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12:30-13:45 Session 3: Characterization of products and systems 
1. Airtightness of the window-wall interface in masonry brick walls. Nathan Van den Bossche 

and Arnold Janssens, Belgium 
2. Evaluation of an Interior Air Barrier System with Dynamic Water Vapour Control in North 

American Climates. Stanley D. Gatland II, CertainTeed, USA 
3. Airtight Curtain Wall/Window Connection Best Practice. Joerg Birkelbach, Tremco illbruck, 

USA 
4. The Science of Rough Opening Preparation and Window Installation to Minimize Air 

Leakage, Sam Hagerman, Hammer and Hand, USA 
Short Presentation 
5. The Science of Fluid-Applied Flashing Systems, Paul Grahovac, Prosoco, USA 
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m

 w
as

 f
ol

de
d 

in
 o

rd
er

 to
 c

op
e 

w
ith

 th
e 

di
ff

er
en

ce
 in

 p
er

im
et

er
 d

im
en

si
on

s 
of

 w
in

do
w

 fr
am

e 
an

d 
w

in
do

w
 o

pe
ni

ng
), 

in
 th

e 
se

co
nd

 c
as

e 
th

e 
fo

il 
w

as
 n

ot
 c

on
tin

uo
us

 a
t 

th
e 

co
rn

er
s, 

bu
t 

lo
ca

lly
 c

ut
 f

or
 a

n 
ov

er
la

p 
an

d 
fix

ed
 w

ith
 c

au
lk

in
g.

 T
he

 r
es

ul
ts

 o
n 

in
st

al
la

tio
ns

 th
at

 r
el

y 
on

 m
em

br
an

es
 f

or
 a

irt
ig

ht
ne

ss
 s

ho
w

 g
oo

d 
ag

re
em

en
t w

ith
 th

e 
re

su
lts

 f
ou

nd
 in

 li
te

ra
tu

re
. 

O
ne

 p
ap

er
 [

22
] 

re
po

rts
 h

ig
h 

in
fil

tra
tio

n 
ra

te
s, 

bu
t t

hi
s 

w
as

 f
or

 p
oo

r 
in

st
al

la
tio

n 
qu

al
ity

 w
hi

ch
 w

as
 n

ot
 th

e 
ca

se
 

he
re

. 

T
es

t s
et

up
 C

 
D

ue
 to

 th
e 

dr
yi

ng
 o

f 
th

e 
pl

as
te

r 
th

er
e 

w
as

 a
 s

hr
in

ka
ge

 c
ra

ck
 b

et
w

ee
n 

pl
as

te
r 

an
d 

pl
yw

oo
d,

 b
ut

 th
is

 o
nl

y 
ha

d 
a 

m
in

or
 e

ff
ec

t o
n 

th
e 

ai
r l

os
se

s. 
Th

e 
di

ff
er

en
ce

 in
 a

ir 
flo

w
 b

et
w

ee
n 

th
e 

in
st

al
la

tio
ns

 w
ith

 a
nd

 w
ith

ou
t c

au
lk

in
g 

w
as

 
ve

ry
 s

m
al

l: 
th

e 
ai

rti
gh

tn
es

s 
of

 th
e 

sp
ra

y 
in

 p
la

ce
 fo

am
 w

as
 a

ls
o 

te
st

ed
 s

ep
ar

at
el

y 
an

d 
w

as
 p

ro
ve

d 
to

 b
e 

ai
rti

gh
t. 

B
ot

h 
th

es
e 

in
sta

lla
tio

ns
 c

ou
ld

 b
e 

re
co

m
m

en
de

d 
fo

r 
us

e 
in

 p
as

si
ve

 h
om

es
. I

n 
pr

ac
tic

e,
 th

e 
pl

yw
oo

d 
is

 ty
pi

ca
lly

 
co

ve
re

d 
w

ith
 a

 g
yp

su
m

 b
oa

rd
 o

r o
th

er
 fi

ni
sh

in
g.

 H
ow

ev
er

, t
he

 te
st

s 
do

ne
 in

 th
e 

la
b 

in
di

ca
te

d 
th

e 
pe

rf
or

m
an

ce
 o

f 
th

e 
in

te
rf

ac
e,

 r
eg

ar
dl

es
s 

of
 t

he
 i

nt
er

io
r 

fin
is

h.
 T

es
t 

re
su

lts
 t

ak
en

 f
ro

m
 t

he
 l

ite
ra

tu
re

 r
el

at
in

g 
to

 w
in

do
w

-w
al

l 
in

st
al

la
tio

ns
 u

si
ng

 S
P-

PU
R

 sh
ow

 si
m

ila
r l

ev
el

s o
f p

er
fo

rm
an

ce
. 

Pr
ac

tic
al

 im
pl

ic
at

io
ns

 
Th

e 
in

te
rp

re
ta

tio
n 

of
 t

he
 a

bs
ol

ut
e 

va
lu

es
 c

an
 e

as
ily

 b
e 

un
de

rs
to

od
 b

y 
m

ea
ns

 o
f 

an
 e

xa
m

pl
e.

 B
as

ed
 o

n 
an

 
ex

te
ns

iv
e 

su
rv

ey
 (

B
os

sa
er

 e
t a

l. 
20

08
), 

on
e 

ca
n 

as
su

m
e 

th
at

 th
e 

av
er

ag
e 

Fl
em

is
h 

de
ta

ch
ed

 r
es

id
en

tia
l b

ui
ld

in
g 

ha
s 

10
5.

0m
 o

f 
w

in
do

w
-w

al
l 

in
te

rf
ac

e 
(in

cl
ud

in
g 

do
or

 t
o 

w
al

l i
nt

er
fa

ce
, e

xc
lu

di
ng

 d
oo

r 
si

ll,
 e

xc
lu

di
ng

 g
ar

ag
e 

do
or

s)
, 

an
d 

an
 i

nt
er

na
l 

vo
lu

m
e 

of
 5

16
.1

m
³. 

