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SYNOPSIS 

To p r e d i c t  a i r  i n f i l t r a t i o n  i n  single-zone, r e s i d e n t i a l  buildings,  
some air  i n f i l t r a t i o n  models r e l y  on measured values of t h e  ef fec-  
t i v e  leakage a r e a  and on its d i s t r i b u t i o n  wi th in  the  bui ld ing en- 
velope. The easiest method of  measuring a i r  leakage is a blower 
door, but,  where such a device is not  avai lable ,  leakage areas can 
be es t imated by adding leakage a r e a s  o f  a l l  envelope components. 
In t h i s  paper we first review the  published d a t a  on component air 
leakage and, from them, compile a set of  component leakage f i g u r e s  
f o r  u s e  i n  e s t i m a t i n g  l e a k a g e  a r e a s  and t h e i r  d i s t r i b u t i o n  i n  
buildings. These ca lcu la t ions  o f  leakage a r e a s  based on component 
leakages a r e  compared w i t h  measurements of leakage a r e a s  i n  36 
houses  i n  d i f f e r e n t  l o c a t i o n s  i n  t h e  United S t a t e s .  The model 
appears t o  p red ic t  leakage area accura te ly  f o r  t h e  average of t h e  
36 houses, while f o r  individual  houses t h e  standard devia t ion is 
about 20%. In add i t ion  t o  descr ib ing t h e  methods used t o  calcu- 
l a t e  bui ld ing leakage a r e a s  based on component information,  w e  
d i s c u s s  t h e  a s s u m p t i o n s  and methods t o  c o n v e r t  o t h e r  t y p e s  o f  
component leakage da ta  t o  component leakage areas. Where severa l  
independent da ta  e x i s t  f o r  t h e  same components (e.g., windows), w e  
d i scuss  t h e  quan t i t a t ive  d i f fe rences  i n  terms o f  poss ib le  d i f -  
ferences  i n  const ruct ion pract ices .  I n  add i t ion  t o  understanding 
the  r e l a t i v e  importance of  each component, t h e  methods and d a t a  
presented can be used t o  estimate building leakage areas based 
simply on drawings. 

LIST OF SYMBOLS 

Q t o t a l  a i r  i n f i l t r a t i o n  rate o r  a i r  flow through blower door 

Qs stack-driven i n f i l t r a t i o n  [ m 3 / s l  
Qw wind-driven i n f i l t r a t i o n  [m3/s 1 
f,, f, s t r u c t u r a l  i n f i l t r a t i o n  f a c t o r s  
AT indoor-outdoor temperature d i f fe rence  [ OC ] 

v wind speed from a weather tower [ m / s ]  
C f sh ie ld ing  c l a s s  c o e f f i c i e n t  
oc ,Y c o e f f i c i e n t s  descr ib ing t e r r a i n  c l a s s  near t h e  bui ld ing 

af,)" c o e f f i c i e n t s  descr ib ing t e r r a i n  c l a s s  near t h e  weather tower 
H, H f  he ights  of  t h e  bui ld ing and t h e  weather tower, respect ively  
AP pressure d i f fe rence  ac ross  envelope [Pal - 
Qp air flow r a t e  measured a t  pressure d i f fe rence  AP [ m 3 / s l  
n,K flow exponent and propor t ional i ty  constant  found from 

regression of measured leakage da ta  

APr reference  pressure d i f fe rence  [Pa 1 

QPr flow through the  bui ld ing o r  building component a t  t h e  
pressure d i f ference  A P r  [m3/s  1 

? dens i ty  of  a ir  [kg/m31 



e f f e c t i v e  leakage a r e a  o f  bui ld ing a t  n~r [cm2] 
c e i l i n g  leakage a r e a  [m21 
f l o o r  leakage area [m21 
leakage area per u n i t  dimension o f  the  i - th  component 

2 2 [cm /m o r  cm2/m o r  cm2 per component] 
2 dimension o f  the  i - th  component [m o r  m o r  number o f  

components] 
index denoting a l l  bui ld ing components 
index denoting t h e  f l o o r  components 
index denoting the  c e i l i n g  components 
unce r t a in ty  o f  t h e  o v e r a l l  bui ld ing leakage a r e a  [cm2] 
uncer t a in ty  of  t h e  i - t h  component leakage area per  u n i t  

component dimension [ cm2/m2 o r  cm2/m o r  cm2/each 1 
ca lcu la ted  leakage area [cm2 I 

2 measured leakage a r e a  [ c m  ! 
c o r r e l a t i o n  c o e f f i c i e n t  squared 

1. WTRODUCTION 

Severa l  a i r  i n f i l t r a t i o n  models have been developed t o  pre- 
d i c t  air  i n f i l t r a t i o n  i n  r e s i d e n t i a l  buildings.  Some of these  
models r e l y  on measured values  o f  t h e  e f f e c t i v e  leakage a r e a  and 
its d i s t r i b u t i o n  wi th in  t h e  bui ld ing envelope. The e f f e c t i v e  
leakage a r e a  is a quan t i ty  t h a t  c h a r a c t e r i z e s  t h e  a i r  leakage o f  
a s t r u c t u r e .  In  1980, Sherman and Grimsrud introduced t h e  "LBL 
i n f i l t r a t i o n  modeln1 i n  which t h e  leakage a r e a  is combined with 
l o c a l  weather da ta  t o  p r e d i c t  average seasonal  a ir  exchange r a t e s .  
The model p r e d i c t s  t h e  a i r  exchange through t h e  bui ld ing envelope 
on the  b a s i s  of  a few measurable parameters: 

- t h e  leakage area of  t h e  s t r u c t u r e  and its d i s t r i b u t i o n  
- t h e  geometry o f  t h e  s t r u c t u r e  
- t h e  inside-outside temperature d i f fe rence  
- t h e  wind speed 
- t h e  t e r r a i n  class of t h e  s t r u c t u r e  loca t ion  - t h e  sh ie ld ing  class o f  the  s t r u c t u r e  

For purposes of c a l c u l a t i n g  a i r  i n f i l t r a t i o n  i n  a bui ld ing 
using t h e  LBL model, t h e  s i n g l e  most important parameter is its 
leakage area, defined a s  t h e  equivalent  area of  an o r i f i c e  with a 
u n i t  d i scharge  c o e f f i c i e n t  t h a t  would a l low the  same volume o f  a i r  
flow as t h e  a c t u a l  bui ld ing,  assuming it is exposed t o  t h e  same 
pressure  d i f ference .  The easiest method o f  measuring t h e  leakage 
a rea  is by using a blower d 0 o r . ~ 9 3  An a l t e r n a t e  method, ca l l ed  
AC-Pressurization, &S being developed by our group a t  Lawrence 
Berkeley Laboratory. 

Where a blower door is not  a v a i l a b l e ,  leakage a r e a s  can, i n  
p r i n c i p l e ,  be est imated by adding component leakage a r e a s  of  a l l  



the  envelope components. There a r e  two drawbacks t o  t h i s  method. 
F i r s t ,  f ind ing  a l l  air leakage sites i n  t h e  bui ld ing envelope is  
d i f f i c u l t  without a d i r e c t  inspect ion  a s s i s t e d  by spec ia l i zed  
instrumentat ion (e.g., bui ld ing p ressur i za t ion  with smoke t r a c e r s  
o r  thermographic equipment, o r  high-frequency acous t i c  methods). 
The second d i f f i c u l t y  is t h e  lack  of  da ta  on a i r  leakage through 
such leakage sites. 

In  t h i s  paper we addressed these  drawbacks a s  follows. 
F i r s t ,  w e  only considered a f ixed s e t  o f  leakage s i t e s  t h a t  have ' 
been found by d i r e c t  measurement t o  be s i g n i f i c a n t .  The frequency 
of occurrence o r  physica l  quan t i ty  of  these  leakage sites ( i .e . ,  
number o f  pipe penet ra t ions  o r  o v e r a l l  window a r e a )  were de te r -  
mined s o l e l y  by inspect ion  of a r c h i t e c t u r a l  drawings o r  sketches,  
not by information from d i r e c t  v i s u a l  inspect ion  during a f i e l d  - 
v i s i t ,  although such information is ava i l ab le  f o r  some of t h e  
houses used t o  v a l i d a t e  t h e  model and would have helped improve 
the  model accuracy. Second, we compiled leakage a r e a s  measured 
f o r  such leakage s i t e s  from t h e  published l i t e r a t u r e .  For some 
bui ld ing components, o the r  i n v e s t i g a t o r s  have measured componen 
leakage a r e a s  by methods similar t o  blower door pressur iza t ion .  5 9 

In genera l ,  however, component leakage tests, although used f o r  
many yea r s ,  have been used f o r  s l i g h t l y  d i f f e r e n t  purposes: conse- 
quently,  the  f i g u r e s  published i n  t h e  l i t e r a t u r e  reported compo- 
nent leakage i n  d i f f e r e n t  formats, a s  bes t  s u i t e d  t o  t h e i r  sep- 
a r a t e  purposes: 

- a i r  changes per  hour - air  flow i n  m3/s o r  cfm - leakage a r e a s  o r  e f f e c t i v e  leakage a r e a s  i n  cm2 o r  
square inches. 

