9 4.1 2.8 
lhlctulEr 4 .6 .7 2.0 3.4 4.1 3.7 
2.0 pcf 1" thick 5 .2 1 1  2.1 3.5 5.3 3.8 

6 .3 1.0 2.4 3.4 3.8 3.4 
8 .4 1.7 2.9 3.9 4.6 4.4 

Duct liner board. 1" thick 3 .4 .5 1.7 4.4 3.8 2.2 
6 .3 .9 2.7 4.7 - 5.2 4.1 

Duct liner board. 2" h ick  3 .6 1.0 3 .8  4.7 3.6 2.3 
. 6 .4 2.0 4.1 4.7 5.1 3.7 

Nom: Anmnuation dam lor duct l inen ere based on sound oresrure levels maarurad in a rover- - ~ -  ~~- -- - 

beration mom after sound p&es thrGgha 10-loot spactmm and anten h a  raverbmrattm room. 
Them ssu ware conduaed according to ASTM method €477-73. Anmuat~on data for other d u n  
systems rnsy differ from thme valuer. and may be higher or lcmar depending on h e  distribution of 
sound energy tn various propagattng duct modes. lengrh of lined lor unlined) d u n  sccriona which 
create discontinu~trer in h a  boundary condir~ons along the pertmeter, and exit conditions a duct 

Table III-2 
Cuct Attenuation in dB 
per Lineal fmt of 
d u a  board (1) 

(1) - Tmed at mr veioc~w of 1200 tpm. 
(2) - PIA 3 based on 1 2"r24" dun. 

PIA 6 bared on 6"al2" dun. 
'PIA - The lnslda perlmetar of a hned duct In 

Ieet diwdad by rha cross racuonal frea 
arm o l  the dun  In square last. 

Octave Eand Center Frmqumnciea. Hz 
Product PIA'(2) 125 250 600 1000 2000 4000 

475 a 1" thick 3 1.1 .9  2.3 3.3 . 3.8 2.1 
6 . 4  1.4  3.3 3.9 5.0 3.7 

800 EI 1" thick 
3 1.0 .8 2.4 3.4 3.9 2.2 
6 .3 1.4 3.4 4.1 5.2 4.0 

Table III-3 
Duct Attenuation in dB per 
Lineal fmt of f l ex ib l e  
d m  

- - - 

Onmve Bmnd Canter Frequmnciem. Hz 
Product Dim 125 250 500 1000 2000 4000 

Pw - 1kvm - das 4" -7 1.3 4.2 4.1 4.1 3.0 
5" 1.2 1.4 2.6 3.9 4.0 2.6 
6" 1.3 1.4 3.2 4.0 4.1 2.4 

All toss were conducted according to the Air DiHusion Council. Flexible Air D u n  Tost Coda FD72. 
The data presented here are reduced from inrenion loss t a u  on a 9 toot length of d u n  at an air 
veloc~~y of 2.500 feat per mtnum. 
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PROJECT CONDITIONS, 

I n  a d d i t i o n  t o  t h e  above t h r e e  c r i t e r i a ,  spec i -  
f i c  p r o j e c t  r equ i remen t s  must be e v a l u a t e d .  Ques t ions  
t o  a sk  a r e :  w i l l  t h e  d u c t s  be s u b j e c t  t o  abuse;  a r e  
they concealed o r  exposed; do they  have t o  b e  c leaned 
o u t ;  what a r e  t h e  condensa t ion  problems; is  i t  new 
o r  r e t r o f i t ;  i s  i t  r e s i d e n t i a l  o r  commercial con- 
s t r u c t i o n .  Each t y p e  of  d u c t  h a s  i ts p r o s  and cons.  

TABLE 4  r e c a p s  t h e  l eakage ,  t he rma l ,  and acous- 
t i c a l  p r o p e r t i e s  o f  each type  of  d u c t ,  (1-Good; 
2-Fair;  and, 3-Poor). I n  a d d i t i o n ,  v a r i o u s  o t h e r  
p r o p e r t i e s  a r e  e v a l u a t e d .  For example i n  a  h igh  
abuse a r e a ,  i t  would no t  be good t o  s p e c i f y  f l e x i -  
b l e  d u c t  o r  d u c t  wrap because  of t h e i r  low r e s i s t a n c e  
t o  punc tu res .  As we a l l  know, i t  would be  imposs ib l e  
t o  c l e a n  o u t  a  l i n e d  s h e e t  me ta l  duc t  o r  f i b e r g l a s s  
duc t .  S p e c i f i c a t i o n s  on a  remodel p r o j e c t  should  
i n c l u d e  f l e x i b i l i t y  f o r  j o b s i t e  r e d e s i g n  wi thou t  
p r o h i b i t i v e  expense.  I t  i s  ve ry  impor t an t  t o  look 
a t  a l l  r equ i rmen t s  when s p e c i f y i n g  what t y p e  o f  d u c t  
work o r  i n s u l a t i o n  t o  use .  Looking a t  one  p r o p e r t y  
could mean d i s a s t e r .  (SEE TABLE 4) 

SUMMARY 

T e s t i n g  by SMACNA and TIMA show t h a t  a i r  l eakage  
through unsealed j o i n t s  is  t h e  most s i g n i f i c a n t  f ac -  
t o r  i n  h e a t  l o s s .  Leakage a t  1" s t a t i c  p r e s s u r e  
( i n  W.G.), can be  a s  h igh  a s  24 p e r c e n t  i n  an  un- 
sea l ed  r e c t a n g u l a r  s h e e t  m e t a l  sys tem t o  a s  low a s  
1.5 pe rcen t  i n  a  t o t a l l y  s e a l e d  round sys tem,  