Fi
gu

re
 4

 s
ho

w
s 

th
e 

sh
ar

e 
of

 t
he

 a
ir 

lo
ss

 t
hr

ou
gh

 t
he

 d
iff

er
en

t 
in

st
al

la
tio

n 
m

et
ho

ds
 o

f 
th

e 
w

in
do

w
-w

al
l 

in
te

rf
ac

e 
co

m
pa

re
d 

to
 t

he
 o

ve
ra

ll 
bu

ild
in

g 
ai

r 
lo

ss
es

 f
or

 a
 r

an
ge

 o
f 

bu
ild

in
g 

ai
rti

gh
tn

es
s 

le
ve

ls
. T

he
 le

ge
nd

 is
 r

an
ke

d 
ac

co
rd

in
g 

to
 th

e 
ai

r 
lo

ss
, f

ro
m

 le
ak

y 
to

 ti
gh

t (
M

F 
de

ns
e 

+C
 

co
in

ci
de

s 
w

ith
 R

P)
. T

he
 e

ff
ec

t o
f 

ch
oo

si
ng

 a
 d

iff
er

en
t i

ns
ta

lla
tio

n 
m

et
ho

d 
ca

n 
be

 f
ou

nd
 b

y 
fo

llo
w

in
g 

th
e 

bl
ac

k 
do

tte
d 

lin
es

: c
ha

ng
in

g 
to

 a
 m

or
e 

ai
rti

gh
t i

ns
ta

lla
tio

n 
m

et
ho

d 
 w

ill
 d

ec
re

as
e 

th
e 

ov
er

al
l a

irt
ig

ht
ne

ss
 a

lo
ng

 th
e 

pa
th

 
of

 th
e 

do
tte

d 
lin

es
, d

ep
en

di
ng

 o
n 

th
e 

or
ig

in
al

 le
ve

l o
f b

ui
ld

in
g 

ai
rti

gh
tn

es
s. 

C
on

si
de

r a
 b

ui
ld

in
g 

w
ith

 a
irt

ig
ht

ne
ss

 
of

 n
50

,A
, a

ir 
lo

ss
 o

f 
th

e 
w

in
do

w
-w

al
l 

in
te

rfa
ce

 o
f 

, t
ot

al
 le

ng
th

 o
f 

th
e 

w
in

do
w

-w
al

l 
in

te
rf

ac
es

, L
, a

nd
 

in
te

rio
r v

ol
um

e 
of

 th
e 

bu
ild

in
g 

V
b. 

Th
e 

ef
fe

ct
 o

f a
 d

iff
er

en
t w

in
do

w
-w

al
l i

nt
er

fa
ce

 (
) c

an
 b

e 
ca

lc
ul

at
ed

 
as

 fo
llo

w
s:

 

  
 

 
 

(1
2)

 

Th
e 

se
ns

iti
vi

ty
 o

f t
he

 b
ui

ld
in

g 
ai

rti
gh

tn
es

s 
to

 th
e 

w
in

do
w

-w
al

l i
nt

er
fa

ce
 in

st
al

la
tio

n 
m

et
ho

d 
is

 th
us

 q
ua

nt
ifi

ed
 b

y 
th

e 
ra

tio
 L

/V
b. 

Th
er

e 
ar

e 
no

 a
bs

ol
ut

e 
gu

id
el

in
es

 o
n 

ho
w

 a
irt

ig
ht

 a
 w

in
do

w
-w

al
l i

nt
er

fa
ce

 s
ho

ul
d 

be
, o

r 
w

ha
t p

ro
po

rti
on

 in
 a

ir 
le

ak
ag

e 
a 

or
 a

 s
et

 o
f 

w
in

do
w

s 
sh

ou
ld

 h
av

e 
as

 c
om

pa
re

d 
to

 th
e 

ov
er

al
l a

ir 
le

ak
ag

e 
of

 a
 b

ui
ld

in
g.

 N
ex

t t
o 

th
at

, 
th

er
e 

is
 v

er
y 

lit
tle

 i
nf

or
m

at
io

n 
on

 t
he

 a
ct

ua
l 

ai
rti

gh
tn

es
s 

of
 o

th
er

 c
om

po
ne

nt
s 

or
 i

nt
er

fa
ce

s 
in

 b
ui

ld
in

gs
 w

ith
 

m
as

on
ry

 c
av

ity
 w

al
ls

, 
or

 h
ow

 s
ig

ni
fic

an
t 

th
ei

r 
sh

ar
e 

is
 i

n 
re

sp
ec

t 
to

 t
he

 o
ve

ra
ll 

ai
r 

lo
ss

es
 o

f 
th

e 
bu

ild
in

g.
 

H
ow

ev
er

, 
ta

ki
ng

 i
nt

o 
ac

co
un

t 
th

e 
nu

m
er

ou
s 

lo
ca

tio
ns

 i
n 

a 
bu

ild
in

g 
w

he
re

 i
nf

ilt
ra

tio
n 

m
ay

 o
cc

ur
, 

it 
se

em
s 

ad
vi

sa
bl

e 
to

 s
et

 b
ou

nd
ar

ie
s 

fo
r t

he
 w

in
do

w
-w

al
l i

nt
er

fa
ce

. F
or

 e
xa

m
pl

e,
 th

e 
ai

r l
os

s 
co

ul
d 

be
 li

m
ite

d 
to

 1
0%

 o
f 

th
e 

ov
er

al
l b

ui
ld

in
g 

le
ak

ag
e,

 w
hi

ch
 is

 a
 c

on
se

rv
at

iv
e 

va
lu

e 
ba

se
d 

on
 th

e 
co

m
pa

ra
tiv

e 
an

al
ys

is
 o

f d
iff

er
en

t s
ou

rc
es

 
of

 a
ir 

le
ak

ag
e 

in
 re

si
de

nt
ia

l b
ui

ld
in

gs
 (V

an
 D

en
 B

os
sc

he
, 2

00
5)

. F
or

 a
 c

ho
se

n 
bu

ild
in

g 
ai

rti
gh

tn
es

s, 
it 

w
ou

ld
 b

e 
ad

vi
sa

bl
e 

th
at

 o
nl

y 
th

e 
in

st
al

la
tio

n 
m

et
ho

ds
 b

el
ow

 th
e 

10
%

 li
ne

 b
e 

us
ed

 to
 a

vo
id

 e
xc

es
si

ve
 a

ir 
lo

ss
 th

ro
ug

h 
th

e 
w

in
do

w
-w

al
l i

nt
er

fa
ce

. F
ig

ur
e 

4 
in

di
ca

te
s 

th
at

 th
is

 a
ss

um
pt

io
n 

is
 a

ls
o 

fe
as

ib
le

 in
 p

ra
ct

ic
e,

 b
ec

au
se

 fo
r d

iff
er

en
t 

le
ve

ls
 o

f 
ai

rti
gh

tn
es

s 
pe

rf
or

m
an

ce
, a

 r
an

ge
 o

f 
in

st
al

la
tio

n 
m

et
ho

ds
 c

ou
ld

 c
om

pl
y 

w
ith

 th
es

e 
re

qu
ire

m
en

ts
. T

he
 

av
er

ag
e 

bu
ild

in
g 

ai
rti

gh
tn

es
s 

n 5
0 

of
 n

ew
ly

 b
ui

lt 
de

ta
ch

ed
 r

es
id

en
tia

l b
ui

ld
in

gs
 in

 F
la

nd
er

s 
is

 6
 a

ir 
ch

an
ge

s 
h-1

, 
w

hi
ch

, 
if 

on
e 

co
ns

id
er

s 
th

e 
su

gg
es

te
d 

10
%

 l
im

it,
 r

es
ul

ts
 i

n 
a 

m
ax

im
um

 a
ir 

lo
ss

 t
hr

ou
gh

 t
he

 w
in

do
w

-w
al

l 
in

te
rf

ac
e 

of
 3

,3
m

³/h
.m

 a
t 5

0P
a.