Regardless o f  the  format, leakage can be expressed per  compo- 
nent,  per  u n i t  su r face  a rea ,  o r  per  u n i t  length  of  crack,  and it 
can be quoted a t  a f ixed pressure  d i f fe rence  (usua l ly  4 Pa, 50 Pa 
o r  75 Pa) o r  over a given range of  pressures.  

The v a r i e t y  of  r epor t ing  formats and the  l ack  of  coordinat ion 
among d i f f e r e n t  measurements have been the  main obs tac les  t o  using 
such measured component leakages as a b a s i s  f o r  der iv ing t h e  
leakage area and the  a i r  i n f i l t r a t i o n  r a t e  of  a building. Accord- 
ingly,  p a r t  of  our emphasis is on t h e  s t andard iza t ion  of t h e  
component leakage a r e a s  reported by o t h e r s  i n t o  leakage a r e a s  per  
u n i t  l eng th ,  per  u n i t  a rea ,  o r  per  u n i t  component (e.g., leakage 
area  pe r  f i r e p l a c e ) .  The bui ld ing leakage areas est imated from 
the  component leakage a r e a s  may be used as inpu t  t o  the  LBL i n f i l -  
t r a t i o n  model t o  p red ic t  the  i n f i l t r a t i o n  i n  t h e  building,  

From the  methods and values reported i n  t h i s  paper, des igners  
and a r c h i t e c t s  can es t imate  component and bui ld ing leakage a r e a s  
based simply on drawings and t h e i r  knowledge o r  decis ions  about 
such important d e t a i l s  a s  whether the  s t r u c t u r e  has weather- 
s t r i p p i n g  around windows, o r  dampers i n  v e n t i l a t i o n  ducts  and 
f i r e p l a c e s .  The b e t t e r  the  knowledge about cons t ruct ion  d e t a i l s ,  
the  more accura te  the  r e s u l t i n g  es t imate  of  bui ld ing leakage area .  
On t h e  o t h e r  hand, no amount of  s l eu th ing  w i l l  be b e t t e r  than 



d i r e c t  measurement by p ressur iza t ion  techniques. That is, t h i s  
paper should not  be construed as an i n v i t a t i o n  t o  rep lace  blower 
doors wi th  mindless crack counting, but it should help  those who, 
f o r  i n s t i t u t i o n a l  o r  p r a c t i c a l  reasons, are not  i n  a pos i t ion  t o  
make a c t u a l  leakage a r e a  measurements. 

OllERVIEH OF TEE LBL MODEL 

The  mod model^ is a single-zone ca lcu la t ion  method t o  p red ic t  
t h e  weather-induced i n f i l t r a t i o n  o f  a r e s i d e n t i a l  o r  smal l  commer- 
cial building. The model a l s o  p r e d i c t s  t h e  impact of  r e t r o f i t s  o r  
o the r  changes i n  t h e  bui ld ing envelope on the  b a s i s  o f  performance 
changes effected i n  a f e w  measurable parameters: 

1 ) The leakage area(s) o f  t h e  s t r u c t u r e  and its d i s t r i b u t i o n .  - 
This parameter descr ibes  t h e  t igh tness  of  t h e  s t r u c t u r e  
(obtained by p ressur iza t ion  and depressur iza t ion) ,  Most 
r e t r o f i t s  w i l l  affect t h e  l e a k a g e  area o r  t h e  l e a k a g e  
d i s t r i b u t i o n .  

2) - The ~ e o m e t r y  -- o f  t h e  s t ruc tu re .  The height  and o the r  geo- 
metric q u a n t i t i e s  a r e  usual ly  known o r  can be d i r e c t l y  
measured. 

3) The inside-outside temperature difference.  The temperature 
d i f fe rence  c o n t r o l s  the  i n f i l t r a t i o n  caused by thermal 
buoyancy commonly c a l l e d  s t a c k  e f fec t .  It is a i s o  neces- 
s a r y  f o r  ca lcu la t ing .  the  heat ing and cool ing loads  due t o  
i n f i l t r a t i o n .  

4) The wind speed. The wind speed is required t o  c a l c u l a t e  
t h e  wind-induced i n f i l t r a t i o n ,  u s u a l l y  c a l l e d  "wind 
e f f e c t .  

5) The t e r r a i n  --- class o f  t h e  s t r u c t u r e .  S t a n d a r d  wind- 
engineering p r a c t i c e  has es tab l i shed  f i v e  l ~ c l a s s e s ~ ~  f o r  
character iz ing t h e  t e r r a i n  surrounding a s t ruc tu re :  they 
range  from open t e r r a i n ,  a s  on a p r a i r i e ,  t o  t h e  comp- 
l e t e l y  obs t ructed  t e r r a i n  t y p i c a l  of  a l a r g e  c i t y ,  

6 )  T& s h i e l d i n g  --- class of  t h e  s t ruc tu re .  S imi la r  t o  t e r r a i n  
c l a s s  is the  concept of  sh ie ld ing  c l a s s ,  which, however, 
app l i es  only t o  t h e  s t ruc tu re ' s  immediate v i c i n i t y  (wi th in  
two house heights).  For any p a r t i c u l a r  ca lcu la t ion ,  the  
shie ld ing c l a s s ,  a l s o  i n  f i v e  ca tegor ies ,  is  assigned on 
t h e  bas i s  of  t h e  dens i ty  o f  surrounding bui ld ings  and ob- 
s t ruc t ions ,  such a s  trees, fences and sheds. 

O f  these  parameters, t h e  d i s t r i b u t i o n  of leakage area is the  
most d i f f i c u l t  t o  measure d i r e c t l y .  To measure c e i l i n g  leakage 
area,  t h e  building should be pressurized and depressurized wi th  
walls and f l o o r s  well sealed. Conversely, walls and c e i l i n g  should 
be s e a l e d  t o  measure f l o o r  leakage area. In p rac t i ce ,  c e i l i n g  and 
f l o o r  l e a k a g e  a r e a s  a r e  e s t i m a t e d  from l e a k a g e  a r e a s  o f  l i g h t  



f i x t u r e s ,  f l o o r  penet ra t ions ,  and s i m i l a r  components i n  c e i l i n g  
and f l o o r .  The e f f e c t  o f  t h e  a p p a r e n t  i n c o n s i s t e n c y  o f  t h i s  
method is minimized when one considers  the  comparatively weak 
s e n s i t i v i t y  (0 - 15%) of  t h e  model t o  the  leakage d i s t r i b u t i o n  f o r  
average houses. S t i l l ,  one o f  t h e  purposes of  t h i s  paper is t o  
p u t  t h e  e s t i m a t i o n  o f  t h e  l e a k a g e  a r e a  d i s t r i b u t i o n  on a more 
s c i e n t i f i c  basis.  

The p r i n c i p a l  equat ions  o f  the  LBL i n f i l t r a t i o n  model a r e  
summarized below. A c a r d i n a l  a s s u m p t i o n  o f  t h e  model i s  t h e  
a d d i t i o n  of  s t ack  and wind e f f e c t s i n  quadrature: 

Both s tack-  and wind-driven i n f i l t r a t i o n  terms have s i m i l a r  forms: 

The s t r u c t u r a l  f a c t o r s ,  fs and fw are: 

The bu i ld ing  leakage area d i s t r i b u t i o n  parameters,  R and X, are:  

Knowing the  t e r r a i n  class and the  s h i e l d i n g  c l a s s  of  t h e  
s t r u c t u r e  al lows the  use of  o f f - s i t e  weather d a t a  f o r  c a l c u l a t i n g  
wind-induced pressures  on t h e  bui ld ing surfaces .  Thus, even 
though on-s i te  weather d a t a  c o l l e c t i o n  g r e a t l y  improves t h e  
r e s u l t s  obta inable  i n  a  research  s e t t i n g ,  i t  is not  necessary. The 
only requirement when using o f f - s i t e  weather d a t a  is t h a t  t h e  
measured wind d a t a  is f o r  t h e  '?same windw, i.e., t h a t  t h e r e  be no 
mountains o r  o the r  major d is turbances  i n  t e r r a i n  between t h e  s i t e  
and t h e  wind tower. 