( f l e x i b l e  d u c t ) .  Th i s  i s  s i g n i f i c a n t  i n  t h a t  no 
amount of  i n s u l a t i o n  can make up f o r  a  24 pe rcen t  
a i r  l eakage  r a t e .  TIMA t e s t i n g  o f  o p e r a t i n g  duc t  
sys tems agreed w i t h  t h e  SMACNA t e s t i n g  t h a t  a i r  
l eakage  i s  t h e  most s i g n i f i c a n t  f a c t o r  i n  h e a t  l o s s .  
The re fo re ,  TIMA t e s t e d  s e a l e d  ductwork t o  compare 
v a r i o u s  i n s u l a t i o n  methods f o r  t he rma l  e f f e c t i v e n e s s .  
The t e s t  r e s u l t s  showed t h a t  u n i n s u l a t e d  s h e e t  me ta l  
a t  1,000 FPM a i r  v e l o c i t y  had t h e  h i g h e s t  U-Value o f  
.64 ( t h e  h i g h e r  t h e  U-value, t h e  more h e a t  l o s s ) .  
Lined s h e e t  me ta l  (1" 2 .0  pcf d e n s i t y )  had a  U of  
.23; wrapped s h e e t  m e t a l  (2" .75 pcf d e n s i t y )  a t  25 
p e r c e n t  compression had a  U of  .16; f i b e r g l a s s  d u c t  
1" t h i c k  was .19 U-value; and i n s u l a t e d  f l e x i b l e  
d u c t  1" t h i c k  had a  .18 U-value. T h i s  d a t a  ind ica -  
t e d  wrapped s h e e t  m e t a l  o r  f l e x i b l e  d u c t  would be  t h e  
b e s t  sys tem i n  terms of  l e a k a g e  and thermal  U-values. 
However, t h i s  would l e a v e  two o f  t h e  impor t an t  c r i -  
t e r i a  unaddressed.  

Choosing t h e  type  of ductwork ( s h e e t  m e t a l ,  
f i b e r g l a s s ,  o r  f l e x i b l e  d u c t )  and i n s u l a t i o n  ( l i n e r ,  
wrap, o r  no i n s u l a t i o n ) ,  depends on a c o u s t i c a l  
r equ i remen t s  and p r o j e c t  c o n d i t i o n s .  A c o u s t i c a l  
d a t a  is  d i s p u t e d  and c u r r e n t l y  be ing  r e t e s t e d  by 
ASHRAE. However, based on t e s t i n g  by Owens/Corning 
F i b e r g l a s s  t h e  d u c t  a t t e n u a t i o n  i n  dB pe r  l i n e a r  f o o t  
a t  500 HZ of  v a r i o u s  i n s u l a t i o n  m a t e r i a l s  i s  a s  
fo l lows  : 

Duct L i n e r  (6" X 6" Duct) ASTM E477-73 

1" 1 .5  pcf 3 . 1  
1" 2.0 pcf 2.9 
2" 1.5 pcf 3.7 

TABLE 4 

Unlined Sheet h t a l  
(Sealed) l 3  l 3  I 

Flexible Insulation 3  1 2  3  2  

Mgid Insulation 3  1 2 2  2  

Fiberglass 1 1 1 2  1 
DubBoard 

Flexible Duct 2  1 1 3  1 

Lined Sheet %tal 1 2  
(&led) 2 1 1 1 1  
*Manufacturer should be cal led  f o r  spec i f i c  recarmendations on fabrication and i n s t a l l a t ion .  
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Duct Board (6" X 6".Duct)  ASTM-73 

1" 475 EI 3 . 3  
1" 800 EI 3.4 

F l e x i b l e  Duct (6") ADC, F l e x i b l e  A i r  Duct 
T e s t  Code FD72 

1-114" Wall  Th ickness  3 .2  

A l l  o f  t h e  above t e c h n i c a l  d a t a  is  n o t  wor th  
u s i n g  i f  p r o j e c t  c o n d i t i o n s  a r e  no t  c o n s i d e r e d .  
I tems t o  be  cons ide red  a r e  s u s c e p t i b i l i t y  t o  abuse  
(mechanica l  rooms),  concealed  o r  exposed d u c t ,  how 
c r i t i c a l  t h e  a c o u s t i c s  a r e  ( t h e a t e r s ) ,  d u c t  c l e a n  
o u t  r equ i r emen t s  ( h o s p i t a l s ) ,  c l i m a t e  c o n d i t i o n s  
(North Texas v e r s u s  South Texas f o r  example) ,  i f  i t  
i s  r e s i d e n t i a l  o r  commercial  c o n s t r u c t i o n ,  and 
whether  i t  i s  new o r  r e t r o f i t  c o n s t r u c t i o n .  Without  
reviewing t h e  p r o p e r t i e s  o f  each sys t em,  a  f a i l u r e  
o r  a  l e s s  t han  a c c e p t a b l e  environment f o r  occupan t s  
could  occu r .  

Four a r e a s  must be  c a r e f u l l y  reviewed i n  
des ign ing  an  e f f i c i e n t  a c c e p t a b l e  d u c t  sys t em.  They 
a r e :  1) a i r  l e akage ;  2 )  t he rma l  performance;  3) acous-  
t i c s ;  and,  4 )  j o b s i t e  c o n d i t i o n s .  
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