 A
n 

ai
rti

gh
tn

es
s 

of
 3

h-1
 c

an
 b

e 
re

ga
rd

ed
 a

s 
re

as
on

ab
ly

 a
irt

ig
ht

 a
nd

 p
as

si
ve

 h
ou

se
s 

ar
e 

ve
ry

 a
irt

ig
ht

 (
0,

6h
-1

). 
Th

e 
ai

r 
lo

ss
 t

hr
ou

gh
 t

he
 w

in
do

w
-w

al
l 

in
te

rf
ac

e 
sh

ou
ld

 b
e 

be
lo

w
 r

es
pe

ct
iv

el
y 

1,
6 

m
³/h

.m
 a

t 5
0P

a 
 a

nd
 0

,3
3m

³/h
.m

 a
t 5

0P
a.

 A
lth

ou
gh

 th
es

e 
va

lu
es

 a
re

 p
ro

je
ct

-s
pe

ci
fic

, t
he

y 
of

fe
r 

a 
re

fe
re

nc
e 

to
 

as
se

ss
 t

he
 p

er
fo

rm
an

ce
 o

f 
th

e 
m

ea
su

re
d 

in
st

al
la

tio
n 

m
et

ho
ds

. 
N

ot
e 

th
at

 t
hi

s 
an

al
ys

is
 w

as
 o

nl
y 

do
ne

 f
or

 a
n 
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av
er

ag
e 

de
ta

ch
ed

 re
si

de
nt

ia
l b

ui
ld

in
g 

as
su

m
in

g 
a 

10
%

-li
m

it 
fo

r a
ir 

lo
ss

es
 th

ro
ug

h 
th

e 
w

in
do

w
-w

al
l i

nt
er

fa
ce

, a
nd

 
it 

is
 a

dv
is

ab
le

 to
 d

o 
th

is
 a

na
ly

si
s f

or
 a

 p
ro

je
ct

 b
as

ed
 o

n 
th

e 
ac

tu
al

 in
te

rio
r v

ol
um

e 
of

 th
e 

bu
ild

in
g,

 th
e 

to
ta

l l
en

gt
h 

of
 th

e 
w

in
do

w
-w

al
l i

nt
er

fa
ce

s, 
an

d 
th

e 
re

qu
ire

d 
le

ve
l o

f b
ui

ld
in

g 
ai

rti
gh

tn
es

s. 
 

 
Fi

gu
re

 4
. P

ro
po

rti
on

 o
f a

ir 
le

ak
ag

e 
th

ro
ug

h 
w

in
do

w
-w

al
l i

nt
er

fa
ce

 in
 re

la
tio

n 
to

 o
ve

ra
ll 

bu
ild

in
g 

ai
rti

gh
tn

es
s 

 B
as

ed
 o

n 
th

e 
as

su
m

pt
io

ns
 a

bo
ve

, t
he

 in
st

al
la

tio
n 

m
et

ho
ds

 d
es

ig
ne

d 
as

 E
m

pt
y 

+C
 a

nd
 M

F 
lo

os
e 

+C
 s

ho
ul

d 
in

 a
ll 

in
st

an
ce

s 
be

 a
vo

id
ed

. W
he

re
as

 th
os

e 
m

et
ho

ds
 d

es
ig

na
te

d 
as

 M
F 

de
ns

e 
+C

, R
P,

 S
P-

PU
R

-i 
+C

, S
P-

PU
R

-a
ll 

an
d 

SP
-P

U
R

-e
 +

C
 c

an
 b

e 
us

ed
 fo

r b
ui

ld
in

g 
ai

rti
gh

tn
es

s 
re

qu
ire

m
en

ts
 ra

ng
in

g 
be

tw
ee

n 
2 

an
d 

6 
h-1

, d
ep

en
di

ng
 o

n 
th

e 
sp

ec
ifi

c 
in

st
al

la
tio

n 
m

et
ho

d.
 T

he
 o

th
er

 s
ol

ut
io

ns
 (

R
P 

fo
il-

e,
 R

P 
fo

il-
I, 

W
F 

SP
-P

U
R

-a
ll,

 R
P 

st
op

, W
F 

SP
-P

U
R

-
al

l+
C

, S
P-

PU
R

-a
ll+

C
) a

re
 re

co
m

m
en

de
d 

to
 a

ch
ie

ve
 n

50
-v

al
ue

s 
be

lo
w

 1
h-1

 a
s 

m
ig

ht
 b

e 
us

ed
 to

 a
ch

ie
ve

 v
er

y 
lo

w
 

ai
r l

ea
ka

ge
 ra

te
s a

s f
or

 e
xa

m
pl

e 
pa

ss
iv

e 
ho

m
es

.  
 C

O
N

C
L

U
SI

O
N

S 
 Fo

r b
ui

ld
in

gs
 in

 B
el

gi
um

 w
ith

 a
 re

gu
la

r, 
co

de
-c

om
pl

ia
nt

, t
he

rm
al

 p
er

fo
rm

an
ce

, r
ec

om
m

en
da

tio
ns

 w
er

e 
de

riv
ed

 
to

 l
im

it 
th

e 
ai

r 
lo

ss
es

 t
hr

ou
gh

 t
he

 w
in

do
w

-w
al

l 
in

te
rf

ac
e:

 i
t 

se
em

s 
ad

vi
sa

bl
e 

th
at

 t
he

se
 s

ho
ul

d 
be

 b
el

ow
 

3,
3m

³/h
.m

 a
t 5

0P
a.