Drawings of  a  bui ld ing a r e  genera l ly  s u f f i c i e n t  f o r  de te r -  
mining t h e  bui ld ing he igh t ,  H. For t h e  leakage a r e a  and t h e  
leakage a r e a  d i s t r i b u t i o n s ,  R and X,  d i r e c t  measurements should be 
used o r ,  a l t e r n a t i v e l y ,  component leakage a r e a s  i n  conjunction 
with drawing d e t a i l s .  In  o t h e r  words, a i r  i n f i l t r a t i o n  can be 



ca lcu la ted  f o r  a bui ld ing as e a r l y  a s  i n  t h e  planning s t age .  
Moreover, t h e  consequences o f  d i f f e r e n t  design d e t a i l s  can be 
evaluated immediately. For e x i s t i n g  bui ld ings ,  d i r e c t  information 
from an  on-s i te  v i s i t  would complement t h e  information gathered 
from any drawings ava i l ab le .  

3.  CALCULATION OF LEAKAGE BRgeS 

The leakage a r e a  values  presented i n  t h i s  paper conform t o  
the  d e f i n i t i o n  used i n  the  LBL model: 

In accordance with t h e  LBL i n f i l t r a t i o n  model, w e  us& a 
reference  pressure d i f fe rence  of  4 Pa. The component leakage 
a reas  presented i n  t h i s  paper are given i n  cm2 per  u n i t ,  where t h e  
% n i t  could be : 

- l i n e a r  meters of house perimeter  
- square meters of  window a r e a  
- number of  pene t ra t ions  through the  envelope 
- number o f  components o f  one type (e.g., f i r e p l a c e ) .  

The component leakage a r e a s  per  u n i t  a r e  found i n  t h e  t a b l e s  
i n  Appendix A.  To c a l c u l a t e  t h e  t o t a l  leakage a r e a  o f  a bui ld ing,  
we mul t ip ly  the  o v e r a l l  dimensions o r  the  number o f  occurrences o f  
each bu i ld ing  component by the  appropr ia te  t a b l e  e n t r y ;  by adding 
t h e  r e s u l t i n g  products w e  ob ta in  t h e  bui ld ing leakage area.  If we 
do t h e  sum separa te ly  f o r  c e i l i n g  o r  f l o o r ,  using t h e  e n t r y  f o r  
leakage l o c a t i o n  --  wall^,^ "Ceiling,It o r  wFloorv -- a t  t h e  bot- 
tom of  each t a b l e ,  we can estimate c e i l i n g  and f l o o r  leakage a r e a s  
t o  be used i n  c a l c u l a t i n g  t h e  parameters R and X. That is 

Note t h a t  t h e  component "dimension9l1 Di, refers t o  components 
of t h e  i - t h  kind. For example, Di may refer t o  t h e  o v e r a l l  window 
a rea ,  t o  the  o v e r a l l  length  o f  f l o o r  j o i n t ,  o r  t o  the  o v e r a l l  
number o f  plumbing penet ra t ions .  

The amount of  c a r e  used i n  determining t h e  s i z e  and number o f  
leakage sites d i r e c t l y  a f f e c t s  the  accuracy of  t h e  e s t ima tes  
obtained by t h i s  method. For ins tance ,  based on reference  t o  
drawings alone,  a  window frame would l i k e l y  be considered 
"averagew and assigned an average leakage-area-per-unit-surface 
area.  An on-si te  inspect ion ,  however, may revea l  t h a t  t h e  cracks  
around t h e  frame have been c a r e f u l l y  caulked, a f ind ing  t h a t  would 
be r e f l e c t e d  i n  a  lower value i n  the  component leakage t ab le .  
F inal ly ,  a d i r e c t  t e s t  with a smoke-stick could d i s t i n g u i s h  



between l l w e l l  caulkedf1 and "average caulked.ll An example o f  an 
a c t u a l  leakage a r e a  c a l c u l a t i o n  is shown i n  Table 1. The calcu- 
la t6d  leakage a r e a  is 810 c m 2  wi th  an uncer ta in ty  o f  2128 cm2. 
The measured leakage a r e a  is 770 cm2. O f  course, i n  general ,  we 
would no t  expect such good agreement. 

TABLE 1 
Example of Calculation of Building Leakage Area Based on Component 

Leakage Areas and Comparison to the Measured Leakage Area. 

Component Description Di Li bi D ~ L ~  ( ~ ~ f i ~ ) ~  
S i l l s  Uncaulked 43.2 m 4.0 cm2/m 2.0 173 7 , 482 

Elec . 
o u t l e t s  

Windows S l id ing  13.1m2 4.Ocm/m 2 2  2.0 75 
2 2 676 

Framing 1.7 c m  /m 

Exter ior  Single  5.7m2 7.7 cm /m 7.0 54 1 , 592 
doors 

Framing 1.7 cm 2 /m 2 

Fi replace  Without 1 350.0 cm2 ea  30.0 350 900 
damper 

Penetra- Pipes 7 6 . 0 c m 2 e a  3.0 42 44 1 
t i o n s  

Heating Ductsun-  1 144.0 cm2 e a  72.0 144 5,184 
ducts  taped, i n  - 

basement 16,375 

2 Calculated Building Leakage Area, LC (cm 1: 810 - +I 28 

2 Measured Building Leakage Area, LM (cm ) :  770 

Note: Refer t o  symbol list f o r  explanation of  column headings 

3.1 Estimation of Uncertainty 

I n  genera l ,  t h e  leakage of  any component depends on a number 
of f a c t o r s ,  such a s  q u a l i t y  of workmanship o r  type of  fireplace 
damper. Other va r i ab les  have t o  do with d i f fe rences  i n  t h e  way the  
l i t e r a t u r e  r e p o r t s  leakage a r e a  values f o r  the  same component. 
Whenever such d i f fe rences  could not  be co r re la t ed  with observable 
f ea tu res ,  o r  when, i n  our experience, the  leakage a r e a  o f  a par- 
t i c u l a r  component was espec ia l ly  suscep t ib le  t o  cons t ruct ion  
q u a l i t y ,  we entered  a range of  leakage a reas  t o  r e f l e c t  t h e  uncer- 
t a i n t y .  In  Appendix A, we use "Maxw t o  descr ibe  t h e  l e a k i e s t  and 
"Minm t o  descr ibe  the  t i g h t e s t  components reported i n  the  l i t e r a -  



ture. Harrje and ~ o r n ~  i n d i c a t e  t h e i r  component leakage areas i n  a  
s i m i l a r  b u t  g r a p h i c a l  form, b u t  do  n o t  i n c l u d e  t h e  d i s c h a r g e  
c o e f f i c i e n t  of  each component i n  t h e i r  d e f i n i t i o n  o f  leakage area. 