 F
or

 p
as

si
ve

 h
ou

se
s, 

fo
r w

hi
ch

 th
e 

en
er

gy
 lo

ss
 re

qu
ire

m
en

ts
 a

re
 s

ig
ni

fic
an

tly
 m

or
e 

st
rin

ge
nt

, 
th

e 
ad

m
is

si
bl

e 
ai

r l
ea

ka
ge

 d
ec

re
as

es
 to

 0
,3

3m
³/h

.m
. T

hi
s 

is
 b

as
ed

 o
n 

a 
de

ta
ch

ed
 re

si
de

nt
ia

l b
ui

ld
in

g 
of

 a
ve

ra
ge

 
co

ns
tru

ct
io

n,
 fo

r w
hi

ch
 a

n 
ar

bi
tra

ry
 li

m
it 

of
 1

0%
 o

f t
he

 to
ta

l b
ui

ld
in

g 
ai

r l
ea

ka
ge

 w
as

 a
ss

um
ed

; t
he

 o
ve

ra
ll 

ef
fe

ct
 

w
ill

 v
ar

y 
ac

co
rd

in
g 

to
 th

e 
in

te
rn

al
 v

ol
um

e 
of

 th
e 

bu
ild

in
g 

an
d 

th
e 

to
ta

l l
en

gt
h 

of
 th

e 
w

in
do

w
-w

al
l i

nt
er

fa
ce

. F
or

 a
 

sp
ec

ifi
c 

pr
oj

ec
t 

th
e 

ef
fe

ct
 o

f 
th

e 
w

in
do

w
-w

al
l 

in
te

rf
ac

e 
on

 t
he

 o
ve

ra
ll 

bu
ild

in
g 

ai
rti

gh
tn

es
s 

ca
n 

ea
si

ly
 b

e 
es

tim
at

ed
 u

si
ng

 th
e 

re
su

lts
 o

f t
hi

s s
tu

dy
. 

Th
e 

ex
pe

rim
en

ta
l 

re
su

lts
 s

ho
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14:00-15:30 Session 4: Durability of seals – Design and quality 
control 

1. Service Life Prediction on Sealant Materials. Joannie Chin, NIST, USA 
2. Innovative Sealant Technology Provides Design Flexibility for Air Tight Joints. Andrea 

Wagner, Dow Corning, USA 
3. Building Enclosure Commissioning – BECx -The Plan - Why, What, How, Where, Who? 

William R. Nash , P.E. USA 
4. Performance of Duct Leakage Test Methods – When to Use Which and Why, Paul 

Francisco, University of Illinois, USA 
5. Energy Impacts of Envelope Tightening and Mechanical Ventilation for the U.S. Residential 

Sector, Jennifer Logue, LBNL, USA 
Short Presentation 
6. Impact of Sheathing Installation Practices on Air Barriers, Brett T. Fagan, USA 
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s s

ho
w

n 
in

 E
qu

at
io

n 
7.

 T
he

 c
oe

ff
ic

ie
nt

s r
ef

le
ct

 a
 si

zi
ng

 re
la

tio
ns

hi
p 

be
tw

ee
n 

th
e 

re
co

m
m

en
de

d 
bl

ow
er

 a
nd

 h
ea

tin
g 

an
d 

co
ol

in
g 

sy
st

em
 si

ze
s f

or
 n

ew
 C

al
ifo

rn
ia

 h
om

es
. T

he
 su

ita
bi

lit
y 

of
 th

es
e 

co
ef

fic
ie

nt
s f

or
 

ol
de

r s
ys

te
m

s h
as

 n
ot

 b
ee

n 
as

se
ss

ed
. W

e 
w

er
e 

no
t a

bl
e 

to
 fi

nd
 su

ff
ic

ie
nt

 d
at

a 
to

 d
o 

so
. W

e 
ap

pl
ie

d 
th

es
e 

co
ef

fic
ie

nt
s f

or
 a

ll 
sy

st
em

s t
ha

t w
er

e 
du

ct
ed

. W
he

n 
m

or
e 

th
an

 o
ne

 h
ea

tin
g 

sy
st

em
 w

as
 p

re
se

nt
, w

e 
ap

pl
ie

d 
th

es
e 

co
ef

fic
ie

nt
s t

o 
on

ly
 th

e 
fr

ac
tio

n 
of

 th
e 

he
at

in
g 

or
 c

oo
lin

g 
en

er
gy

 th
at

 w
as

 re
po

rte
d 

to
 b

e 
pr

ov
id

ed
 b

y 
th

e 
du

ct
ed

 
sy

st
em

.  
 

 
 

 
 

(7
)  

Th
e 

IV
E 

m
od

el
 w

as
 d

es
ig

ne
d 

fo
r u

se
 in

 p
op

ul
at

io
n-

le
ve

l a
ss

es
sm

en
ts

 o
f a

ir-
se

al
in

g 
an

d 
ve

nt
ila

tio
n 

en
er

gy
 

im
pa

ct
s, 

w
ith

 th
e 

go
al

 o
f i

nf
or

m
in

g 
po

lic
y 

an
d 

pr
og

ra
m

 p
la

nn
in

g.
 F

or
 th

is
 p

ur
po

se
, I

V
E 

ca
n 

be
 ru

n 
fo

r m
an

y 
ho

m
es

, w
ith

 in
di

vi
du

al
 h

om
e 

sp
ec

ifi
ca

tio
ns

 a
ss

ig
ne

d 
ba

se
d 

on
 d

oc
um

en
te

d 
ch

ar
ac

te
ris

tic
s o

f a
 h

om
e 

(w
he

n 
av

ai
la

bl
e)

 o
r b

y 
as

si
gn

in
g 

sp
ec

ifi
ca

tio
ns

 b
as

ed
 o

n 
es

ta
bl

is
he

d 
re

la
tio

ns
hi

ps
 to

 c
ha

ra
ct

er
is

tic
s t

ha
t w

er
e 

do
cu

m
en

te
d.

  
 O

ne
 li

m
ita

tio
n 

of
 th

e 
m

od
el

 is
 th

at
 it

 d
oe

s n
ot

 a
cc

ou
nt

 fo
r t

he
 im

pa
ct

 o
f d

uc
ts

 a
nd

 d
uc

t t
ig

ht
en

in
g 

on
 th

e 
ch

an
ge

 
in

 e
ne

rg
y 

us
e.

 W
he

n 
du

ct
s a

re
 ti

gh
te

ne
d 

in
 th

e 
ho

m
e,

 w
ith

ou
t c

ha
ng

in
g 

th
e 

en
ve

lo
pe

, t
he

 b
as

e 
lo

ad
 e

ne
rg

y 
de

m
an

d 
w

ill
 d

ec
re

as
e.