An o v e r a l l  b u i l d i n g  l e a k a g e  a r e a  d e r i v e d  from i n d i v i d u a l  
component l e a k a g e  a r e a s  w i t h  i n d i v i d u a l  u n c e r t a i n t i e s  must ,  o f  
course, have a  s i m i l a r  unce r t a in ty  associa ted  with it. We suggest  
t h a t  t h e  u n c e r t a i n t y  o f  t h e  o v e r a l l  b u i l d i n g  l e a k a g e  a r e a  be  
d e t e r m i n e d  by f o l l o w i n h t h e  r u l e s  f o r  e r r o r  p r o p a g a t i o n  used i n  
analyzing measurements; t h a t  is, by assuming t h e  e r r o r  i n  each 
ind iv idua l  component leakage a r e a  t o  be independent o f  t h a t  of  any 
o t h e r  component i n  magnitude and i n  sign. Then, t h e  uncer t a in ty  
i n  o v e r a l l  bui ld ing leakage area can be es t imated  from t h e  square. 
roo t  o f  t h e  sum of  squares of  ind iv idua l  unce r t a in t i e s :  

Calcula t ing  t h e  leakage a r e a  and its uncer ta in ty  from draw- 
i n g s  o r  s k e t c h e s  c a n  be a n  a i d  i n  d e c i d i n g  whe the r  more t i m e -  
consuming measurements  o r  s u r v e y s  a r e  n e c e s s a r y  o r  w a r r a n t e d .  
Suppose t h a t  t h e  c a l c u l a t i o n  i n  Table 1  had been done on a n  a c t u a l  
house b e f o r e  t h e  survey.  It would t h e n  have been known t h a t  
concentra t ing  on a c a r e f u l  inspect ion  o f  the  sill, t h e  doors, and 
t h e  f i r e p l a c e  would r e d u c e  t h e  u n c e r t a i n t y  o f  t h e  t o t a l  l e a k a g e  
a r e a .  The c a l c u l a t i o n  a l s o  shows t h a t  a n  e x t e n s i v e  s u r v e y  t o  
a s c e r t a i n  t h e  q u a l i t y  o f  t h e  s e a l i n g  o f  e l e c t r i c  o u t l e t s  is n o t  
warranted: decreasing the  uncer t a in ty  o f  the  leakage a r e a  o f  each 
electrical o u t l e t  from 0.5 t o  0.2 would decrease t h e  uncer ta in ty  
of  t h e  t o t a l  leakage by less than 0.3%. 

4 .  REV- OF EXISTING DATA FOR CCHPONBNT LEAKAGES 

A review of t h e  component leakage d a t a  found i n  t h e  litera- 
t u r e  l i s t e d  i n  Appendix A , ~ ~ - ~ ~  and shown i n  Table 2  r e v e a l s  tha t :  

- most  of  t h e  d a t a  used p e r t a i n  t o  r e s i d e n t i a l  h o u s e s  i n  
North America only; 

- most da ta  a r e  f o r  windows and doors of  var ious  types; 
- t h e r e  a r e  some d a t a  f o r  leakages around pipes  and wires;  
- t h e r e  a r e  some da ta  f o r  f i r e p l a c e s  and heat ing  systems; 
- t h e r e  a r e  no da ta  f o r  leakages of  windows and doors where 

w e a t h e r s t r i p p i n g  was i n s t a l l e d  s e v e r a l  y e a r s  p r i o r  t o  
test; - t h e r e  a r e  v e r y  f e w  d a t a  f o r  l e a k a g e  of s i l l s  and w a l l -  
c e i l i n g  j o i n t s ,  and those a v a i l a b l e  a r e  not  d e t a i l e d ;  

- t h e r e  a r e  no da ta  f o r  leakages through wal ls ,  f l o o r s ,  and 
c e i l i n g s  except  f o r  penet ra t ions ;  

- t h e  Scandinavian references  conta in  r e s u l t s  from labora- 
t o r y  t e s t s  only, but a l l  'test samples represent  cu r ren t  
Scandinavian building technology. 
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We used the  d a t a  from t h e  Scandinavian 
t o  determine the  lower l i m i t s  o f  the  uncer ta in ty  range f o r  t h e  
leakage a r e a s  of  some components. 

4 . 1  Transformation of air leakage data into effective leakage area 

Whenever the  d a t a  i n  the  l i t e r a t u r e  were not  given i n  u n i t s  
o f  e f f e c t i v e  leakage a r e a  a t  A p r  = 4 Pa, one o f  t h e  two t r ans -  
formation formulae shown below was used. 

P r e s s u r e  cu rve :  I f  t h e  l e a k a g e  r e s u l t s  were r e p o r t e d  a s  a 
s e r i e s  o f  flow r a t e s  through t h e  component a t  s e v e r a l  d i f f e r e n t  
reference  pressures ,  the  d a t a  was f i t t e d  t o  the  fo l lowing e m p i r i -  
c a l  form: 

The equation was then evaluated a t  AP = 4 Pa t o  o b t a i n  the  
a i r  f low needed i n  Eq. (5) determining e f f e c t i v e  leakage area. 

Fixed pressure  data: Where the  a i r  f low was given a t  a f ixed 
d i f fe rence  pressure,  usual ly  50 Pa o r  75 Pa, t h e  leakage a r e a  was 
ca lcu la ted  by assuming a value f o r  the  flow c o e f f i c i e n t  n, usua l ly  

s ince  t h i s  value appears t o  be a good estimate f o r  many houses. 2 4 
The equat ion  used t o  c a l c u l a t e  t h e  leakage a r e a  then becomes: 

5. COHPARISON OF CALCULATED AND MEASURED BUILDING L W A G E  AREAS 

To test  the  method ou t l ined  above, w e  ca lcu la ted  e f f e c t i v e  
leakage areas from component leakage information f o r  a sample of  
36 houses from var ious  a r e a s  o f  t h e  United S t a t e s  f o r  which w e  had 
both d e t a i l e d  draw'ngs and measured values of  o v e r a l l  e f f e c t i v e  
l e a k a g e  a r e a .  25-26 These were a l l  s i n g l e - f a m i l y  r e s i d e n t i a l  
houses, some of  which have leakage area measurements a v a i l a b l e  f o r  
before and a f t e r  c e r t a i n  a i r - t igh ten ing  r e t r o f i t s  had been c a r r i e d  
out. The loca t ions  were: Rochester ( N e w  York), Midway (Washing- 
ton), Eugene (Oregon) and Davis and Walnut Creek (Cal i fornia) .  

In  add i t ion  t o  drawings o r  sketches  of  the  houses, ranging 
from s imple  sketches  done by house doctors  t o  d e t a i l e d  a rch i t ec -  
t u r a l  drawings, we r e l i e d  upon no tes  about window types,  weather- 
s t r i p p i n g ,  e t c .  However, w e  o n l y  used i n f o r m a t i o n  t h a t  was o r  
would have  been a v a i l a b l e  w i t h o u t  an  o n - s i t e  i n s p e c t i o n .  The 
c a l c u l a t i o n  presented i n  Table 1 was performed on each o f  the  36 
houses. 



5 . 1  Comparison on Full Set of Houses 

I n  Fig. 1 w e  show t h e  comparison of ca lcu la ted  and measured 
leakage a r e a s  f o r  the  36 houses i n  our sample. Each po in t  repre-  
s e n t s  one comparison, wi th  t h e  measured value a s  t h e  absc i s sa  and 
the  ca lcu la ted  value a s  the  ordinate.  The uncer ta in ty  ca lcu la ted  
f o r  e a c h  l e a k a g e  a r e a  i s  shown a s  a v e r t i c a l  b a r  and i s  i n  t h e  
r ange  o f  + l o %  t o  +20%. For a f e w  o f  t h e  t i g h t e r  h o u s e s ,  t h e  
u n c e r t a i n t y  was as Xigh a s  9 0 % .  The e r r o r  i n  the  measurement of 
leakage a r e a  is es t imated  t o  be between 210% and 215%. The s o l i d  
diagonal  l i n e  r ep resen t s  pe r fec t  correspondence between ca lcu la ted  
and measured values,  while t h e  dot ted  l i n e s  show the  l i m i t s  of 
+20% discrepancy with r e spec t  t o  measured leakage areas.  - 

Measured 1 eakage area (cm2) 

Fig. 1: Comparison of  measured and ca lcu la ted  leakage a r e a s  f o r  
36 houses; v e r t i c a l  ba r s  represent  uncer ta in ty  o f  ca lcula-  
t i o n ;  s o l i d  d i a g o n a l  l i n e  i n d i c a t e s  p e r f e c t  ag reement ;  
dashed l i n e s  i n d i c a t e  - +20% discrepancy. 

A s imple  l i n e a r  regress ion  o f  the  p o i n t s  i n  Fig. 1 y i e l d s  a 
b e s t - f i t  l i n e  of: 

The f i g u r e s  i n  parentheses i n d i c a t e  t h e  standard dev ia t ion  of the  
es t imated  regress ion  coe f f i c i en t s .  The R-squared value  of  0.84 
i n d i c a t e s  t h a t  84% of the  v a r i a t i o n  i n  ca lcu la ted  leakage a rea  is 



e x p l a i n e d  by t h e  measured l e a k a g e  a r e a ,  w i t h  o n l y  16% of  t h e  
v a r i a t i o n  due t o  l a c k  o f  f i t  of  t h e  model. 