 T
ig

ht
en

in
g 

du
ct

s i
nc

re
as

es
 th

e 
H

V
A

C
 sy

st
em

 e
ff

ic
ie

nc
y 

an
d 

re
du

ce
s t

he
 to

ta
l a

ir 
ex

ch
an

ge
 ra

te
 o

f t
he

 h
om

e.
 D

uc
t l

ea
ka

ge
 a

ls
o 

im
pa

ct
s t

he
 in

cr
em

en
ta

l e
ne

rg
y 

de
m

an
d 

si
nc

e 
su

pp
ly

 d
uc

t l
ea

ka
ge

 
re

pr
es

en
ts

 a
 d

ire
ct

 re
du

ct
io

n 
in

 th
e 

sy
st

em
 e

ff
ic

ie
nc

y.
 S

in
ce

 th
e 

IV
E 

do
es

 n
ot

 c
al

cu
la

te
 th

e 
to

ta
l e

ne
rg

y 
de

m
an

d 
of

 th
e 

bu
ild

in
g,

 w
e 

ca
nn

ot
 u

se
 it

 to
 e

st
im

at
e 

th
e 

im
pa

ct
 o

f d
uc

t t
ig

ht
en

in
g 

on
 th

e 
ho

m
e 

co
ho

rt.
 A

dd
in

g 
th

e 
im

pa
ct

 
of

 d
uc

t t
ig

ht
en

in
g 

to
 th

e 
an

al
ys

is
 w

ou
ld

 in
cr

ea
se

 th
e 

en
er

gy
 sa

vi
ng

s o
f e

nv
el

op
e 

tig
ht

en
in

g.
  

 W
he

n 
ap

pl
yi

ng
 th

is
 m

od
el

 to
 e

xi
st

in
g 

da
ta

ba
se

s o
f h

om
e 

ch
ar

ac
te

ris
tic

s, 
w

e 
us

ed
 th

e 
al

go
rit

hm
 d

ev
el

op
ed

 b
y 

W
al

ke
r a

nd
 W

ils
on

 (1
99

8)
 fo

r i
nf

ilt
ra

tio
n 

th
ro

ug
h 

th
e 

bu
ild

in
g 

en
ve

lo
pe

 a
s a

 fu
nc

tio
n 

of
 a

 li
m

ite
d 

nu
m

be
r o

f 
ho

m
e 

ch
ar

ac
te

ris
tic

s, 
ou

td
oo

r w
ea

th
er

 d
at

a,
 a

nd
 h

om
e 

le
ak

ag
e 

ar
ea

. W
e 

us
ed

 th
e 

re
fe

re
nc

e 
m

et
ho

d 
gi

ve
n 

by
 

A
SH

R
A

E 
St

an
da

rd
 1

36
 (1

99
3)

 to
 c

om
bi

ne
 m

ec
ha

ni
ca

l v
en

til
at

io
n 

an
d 

na
tu

ra
l i

nf
ilt

ra
tio

n.
 

 2.
2 

V
ir

tu
al

 C
oh

or
t o

f R
ep

re
se

nt
at

iv
e 

H
om

es
 

Th
e 

R
es

id
en

tia
l E

ne
rg

y 
C

on
su

m
pt

io
n 

Su
rv

ey
 (R

EC
S)

 is
 a

 su
rv

ey
 o

f U
.S

. h
ou

si
ng

 u
ni

ts
 p

er
fo

rm
ed

 b
y 

th
e 

U
.S

. 
En

er
gy

 In
fo

rm
at

io
n 

A
ge

nc
y 

(E
IA

). 
Th

e 
R

EC
S 

ha
s b

ee
n 

co
nd

uc
te

d 
ev

er
y 

on
e 

to
 fi

ve
 y

ea
rs

 si
nc

e 
19

79
. T

he
 

su
rv

ey
 is

 c
on

du
ct

ed
 fo

r a
 re

pr
es

en
ta

tiv
e 

su
bs

et
 o

f t
he

 U
.S

. h
ou

si
ng

 st
oc

k.
 T

he
 2

00
9 

R
EC

s d
at

ab
as

e 
(U

S 
EI

A
 

20
09

) c
on

ta
in

s c
ha

ra
ct

er
is

tic
s f

or
 1

2,
08

3 
ho

m
es

 in
cl

ud
in

g 
ho

m
e 

lo
ca

tio
n;

 ty
pe

; n
um

be
r o

f r
oo

m
s;

 o
cc

up
an

cy
 

ch
ar

ac
te

ris
tic

s;
 c

oo
ki

ng
 fr

eq
ue

nc
y;

 h
ea

tin
g 

an
d 

co
ol

in
g 

eq
ui

pm
en

t s
ys

te
m

 ty
pe

s, 
ag

es
 a

nd
 fu

el
 ty

pe
; a

nd
 

th
er

m
os

ta
t s

et
tin

gs
. W

e 
us

ed
 th

e 
20

09
 R

EC
S 

da
ta

ba
se

 to
 c

re
at

e 
a 

vi
rtu

al
 c

oh
or

t o
f 5

0,
87

7 
ho

m
es

 to
 re

pr
es

en
t t

he
 

U
.S

. r
es

id
en

tia
l h

ou
si

ng
 st

oc
k.

 F
ul

l d
et

ai
ls

 o
f t

hi
s a

re
 p

re
se

nt
ed

 in
 L

og
ue

, S
he

rm
an

 e
t a

l. 
(2

01
3)

. 
 Th

e 
IV

E 
m

od
el

 re
qu

ire
s s

ev
er

al
 h

ou
si

ng
 p

ar
am

et
er

s t
ha

t a
re

 n
ot

 a
va

ila
bl

e 
in

 th
e 

R
EC

S;
 th

es
e 

pa
ra

m
et

er
s w

er
e 

es
tim

at
ed

 o
r a

ss
ig

ne
d 

ba
se

d 
on

 h
om

e 
ch

ar
ac

te
ris

tic
s t

ha
t w

er
e 

sp
ec

ifi
ed

 in
 th

e 
R

EC
S.

 T
he

 e
st

im
at

ed
 o

r a
ss

ig
ne

d 
pa

ra
m

et
er

s i
nc

lu
de

 n
or

m
al

iz
ed

 le
ak

ag
e 

of
 th

e 
bu

ild
in

g 
en

ve
lo

pe
, h

om
e 

si
ze

, h
ea

tin
g 

an
d 

co
ol

in
g 

sy
st

em
 

ef
fic

ie
nc

ie
s, 

ho
ur

ly
 w

ea
th

er
 c

on
di

tio
ns

, a
nd

 th
er

m
os

ta
t t

em
pe

ra
tu

re
s f

or
 R

EC
S 

en
tri

es
 th

at
 d

id
 n

ot
 h

av
e 

sp
ec

ifi
ed

 
va

lu
es

. C
ha

n 
et

 a
l. 

(2
01

2)
 e

st
ab

lis
he

d 
a 

re
la

tio
ns

hi
p 

be
tw

ee
n 

ro
om

 n
um

be
r a

nd
 h

om
e 

si
ze

. W
e 

us
ed

 th
is

 sa
m

e 
re

la
tio

ns
hi

p 
to

 a
ss

ig
n 

a 
ho

us
e 

si
ze

 to
 e

ac
h 

ho
m

e 
in

 th
e 

R
EC

S.
 F

or
 e

ac
h 

ho
m

e,
 w

e 
us

ed
 th

e 
N

at
io

na
l S

ol
ar

 
R

ad
ia

tio
n 

D
at

a 
B

as
e 

Ty
pi

ca
l M

et
eo

ro
lo

gi
ca

l Y
ea

r (
TM

Y
) d

at
a 

fo
r t

he
 w

ea
th

er
 st

at
io

n 
lo

ca
te

d 
cl

os
es

t t
o 

th
e 

IE
C

C
 id

en
tif

ie
d 

re
pr

es
en

ta
tiv

e 
ci

ty
 fo

r t
he

 sp
ec

ifi
ed

 c
lim

at
e 

zo
ne

 fo
r t

he
 h

om
e 

(N
R

EL
 2

00
8)

. W
e 

us
ed

 th
e 

m
od

el
 d

ev
el

op
ed

 b
y 

C
ha

n 
et

 a
l. 

(2
01

2)
 to

 d
et

er
m

in
e 

a 
no

rm
al

iz
ed

 le
ak

ag
e 

va
lu

e 
fo

r e
ac

h 
of

 th
e 

ho
m

es
 in

 o
ur

 
vi

rtu
al

 c
oh

or
t. 

 
 Fo

r e
ac

h 
he

at
in

g 
an

d 
co

ol
in

g 
sy

st
em

 in
 e

ac
h 

ho
m

e 
w

e 
as

si
gn

ed
 a

 sy
st

em
 e

ff
ic

ie
nc

y 
as

 a
 fu

nc
tio

n 
of

 sy
st

em
 ty

pe
 

an
d 

ag
e 

ba
se

d 
on

 a
ss

ig
nm

en
ts

 u
se

d 
by

 th
e 

H
om

e 
En

er
gy

 S
av

er
 c

al
cu

la
tio

n 
en

gi
ne

 (M
ill

s a
nd

 E
ne

rg
y 

A
na

ly
si

s 

 D
ep

ar
tm

en
t 2

00
5)

. E
ne

rg
y 

co
st

s w
er

e 
ta

ke
n 

fr
om

 th
e 

U
S 

En
er

gy
 In

fo
rm

at
io

n 
A

dm
in

is
tra

tio
n 

(U
SE

IA
 2

00
5)

 
re

po
rts

 o
f s

ta
te

 c
os

ts
. C

os
ts

 fo
r 2

01
0 

w
er

e 
us

ed
 in

 th
e 

an
al

ys
is

. M
os

t o
f t

he
 h

om
es

 re
po

rte
d 

a 
he

at
in

g 
an

d 
co

ol
in

g 
te

m
pe

ra
tu

re
 fo

r w
he

n 
oc

cu
pa

nt
s a

re
 h

om
e,

 a
w

ay
, o

r s
le

ep
in

g.
 F

or
 th

e 
ho

m
es

 th
at

 d
id

 n
ot

 re
po

rt 
th

es
e 

va
lu

es
, t

he
 

m
ed

ia
n 

te
m

pe
ra

tu
re

 re
po

rte
d 

by
 th

e 
ot

he
r h

om
es

 w
as

 u
se

d.
 T

hi
s d

ef
au

lt 
te

m
pe

ra
tu

re
 se

tti
ng

 fo
r c

oo
lin

g 
an

d 
he

at
in

g 
ar

e 
(a

w
ay

: 7
5°

F,
 h

om
e:

 7
3°

F,
 o

ve
rn

ig
ht

: 7
3°

F)
 a

nd
 (a

w
ay

: 6
7°

F,
  h

om
e:

 7
0°

F,
 o

ve
rn

ig
ht

: 6
8°

F)
 

re
sp

ec
tiv

el
y.

  
 2.

3 
A

na
ly

si
s S

ce
na

ri
os

 
Si

m
ul

at
io

ns
 w

er
e 

co
nd

uc
te

d 
to

 a
ss

es
s i

m
pa

ct
s o

f f
iv

e 
re

tro
fit

 o
r u

pg
ra

de
 sc

en
ar

io
s o

n 
th

e 
U

S 
ho

us
in

g 
st

oc
k.

 A
ll 

sc
en

ar
io

s i
nc

lu
de

d 
up

gr
ad

es
 to

 e
ns

ur
e 

th
at

 a
ll 

ho
m

es
 m

ee
t c

ur
re

nt
 A

SH
R

A
E 

62
.2

-2
01

0 
(A

SH
R

A
E 

20
10

) 
re

qu
ire

m
en

ts
, a

nd
 m

os
t i

nc
lu

de
 e

nv
el

op
e 

ai
r t

ig
ht

en
in

g.
 M

ec
ha

ni
ca

l v
en

til
at

io
n 

w
as

 p
ro

vi
de

d 
ei

th
er

 b
y 

an
 

ex
ha

us
t f

an
 o

r a
 h

ea
t r

ec
ov

er
y 

ve
nt

ila
to

r (
H

R
V

). 
H

R
V

s r
ed

uc
e 

th
e 

am
ou

nt
 o

f h
ea

t n
ee

d 
to

 c
on

di
tio

n 
th

e 
ex

tra
 

ai
rf

lo
w

, h
ow

ev
er

 th
ey

 a
ls

o 
re

qu
ire

 m
or

e 
po

w
er

 to
 o

pe
ra

te
 th

an
 a

n 
ex

ha
us

t f
an

. T
he

 si
x 

sc
en

ar
io

s a
re

 d
es

cr
ib

ed
 

be
lo

w
: 

 1.
 

U
pg

ra
de

 c
ur

re
nt

 h
ou

si
ng

 st
oc

k 
to

 c
om

pl
y 

w
ith

 A
SH

R
A

E 
62

.2
.  