The a p p a r e n t  c o r r e l a t i o n  between c a l c u l a t e d  and measured 
leakage areas is encouraging. In most cases,  ca lcu la ted  values 
f a l l  w i t h i n  the  520% range, wi th  t h e  g r e a t e s t  o u t l i e r s  a t  +4O%. 
For t h i s  p a r t i c u l a r  sample ,  i t  a p p e a r s  t h a t  t h e  c a l c u l a t ~ o n s  
o v e r p r e d i c t  f o r  t i g h t  h o u s e s  and u n d e r p r e d i c t  f o r  v e r y  l e a k y  
houses. A comparison o f  t h e  drawings of  t i g h t  and leaky houses 
might r e v e a l  sys temat ic  d i f f e rences  i n  bui ld ing cons t ruc t ion  de- 
tails. For example, most of t h e  t i g h t  houses had continuous vapor 
b a r r i e r s ,  while t h e  l e a k i e r  ones d id  not. 

5 . 2  Continuous Vapor Barrier 

One component o f  g r e a t  importance t o  t h e  o v e r a l l  leakage area 
is a continuous polyethylene vapor barr ier .  Although its e f f e c t  
on t h e  o v e r a l l  t i g h t n e s s  of  a bui ld ing is undisputed, w e  could not  
f ind  q u a n t i t a t i v e  r e s u l t s  i n  t h e  l i t e r a t u r e ,  except f o r  c e i l i n g  
and w a l l  j o i n t s  (Table A-21, and duc t s  through w a l l s  o r  c e i l i n g  
(Table A-8). Moreover, because it a c t s  i n  series t o  o t h e r  enve- 
lope components, a vapor b a r r i e r  can not  be charac ter ized  as an 
add it i v e  leakage area. 

A s  an  in te r im solu t ion ,  w e  propose t o  use t h e  "MinW va lues  i n  
the  t a b l e s  i n  Appendix A f o r  window and door frames, sills and 
wa l l  j o i n t s ,  electric o u t l e t s  and l i g h t  f i x t u r e s ,  and p ipes  and 
ducts  through the  envelope. The a p p l i c a t i o n  o f  t h i s  r u l e  t o  t h e  
t i g h t  houses f o r  which our  method overpredic ts  leakage a r e a  would 
improve t h e  correspondence between p red ic t ion  and measurement. 
Because o f  t h e  a r b i t r a r y  na tu re  o f  such a ltrule,m however, w e  d id  
not  use those  r e s u l t s  and thus,  a s  an i n t e r i m  so lu t ion ,  ignored 
the  effect o f  a continuous vapor ba r r i e r .  In  any case, any prema- 
t u r e  conclusions wi th  regards t o  continuous vapor b a r r i e r s  o r  t o  
the  c a l c u l a t i o n  method presented here  should be tempered by t h e  
cu r ren t  pauci ty  of  component leakage d a t a  and by the  f a c t  t h a t  the  
t i g h t e s t  and the  l e a k i e s t  sets of houses i n  our comparison a r e  
each loca ted  on a s i n g l e  s i te  and are each reported i n  a s i n g l e  
reference  . 

5.3 Comparison of nIlniquen vs. nReplicatedN Houses 

Some o f  the  houses i n  the  sample were rep l i ca ted  from t h e  
same set o f  drawings and some of t h e  houses were evaluated both 
b e f o r e  and a f t e r  r e t r o f i t s .  I n  t h e  f i r s t  c a s e ,  o f  c o u r s e ,  t h e  
c a l c u l a t i o n s  w i l l  p r e d i c t  t h e  same leakage a r e a s  f o r  a l l  houses, 
and i n  t h e  second case  the  ca lcu la ted  leakage areas ,  al though d i f -  
f e r e n t ,  w i l l  be s t r o n g l y  i n t e r d e p e n d e n t .  I f  we e l i m i n a t e  t h e  
r e p e t i t i o n s ,  the re  a r e  only 22 physica l ly  d i s t i n c t  houses i n  our 
da ta  set. Fig. 2 shows the  comparison of  ca lcu la ted  and measured 
leakage a r e a s  f o r  t h e s e  22 l'uniquell cases. 



I n  these  cases ,  a  l i n e a r  r eg ress ion  y ie lds :  

with t h e  same nomenclature and conventions as i n  Eq. (11).  

Based on t h e  comparison shown i n  Figs. 1 and 2, it appears 
t h a t  t h e  u n c e r t a i n t i e s  o f  20% t o  40% ca lcu la ted  wi th  t h e  method 
described e a r l i e r  and quan t i f i ed  by Eq. (7) are too  conservative. 
If t h e  v e r t i c a l  e r r o r  ba r s  a r e  t o  symbolize standard e r r o r s  and i f  
t h e  e r r o r  d i s t r i b u t i o n  f o r  each  p r e d i c t i o n  i s  assumed t o  be 
normal, then  w e  would expect  only about two-thirds o f  t h e  v e r t i c a l  
e r r o r  b a r s  t o  i n t e r s e c t  t h e  diagonal  l ine .  I n  f a c t ,  28 o u t  of  36 
do s o  f o r  t h e  f u l l  sample o f  36 houses (Fig. 1) and 19 ou t  o f  22 
do s o  f o r  t h e  s u b s e t  o f  22 "uniqueN houses  (Fig.  2). A c a s u a l  
inspec t ion  o f  t h e  two f i g u r e s  sugges ts  t h a t  v e r t i c a l  e r r o r  bars  i n  
the  range o f  20% would b e t t e r  s a t i s f y  the  c r i t e r i a  f o r  s tandard 
devia t ions .  

Measured leakage area (c.4 

Fig. 2: Comparison of measured and ca lcu la ted  leakage areas f o r  22 
ltuniquett houses; v e r t i c a l  ba r s  represent  uncer ta in ty  of  
ca lcu la t ion ;  s o l i d  diagonal  l i n e  i n d i c a t e s  p e r f e c t  agree- 
ment; dashed l i n e s  i n d i c a t e  - +20% discrepancy. 

For each of  the  22 unique ca lcu la t ions ,  we computed the  r a t i o  
of ca lcu la ted  t o  measured leakage a r e a s  -- a r a t i o  o f  1.0 ind i -  
c a t i n g  p e r f e c t  correspondence, a  r a t i o  o f  1.2 t r a n s l a t i n g  t o  20% 
o v e r p r e d i c t i o n ,  and s o  on. Fig. 3 shows a h i s t o g r a m  o f  t h e  22 
r a t i o s  c a l c u l a t e d  i n  t h i s  manner. The a v e r a g e  is 1.005 w i t h  a 



standard dev ia t ion  o f  0.20, sugges t ing  t h a t  t h e  c a l c u l a t i o n  method 
g e n e r a l l y  p roduces  a c c u r a t e  p r e d i c t i o n s .  Thus, based on t h i s  
l i m i t e d  d a t a  se t ,  and a s s u m i n g  t h a t  t h e  e r r o r  d i s t r i b u t i o n  is 
normal, t h e  leakage a r e a  of  a  house, ca lcu la ted  on t h e  b a s i s  of 
i ts  drawings alone, f a l l s  wi th in  80% and 120% of t h e  a c t u a l  value 
w i t h  a p r o b a b i l i t y  o f  68%. I f  t h e  l i m i t s  a r e  r e l a x e d  t o  60% t o  
140% of a c t u a l  value, t h e  p r o b a b i l i t y  ' increases  t o  95.546. 

The standard dev ia t ion  o f  20% should be compared wi th  two 
r e l a t e d  quan t i t i e s :  the  e r r o r  of  10% t o  15% inheren t  i n  leakage 
area measurements, and t h e  uncer t a in ty  o f  about 20% r e s u l t i n g  
from t h e  uncer t a in ty  i n  component leakage areas. If w e  make t h e  
h y p o t h e s i s  t h a t  t h e s e  r e s u l t s  would h o l d  o v e r  a s i g n i f i c a n t l y  
l a r g e r  set of  houses, w e  would conclude t h a t  t h e  s imple  method f o r  
c a l c u l a t i n g  l e a k a g e  a r e a ,  as d e s c r i b e d  i n  t h i s  p a p e r ,  i s  o f  a 
q u a l i t y  comparab le  t o  t h a t  o f  o u r  d a t a .  I n  o t h e r  words ,  few 
ref inements  t o  t h e  method are warranted u n t i l  t h e  l a r g e  uncer- 
t a i n t y  is reduced t h a t  p resen t ly  e x i s t s  i n  t h e  values r e p o r t e d . f o r  
component leakage areas. 