W
e 

ad
de

d 
th

e 
re

qu
ire

d 
am

ou
nt

 o
f m

ec
ha

ni
ca

l v
en

til
at

io
n 

to
 th

e 
ho

us
in

g 
st

oc
k 

us
in

g 
ei

th
er

 a
n 

ex
ha

us
t f

an
 (1

a)
 o

r 
an

 H
R

V
 (1

b)
. F

or
 e

ac
h 

sc
en

ar
io

 w
e 

re
du

ce
d 

th
e 

re
qu

ire
d 

m
ec

ha
ni

ca
l f

lo
w

 fo
r e

ac
h 

of
 th

e 
ho

m
es

 b
y 

th
e 

ca
lc

ul
at

ed
 in

fil
tra

tio
n 

cr
ed

it 
us

in
g 

in
fil

tra
tio

n 
ca

lc
ul

at
io

ns
 in

 th
e 

cu
rr

en
t 2

01
0 

or
 p

ro
po

se
d 

20
13

 st
an

da
rd

s. 
 2.

 
A

ve
ra

ge
 T

ig
ht

en
in

g:
 Im

pr
ov

e 
en

ve
lo

pe
 a

ir 
tig

ht
ne

ss
 o

f a
ll 

ho
m

es
 a

t l
ev

el
s c

ur
re

nt
ly

 a
ch

ie
ve

d 
by

 
W

ea
th

er
iz

at
io

n 
A

ss
is

ta
nc

e 
Pr

og
ra

m
 (W

A
P)

 a
nd

 n
on

-W
A

P 
en

er
gy

 e
ff

ic
ie

nc
y 

pr
og

ra
m

s w
hi

le
 c

om
pl

yi
ng

 w
ith

 
A

SH
R

A
E 

62
.2

. 
Th

e 
en

ve
lo

pe
 o

f e
ac

h 
ho

m
e 

w
as

 ti
gh

te
ne

d 
us

in
g 

th
e 

re
la

tio
ns

hi
p 

of
 p

re
- a

nd
 p

os
t- 

re
tro

fit
 h

om
es

 th
at

 h
av

e 
pa

rti
ci

pa
te

d 
in

 W
A

P 
or

 o
th

er
 e

ne
rg

y 
ef

fic
ie

nc
y 

re
tro

fit
 p

ro
gr

am
s. 

C
ha

n 
et

 a
l. 

(2
01

2)
 d

et
er

m
in

ed
 th

at
 fo

r n
on

-
W

A
P 

en
er

gy
 e

ff
ic

ie
nc

y 
pr

og
ra

m
s, 

ho
m

e 
tig

ht
en

in
g 

ty
pi

ca
lly

 re
du

ce
d 

th
e 

no
rm

al
iz

ed
 le

ak
ag

e 
by

 2
0%

 a
nd

 th
at

 
fo

r W
A

P 
ho

m
es

 th
e 

no
rm

al
iz

ed
 le

ak
ag

e 
w

as
 ty

pi
ca

lly
 re

du
ce

d 
by

 3
0%

. T
he

 W
A

P 
is

 fo
r l

ow
-in

co
m

e 
ho

m
eo

w
ne

rs
; o

n 
av

er
ag

e,
 W

A
P 

ho
m

es
 a

re
 th

ou
gh

t t
o 

be
 in

 w
or

se
 c

on
di

tio
n 

th
an

 n
on

-W
A

P 
ho

m
es

. F
or

 th
is

 
sc

en
ar

io
 w

e 
ap

pl
ie

d 
th

e 
W

A
P 

le
ve

l o
f e

nv
el

op
e 

tig
ht

en
in

g 
to

 a
ll 

ho
m

es
 th

at
 h

ad
 in

co
m

e 
be

lo
w

 2
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16:00-17:30 Session 5: Design and quality control of airtightness 
1. Consideration of Envelope Airtightness in Modelling Commercial Building Energy 

Consumption, Lisa Chen Ng, NIST, USA 
2. Leakage Reductions for Large Building  Air Sealing and HVAC System Pressure Effects, 

David Bohac, Center for Energy and Environment, USA 
3. Achieving Tight Buildings through Building Envelope Commissioning, John Runkle, 

Architectural Testing, USA 
4. Commissioning of exterior building envelopes of large buildings for air leakage and thermal 

anomalies using infrared thermography and other diagnostic tools, Mario D. Gonçalves, 
Patenaude-Trempe Inc, Canada 

Short Presentations 
5. An Airtight Shell for Effective Ducts, Tom Schneider, Building Envelope Innovations, USA 
6. Thought Experiments for Evaluating Building Air Leakage Test Procedures. David Saum, 

Infiltec, USA 
7. Optimizing Outside Pressure Taps To Reduce Wind Induced Pressure Errors. David Saum, 

Infiltec, USA  
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ng

ed
 fr

om
 2

7,
00

0 
to

 2
46

,0
00

 ft
2  (2

,5
00

 to
 2

2,
90

0 
m

2 ). 
B

ef
or

e 
ai

r 
se

al
in

g,
 t

he
 b

ui
ld

in
gs

 w
er

e 
re

la
tiv

el
y 

tig
ht

 w
ith

 n
or

m
al

iz
ed

 a
ir 

le
ak

ag
es

 t
ha

t 
ra

ng
ed

 f
ro

m
 0

.1
5 

to
 0

.3
1 

cf
m

@
75

Pa
/ft

2  (
2.

6 
to

 5
.7

 m
3 /h

·m
2 ) 

us
in

g 
ab

ov
e 

gr
ad

e 
en

ve
lo

pe
 a

re
a 

an
d 

0.
09

 to
 0

.1
9 

cf
m

@
75

Pa
/ft

2  in
cl

ud
in

g 
be

lo
w

 g
ra

de
 w

al
ls

 a
nd

 sl
ab

. 
 Th

e 
ai

r 
se

al
in

g 
fo

cu
se

d 
on

 c
os

t e
ff

ec
tiv

e 
sp

ra
y 

fo
am

 s
ea

lin
g 

of
 th

e 
w

al
l/r

oo
f 

jo
in

ts
, w

ith
 u

pg
ra

de
s 

of
 e

xt
er

io
r 

do
or

 w
ea

th
er

st
rip

pi
ng

 a
 s

ec
on

d 
pr

io
rit

y.
 T

he
 s

ea
lin

g 
re

du
ce

d 
ai

r l
ea

ka
ge

 fr
om

 6
 to

 1
8%

 w
ith

 a
 m

ed
ia

n 
of

 1
1%

. 
Fo

r t
hr

ee
 o

f t
he

 b
ui

ld
in

gs
, t

he
 a

ir 
se

al
in

g 
co

nt
ra

ct
or

 g
en

er
at

ed
 th

e 
w

or
k 

sc
op

e 
an

d 
es

tim
at

ed
 th

e 
ph

ys
ic

al
 le

ak
ag

e 
ar

ea
 to

 b
e 

se
al

ed
. T

he
 c

on
tra

ct
or

 e
st

im
at

ed
 a

ir 
se

al
in

g 
w

as
 s

ig
ni

fic
an

tly
 g

re
at

er
 th

an
 th

e 
m

ea
su

re
d 

va
lu

es
. T

he
 

ra
tio

 o
f m

ea
su

re
d 

ch
an

ge
 in

 th
e 

Eq
LA

 to
 e

st
im

at
ed

 se
al

ed
 a

re
a 

ra
ng

ed
 fr

om
 0

.0
5 

to
 0

.3
1.