Ratio o f  calculated and measured leakage area 

Fig. 3: Histogram o f  r a t i o s  o f  c a l c u l a t e d  t o  measured l e a k a g e  
areas f o r  22 "uniquew houses. 

On a d i f f e r e n t  l eve l ,  t h e  small p red ic t ive  b i a s  o f  our  model 
based s o l e l y  on a r c h i t e c t u r a l  drawings may appear t o  be contradic-  
to ry  t o  t h e  f ind ings  widely reported i n  t h e  l i t e r a t u r e  and consis-  
t e n t  w i t h  o u r  e x p e r i e n c e  t h a t  o n l y  o n - s i t e  i n s p e c t i o n  c a n  
accura te ly  r evea l  loca t ion  and s i z e  o f  a i r  l eaks  i n  buildings.  I n  
r e a l i t y ,  t h e  s i zeab le  s tandard dev ia t ion  of  the  p red ic t ions  indi -  



c a t e s  t h e  exis tence  o f  inaccuracies  of t h e  model. The small b i a s  
impl ies  only t h a t  the  e r r o r s  committed i n  o m i t t i n g  leakage sites 
o r  i n  ass igning improper leakage a r e a s  a r e  uncorrelated and, thus,  
t end  t o  c a n c e l  each  o t h e r .  N e v e r t h e l e s s ,  i t  is i m p o r t a n t  t o  
recognize t h a t  t h i s  model, a s  any d e t e r m i n i s t i c  method, i s  inher-  
e n t l y  b e s t  s u i t e d  f o r  design c a l c u l a t i o n s  on new bu i ld ings  and f o r  
p red ic t ions  of  energy savings  i n  sets of e x i s t i n g  buildings. When 
p red ic t ing  the  savings from r e t r o f i t t i n g  an ind iv idua l  bui ld ing on 
the  b a s i s  of  drawings a lone  the  model, obviously, can only be as 
good as its assumptions, namely, t h e  i d e n t i f i c a t i o n  and t h e  s i z i n g  
of a l l  leakage s i t e s .  

Measured leakage area (cn2) 

Fig. 4: Comparison o f  measured and ca lcu la ted  leakage a r e a s  o f  8 
houses  b e f o r e  and a f t e r  a i r - t i g h t e n i n g  r e t r o f i t s ;  t h e  
s o l i d  l i n e  i n d i c a t e s  pe r fec t  agreement. 

5 . 4  Comparison o f  Air-Tightening Retrofits 

F i g u r e  4 shows t h e  r e s u l t s  o f  c a l c u l a t i o n s  on t h e  e i g h t  
houses i n  which leakage a r e a  had been measured before and a f t e r  
a i r - t igh ten ing  r e t r o f i t s  were c a r r i e d  out. Four houses are located 
i n  Midway and four  i n  Walnut Creek. The c a l c u l a t i o n s  on these  
e i g h t  houses a r e  based on sketches and notes  done by house doctors  
s i n c e  no  d e t a i l e d  a r c h i t e c t u r a l  d r a w i n g s  were a v a i l a b l e .  Each 
house is represented by a l i n e  connecting the  two po in t s  ind i -  
c a t i n g  t h e  leakage a r e a s  before and a f t e r  r e t r o f i t .  A connecting 
l i n e  p a r a l l e l  t o  the  s o l i d  diagonal i n d i c a t e s  p e r f e c t  agreement 
between ca lcu la t ion  and measurement o f  the  change i n  leakage area. 
This comparison is poss ib ly  the  most encouraging thus  far .  It 



shows t h a t  f o r  s i x  o f  t h e  e i g h t  houses ,  t h e  change i n  l e a k a g e  
achieved by r e t r o f i t  was ca lcu la ted  t o  much g r e a t e r  accuracy than 
the  abso lu te  leakage areas e i t h e r  before o r  a f t e r  r e t r o f i t .  I n  
l i g h t  o f  our  e a r l i e r  d iscuss ion on t h e  r e l a t i v e  b e n e f i t s  of  on- 
s i t e  v i s i t s  and c a l c u l a t i o n s  based on drawings, one might conclude 
t h a t  our  knowledge of  the  va lues  of  ind iv idua l  component leakage 
a r e a s  ( a t  l e a s t  t h o s e  a f f e c t e d  by t h e  r e t r o f i t s  i n  t h e s e  e i g h t  
houses )  is  b e t t e r  t h a n  o u r  a w a r e n e s s  o f  t h e  e x i s t e n c e  o f  a l l  
leakage sites i n  t h e  she l l .  

5.5 Comparison of Calculations with Measured System Leakage Breas 

Severa l  previous s t u d i e s  have reported measurements o f  compo- 
nent leakage a r e a s  aggregated by groups of  components (e.g., a l l  
e l e c t r i c  o u t l e t s  and recessed l i g h t  f i x t u r e s )  and by l a r g e  d i s -  
crete components (e.g., f i r ep laces ) .  I n  t h e  p i e  c h a r t s  i n  Figs. 
5a and 5b we aggregate i n  a  s i m i l a r  manner the  component leakage 
a r e a s  o f  a subset  o f  houses formed by t h e  lluniquetl houses, includ- 
ing  both t h e  before and a f t e r  conf igura t ions  of  the  e i g h t  r e t r o -  
f i t t e d  houses .  P a r t l y  because  o f  t h e  r e p o r t i n g  f o r m a t  o f  t h e  
p r e v i o u s  s t u d i e s ,  w e  c o n s i d e r e d  t h e  19 houses  w i t h  f i r e p l a c e s  
separa te ly  from t h e  11 houses without. The percentages i n  each 
s e c t o r  -- windows, f o r  example -- were obtained by d iv id ing  t h e  
average window leakage a r e a  of  a l l  houses by the  a v e r a g e , t o t a l  
leakage area. 

Sill and / HVAC-systems 
wall /cei 1 ing 

ace 

Windows / \ 

Doors I \ Electric outlets 

Fig. 5a: Dis t r ibu t ion  o f  leakage a r e a s  by major component systems 
f o r  19 houses with f i replace .  

Our c a l c u l a t i o n  of  14% a s  the  con t r ibu t ion  o f  a f i r e p l a c e  t o  
t o t a l  leakage a r e a  (see Fig. 5a) compares favorably wi th  t h e  16% 



measured i n  a previous study by Dickerhoff e t  The leakage 
a t t r i b u t a b l e  t o  forced air  heat ing  and cool ing  duc t s  was calcula-  
ted t o  be 15% and 13% respect ive ly .  Caffey found duct  leakage t o  
be 14% of t h e  t 0 t a l , 3 ~  while t h e  study by Dickerhoff e t  al. found 
13%; similar measurements by Lipschutz e t  a l .  reported 15% and 
21 46, r e ~ ~ e c t i v e l ~ . 3 ~ ' 3 3  

Sill and 
wall/ceiling 

Doors 

Windows 1 

Fig. 5b: Dis t r ibu t ion  o f  leakage a r e a s  by major component systems 
f o r  11 houses without  f i replace .  

The leakage associa ted  wi th  k i tchen fans,  bathroom fans,  and 
c l o t h e s  d rye r s  is indica ted  by the  s e c t o r s  marked tlVents.tt Here, 
we found average values of  4% and 5% f o r  houses with and without 
fir laces, respect ive ly ,  whi le  Dickerhoff e t  a l .  measured 3% t o  
6% 34 

Our c a l c u l a t i o n s  show t h a t  e l e c t r i c  o u t l e t s  and r e c e s s e d  
l i g h t  f i x t u r e s  con t r ibu te  2% and 45, respectively.  Values re-  
p o r t e d  i n  t h e  l i t e r a t u r e  d i s p l a y  d r a m a t i c  v a r i a t i o n s  f o r  t h i s  
compone t. While Dickerhoff e t  a l .  determined t h i s  con t r ibu t ion  t o  
be I Z , ~ ?  Caffey reported 2 ~ 2 . ~ ~  Swedish labora tory  tests measured 
leakage areas f o r  e l e c t r i c  o u t l e t s  t o  be between 0.00 cm2 and 0.33 
cm2 each, depending on how w e l l  they were sealed.37 No recesse 
l i g h t  f i x t u r e s  were tested.  In our ca lcu la t ions ,  w e  used 0.5 c m  B 
per  o u t l e t  and 10 cm2 f o r  each recessed l i g h t  f ix tu re .  While they 
did no t  address recessed l i g h t  f i x t u r e s ,  the  Swedish tests thus  
appear t o  confirm the  range found by Dickerhoff e t  al. and by our 
c a l c u l a t i o n s  . 



Leakage a r e a s  predic ted  f o r  36 bui ld ing p lans  using component 
leakage areas appear t o  be i n  good agreement wi th  d i r e c t  measure- 
ments us ing a blower door. Care was taken t o  use only a rch i t ec -  
t u r a l  drawings of  t h e  bui ld ings  and to' ignore a d d i t i o n a l  informa- 
t i o n  from p r i o r  on-s i te  v i s i t s .  The weakness of  t h i s  comparison, 
of course,  is t h a t  w e  had p r i o r  knowledge o f  the  bu i ld ings  and 
t h e i r  measured leakage areas.  Although w e  s t r i v e d  t o  prevent  such 
knowledge from bias ing our judgments when i n t e r p r e t i n g  t h e  build- 
ing plans,  our r e s u l t s  might have been s t ronger  i f  t h e  leakage 
a r e a s  had been ca lcu la ted  before any on-s i te  v i s i t  had been made. 

With these  caveats  i n  mind, w e  still feel t h a t  c a l c u l a t i n g  
bui ld ing leakage a r e a s  from component information provided by 
a r c h i t e c t u r a l  drawings appears t o  be a sound a l t e r n a t i v e  t o  d i r e c t  
measurement by blower door. Although c a l c u l a t i o n s  without  s i t e  
v i s i t s  w i l l  never y ie ld  the  accuracy obta inable  by d i r e c t  mea- 
surement, they may prove more cos t -e f fec t ive  when planning l a rge  
numbers o f  r e t r o f i t s .  For new houses ,  t h e  a v a i l a b i l i t y  o f  a n  
accura te  and exhaust ive list of component leakage a r e a s  may be 
c r u c i a l  f o r  evaluat ing  t h e  energy e f f i c i e n c y  o f  a proposed design 
as a b a s i s  f o r  suggest ing a l t e r n a t i v e  a i r  t i g h t n e s s  s t r a t e g i e s  o r  
t rade-offs  when necessary. 

To be  s u r e ,  more t h a n  t h e  a i r  t i g h t n e s s  o f  a b u i l d i n g  i s  
involved i n  e s t ima t ing  a i r  i n f i l t r a t i o n ,  but  it is a i r  t i g h t n e s s  
t h a t  s o  far has been l e a s t  amenable t o  desk ca lcula t ions .  With t h e  
understanding t h a t  t h e  values repor ted  i n  t h i s  paper a r e  far from 
d e f i n i t i v e ,  and t h a t  w e  may have i n v o l u n t a r i l y  omit ted some da ta  
on measured values o f  leakage areas of  components, w e  regard t h i s  
paper as t h e  f i r s t  i n  a series of pe r iod ic  updates. A format f o r  
da ta  c o l l e c t i o n  -- component leakage a r e a s  a t  a reference  pressure  
o f  4 Pa -- is suggested, but  n o t  mandatory f o r  inc lus ion  i n  t h i s  
da ta  base. For purposes o f  t ransforming o t h e r  r epor t ing  formats t o  
leakage areas we have included appropr ia t e  conversion formulae. 

New informat ion  on component leakage a r e a s  does no t  emanate 
s o l e l y  from d i r e c t  measurements on a component-by-component basis.  
A s  i n  t h e  s t u d i e s  reviewed i n  t h i s  paper, s e l e c t i v e  systems of  
components  can  a l s o  be measured. A s u f f i c i e n t  number o f  such 
aggregate d a t a  could be transformed i n t o  component leakage a r e a s  
through m u l t i p l e  l i n e a r  regression.  Indeed, a s i m i l a r  a n a l y s i s  of  
a l a r g e  number o f  measured w h o l e - b u i l d i n g  l e a k a g e  a r e a s  cou ld  
y ie ld  accura te  e s t i m a t e s  o f  component leakage a reas ,  provided t h a t  
the  a r c h i t e c t u r a l  d e t a i l s  of  t h e  bui ld ings  r e l evan t  t o  a i r  leakage 
a r e  repor ted  i n  a c o n s i s t e n t  format,  one of  which is suggested i n  
our  paper. Of course, it  is probable t h a t  such a format, even i f  
ag reed  upon by a l l  a i r  i n f i l t r a t i o n  r e s e a r c h e r s  today ,  would 
evolve a s  new measurements were reported. More window types  would 
l i k e l y  be added, wi th  more cons idera t ion  given t o  i n t e r n a t i o n a l  
d i f f e r e n c e s  i n  component d e t a i l s .  S imi la r ly ,  f i r e p l a c e s  may be 
genera l ized  t o  wood-burning appl iances  but  charac ter ized  by a much 
g r e a t e r  v a r i e t y  o f  design than t h e  present  four  e n t r i e s  -- with 
and wi thout  f i r e p l a c e  i n s e r t ,  wi th  and without  damper. 



Aside from al lowing air  t i g h t n e s s  and air  i n f i l t r a t i o n  t o  be 
ca lcu la ted  on t h e  b a s i s  of  drawings alone,  t h e  r epor t ing  o f  compo- 
nent leakage a r e a s  i n  a c o n s i s t e n t  format would be o f  great a s s i s -  
tance i n  analyzing i n t e r n a t i o n a l  d i f f e rences  i n  bui ld ing prac- 
t i ces .  For example, a r e  a l l  Scandinavian houses b u i l t  t i g h t e r  than 
a l l  United S t a t e s  houses, o r  is t h i s  d i f f e rence  less pronounced i n  
new houses? If the re  a r e  l a r g e  d i f fe rences ,  how do they break 
down by component o r  how do they r e l a t e  t o  bui ld ing s t y l e ?  These 
and similar ques t ions  could be addressed more r a t i o n a l l y  if more 
component leakage a r e a s  were known and reported i n  a format al low- 
ing  comparison. 
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APPENDIX A 
COHPONENT LEAKAGE AREAS 

TABLE 8-1  
S I L L  FOUNDATIOH - W A L L  

Component Best Estimate Max Min Unit 

SILL, caulked 0.8 1.2 0.4 2 * c m  /m 
per m o f  perimeter 

SILL, n o t  caulked 4 4 1 cm2/m * 
per m o f  perimeter 

Leakage locat ion:  I1Wallstf i f  sill  is open t o  outdoors o r  i f  s l ab -  
on-grade const ruct ion;  

"Floorm i f  sill open t o  crawlspace o r  basement. 

TABLE 8-2 
JOINTS BERTBEN CEILING AND W A L L S  

Component Best Estimate Max 
- - 

Min Unit 

JOINTS 1.5 2.5 0.5 cm2 /m * 
per m o f  wal l  
Only i f  no t  taped o r  
p las t e red  and no vapor 
b a r r i e r .  

Leakage locat ion:  "Ceilingw 

* Note: i n d i c a t e s  t h a t  Max and Min a r e  no t  found i n  t h e  litera- 
ture.  The given values of  Max and Min a r e  our  es t imates .  



Component Best Estimate Max Min Unit 

CASEMENT 0.8 
Weather s t r i p p e d  
per  m2 window 
a r e a  

Same, n o t  weathers t r .  1.6 2.4 0.8 cm 2 /m 2 . 

AWNING 0.8 1.2 0.4 cm2 /m2 
Weather s t r i p p e d  
per  m2 window 

Same, n o t  weathers t r .  1.6 2.4 0.8 m2/m2 

SINGLE. HUNG 2.2 2 9 1.8 cm2/m2 
Weather s t r i p p e d  

2 per m window 

Same, n o t  weathers t r .  4.4 5.8 3 - 6  cm2/m2 

DOUBLE HUNG 3 0 4.4 1.6 cm2/m2 
Weather s t r i p p e d  
per  m2 window 

Same, n o t  weathers t r .  6.0 8.8 3.2 cm2/m2 

SINGLE SLIDER 1.8 
Weather s t r i p p e d  
per  m2 window 

Same, n o t  weathers t r .  3.6 5.4 1.8 m2/m2 

DOUBLE SLIDER 2.6 
Weather s t r i p p e d  
per  m2 window 

Same, n o t  weathers t r .  5.2 7.6 2.8 cm2/m2 

Leakage loca t ion :  wWallsn 



TABLE 8-4 
WOW 

Component Best Estimate Max Min Unit 

SINGLE DOOR 8 15 3 cm2/m2 
Weather s t r ipped 

2 Per m door 

Same, n o t  weatherstr .  11 17 6 cm2/m2 

DOUBLE DOOR 8 
Weather s t r ipped  
Per m2 door 

Same, n o t  weatherstr .  11 22 7 c m  2 /m 2 

ACCESS TO ATTIC OR 18 18 8 * 
cm2 each 

CRAWL-SPACE 
Weather s t r ipped 
Per access  

Same, n o t  weatherstr .  30 30 10 2 * 
cm each 

Leakage location:  nWallsl* 



TABLE 8-5 
WAJ& - WINDOW FRBME 

Component 
- -- 

Best Estimate Max Min Unit 

WOOD FRAME WALL 093 
With caulking. 
Per m2 window 

Same, no caulking 1 .7 2.7 1.5 cm2/m2 

MASONRY WALL 1.3 
With caulking 
Per m2 window 

Same, no caulking 6.5 10.3 5.7 cm2/m2 

Leakage locat ion:  wWallsw 

TABLE A-6 
WALL - DOOR FRAME 

Component Best E s t i m a t e  Max Min Unit 

WOOD WALL 
With caulking 
Per  m2 door 

Same, no caulking 1.7 

MASONRY WALL 
With caulking 
Per m2 door 

Same, no caulking 5 5 1.7 cm2/m2 
- 

Leakage locat ion:  "Wallsn 

TABLE 8-7 
DOMESTIC HOT WATER SYSTEMS 

Component Best Estimate Max Min Unit 

GAS WATER HEATER 20 25 15 2 * cm each 
(only i f  i n  condi- 
tioned space ) 

Leakage locat ion:  "Ceilingw (see  note a t  end of appendix), 



TABLE A-8 
ELECTRIC OUTLETS AND LIGHT FIXTURES 

Component Best Estimate Max Min Unit 

ELECTRIC OUTLETS 0 
AND SWITCHES 
Gaske t ed  

0 0 each 

S a m e ,  not  gasketed 0.5 1 .O 0 cm2 each * 

RECESSED LIGHT 10 20 10 * 
cm2 each 

FIXTURES 

Leakage locat ion:  wWallstt f o r  o u t l e t s  o r  f i x t u r e s  i n  walls;  
t8Ceilingw f o r  f i x t u r e s  i n  ce i l ing .  

TABLE 8-9 
PIPE BMD DUCT PEHETRATIOMS THROUGH EN9ELOPE 

Component B e s t  Estimate Max Min Unit 

PIPE PENETRATIONS 1 2 0 ' 2 
* 

c m  each 
Caulked o r  sea led  

S a m e ,  not  caulked 6 10 2 2 * cm each 

DUCT PENETRATIONS 1.6 1.6 0 * 
cm2 each 

Sealed o r  with 
contin.  vapor b a r r i e r  

Same, unsealed and 24 
without vapor b a r r i e r  

24 14 2 * c m  each 

Leakage loca t ion  : ttWallstl f o r  penet ra t ions  of  ou t s ide  wal l  sur-  
f aces  ; 

"Ceilingw f o r  penet ra t ions  of t h e  c e i l i n g ;  
"Floorw f o r  penet ra t ions  going from the  l i v i n g  

space t o  crawlspace o r  basement. 



TABLE 8-10 
FIREPLACE 

Component B e s t  Estimate Max Min Unit 

FIREPLACE W/O INSERT 69 
Damper closed 

84 54 c m  2 each 

Same, damper open 350 380 320 c m  2 each 

FIREPLACE WITH INSERT 36 
Damper c losed 

FIREPLACE WITH INSERT 65 
Damper open o r  absent  

46 26 cm2 each 

90 40 2 c m  each 

Leakage locat ion:  "Ceilingn (see  note  a t  end o f  appendix). 

TBBLE 8-11 
EXHAUST FAIUS 

Component Best Estimate Max Min Unit 

KITCHEN FAN - 5 
Damper c losed 

Same, damper open 3 9 

BATHROOM FAN 
Damper c losed 

Same, damper open 20 

DRYER VENT 3 
Damper c losed 

7 * 3 c m 2  each 

42 36 cm2 each 

12 10 cmZ each 

22 18 cm2 each 

6 0 cm2 each 
i 

Leakage locat ion:  "Wallsw f o r  w a l l  fans ;  
llCeilingll f o r  c e i l i n g  f a n s  ( s e e  n o t e  a t  end o f  

Appendix. 



TABLE 8 - 1 2  
HEATING DUCTS BND FURNACE 

Component Best E s t i m a t e  Max Min Unit 

FORCED A I R  SYSTEMS 

DUCTWORK (only i f  i n  
unconditioned space) 

Duct j o i n t s  taped 72 
o r  caulked 

Duct j o i n t s  not  144 
taped o r  caulked 

FURNACE (only i f  i n  
conditioned space) 

Sealed combustion 0 
furnace 

Retention head 30 
burner furnace 

Re t e n t  ion  head 24 
p l u s  s t ack  damper 

72 32 cm2 per  
house 

144 72 cm2 per  
house 

0 0 each 

40 20 cm2 each * 

30 18 cm2 each 
* 

30 40 20 2 * Furnace with c m  each 
s t a c k  damper 

Leakage locat ion:  "Floorw f o r  ducts  i n  basement o r  crawlspace; 
"Ceilingw f o r  ducts  i n  a t t i c ;  
"Ceilingw f o r  furnace (see note a t  end of Appen- 

dix.  

TABLE 8 - 1 3  
AIR CONDITIONER 

Component Best Estimate Max Min Unit 

A I R  CONDITIONER 2 4 36 0 cm2 each * 
Wall o r  window u n i t  

Leakage locat ion:  "Wallsm 



Note on ceiling leakage areas: 

In t h i s  paper w e  a s s ign  t o  I tcei l ing Leakagem t h e  leakage a rea  
of  a l l  d u c t s ,  f a n s ,  s t a c k s ,  chimneys ,  and e x h a u s t  v e n t s  t h a t  
p i e r c e  t h e  c e i l i n g  rega rd less  o f  whether they a l s o  c r o s s  the  roof. 
S t r i c t l y  speaking, only leakage paths  from the  l i v i n g  space t o  the  
a t t i c  are p a r t  o f  the  c e i l i n g  leakage area. A i r  f lows from t h e  
l i v i n g  space through t h e  roof d i r e c t l y  t o  the  outdoors should be 
c a l c u l a t e d  separa te ly  and added i n  quadrature t o  n a t u r a l  i n f i l t r a -  
tion. See, f o r  example, M.H. Sherman and D.T. Grimsrud, Compa- 
r i s o n  o f  Al ternate  v e n t i l a t i o n  S t r a t e g i e s n  i n  Proc. 3d A I C  Confe- 
rence on Energy E f f i c i e n t  Domestic Vent i la t ion  Systems f o r  Achiev- 
ing  Acceptable Indoor A i r  Q u a l i t y  (The A i r  I n f i l t r a t i o n  Centre, 
Old Bracknell  Lane West, Bracknell,  Berkshire, RG12 4AH, ~ n ~ l a n d ,  

When using a blower door t o  measure leakage a rea ,  one should 
t h e r e f o r e  s e a l  a l l  s tacks ,  chimneys and ven t s  i n  d i r e c t  communica- 
t i o n  w i t h  the  outdoors and c a l c u l a t e  the  a i r f l o w  through those 
o p e n i n g s  s e p a r a t e l y .  A s  i n  t h e  measurements  r e p o r t e d  i n  t h i s  
paper, t h i s  procedure is no t  always followed i n  prac t ice .  In  such 
cases  t h e  c e i l i n g  leakage a r e a  r e f e r s  t o  a l l  air  f lows,  inc luding 
t h o s e  t h r o u g h  t h e  r o o f  which are t h e n  i m p l i c i t e l y  lumped w i t h  
n a t u r a l  a i r  i n f i l t r a t i o n .  The e r r o r  i n  t h e  r e s u l t i n g  a i r  
i n f i l t r a t i o n  c a l c u l a t i o n  is usual ly  smal l ,  except f o r  houses wi th  
l a r g e  chimneys without dampers. 