 
 Th

er
e 

w
as

 a
 c

on
si

st
en

t a
nd

 s
ig

ni
fic

an
t b

ia
s 

fo
r 

hi
gh

er
 le

ak
ag

e 
un

de
r 

pr
es

su
riz

at
io

n 
th

an
 d

ep
re

ss
ur

iz
at

io
n.

 T
he

 
ra

tio
 o

f p
re

ss
ur

iz
at

io
n 

to
 d

ep
re

ss
ur

iz
at

io
n 

tig
ht

ne
ss

 fo
r t

he
 p

re
 a

nd
 p

os
t s

ea
lin

g 
m

ea
su

re
m

en
ts

 v
ar

ie
d 

fr
om

 1
.1

2 
to

 1
.3

1 
w

ith
 a

 m
ea

n 
va

lu
e 

of
 1

.2
2.

 I
nd

iv
id

ua
l d

oo
r 

te
st

s 
in

di
ca

te
d 

th
at

 d
oo

rs
 w

ith
 lo

os
e 

la
tc

he
s 

be
in

g 
pu

sh
ed

 
op

en
 d

ur
in

g 
pr

es
su

riz
at

io
n 

m
ay

 h
av

e 
be

en
 re

sp
on

si
bl

e 
fo

r a
bo

ut
 1

7%
 o

f t
he

 in
cr

ea
se

d 
le

ak
ag

e 
fo

r p
re

ss
ur

iz
at

io
n 

at
 o

ne
 o

f t
he

 sc
ho

ol
s. 

 Th
e 

ai
r t

ig
ht

ne
ss

 te
st

s 
w

er
e 

co
nd

uc
te

d 
w

ith
 e

xh
au

st
 fa

ns
, o

ut
do

or
 a

ir 
in

le
ts

, a
nd

 e
xh

au
st

 a
ir 

ou
tle

ts
 te

m
po

ra
ril

y 
se

al
ed

. S
in

gl
e 

po
in

t t
es

ts
 w

er
e 

co
nd

uc
te

d 
af

te
r t

he
 s

ea
ls

 w
er

e 
re

m
ov

ed
 to

 c
om

pu
te

 m
ec

ha
ni

ca
l s

ys
te

m
 le

ak
ag

e.
 

Th
e 

no
rm

al
iz

ed
 le

ak
ag

e 
ra

ng
ed

 fr
om

 0
.0

19
 to

 0
.1

37
 c

fm
@

75
Pa

/ft
2  a

nd
 in

cr
ea

se
d 

th
e 

en
ve

lo
pe

 le
ak

ag
e 

by
 1

5%
 

to
 1

19
%

. T
hi

s 
su

gg
es

ts
 th

at
 m

ec
ha

ni
ca

l s
ys

te
m

 a
ir 

le
ak

ag
e 

ca
n 

ha
ve

 a
 s

ig
ni

fic
an

t e
ff

ec
t o

n 
bu

ild
in

g 
ai

r l
ea

ka
ge

 
w

he
n 

th
e 

sy
st

em
s a

re
 o

ff
. 

 A
ir 

se
al

in
g 

co
nt

ra
ct

or
s 

of
te

n 
es

tim
at

e 
en

er
gy

 s
av

in
gs

 f
ro

m
 m

on
th

ly
 a

ve
ra

ge
 w

in
d 

pr
es

su
re

 o
r 

w
in

d 
an

d 
st

ac
k 

pr
es

su
re

 m
od

el
s 

th
at

 d
o 

no
t 

in
cl

ud
e 

he
at

in
g,

 v
en

til
at

io
n,

 a
nd

 a
ir 

co
nd

iti
on

in
g 

(H
V

A
C

) 
ef

fe
ct

s. 
Lo

ng
-te

rm
 

bu
ild

in
g 

pr
es

su
re

 m
on

ito
rin

g 
in

di
ca

te
d 

th
at

 H
V

A
C

 o
pe

ra
tio

n 
po

si
tiv

el
y 

pr
es

su
riz

ed
 m

an
y 

of
 th

e 
bu

ild
in

gs
. F

or
 

on
e 

of
 t

he
 b

ui
ld

in
gs

 t
he

 p
re

ss
ur

e 
at

 r
oo

f 
le

ve
l 

w
as

 t
yp

ic
al

ly
 a

bo
ve

 +
40

Pa
 w

he
n 

th
e 

ou
ts

id
e 

te
m

pe
ra

tu
re

 w
as

 
lo

w
er

 th
an

 4
0F

. I
n 

th
os

e 
si

tu
at

io
ns

 ig
no

rin
g 

th
e 

H
V

A
C

 p
re

ss
ur

e 
ef

fe
ct

 re
su

lts
 in

 h
ig

h 
es

tim
at

es
 o

f a
ir 

in
fil

tra
tio

n 
an

d 
ai

r s
ea

lin
g 

en
er

gy
 s

av
in

gs
. H

ow
ev

er
, t

he
re

 w
er

e 
al

so
 ti

m
es

 w
he

n 
th

e 
H

V
A

C
 s

ys
te

m
 c

au
se

d 
de

pr
es

su
riz

at
io

n 
an

d 
in

 th
os

e 
si

tu
at

io
ns

 in
fil

tra
tio

n 
an

d 
ai

r s
ea

lin
g 

sa
vi

ng
s w

ou
ld

 b
e 

un
de

re
st

im
at

ed
. 

 K
E

Y
W

O
R

D
S 

A
irt

ig
ht

ne
ss

, i
nf

ilt
ra

tio
n,

 c
om

m
er

ci
al

 b
ui

ld
in

gs
, m

ec
ha

ni
ca

l s
ys

te
m

 le
ak

ag
e,

 H
V

A
C

 p
re

ss
ur

e 
ef

fe
ct
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1.
 

IN
T

R
O

D
U

C
T

IO
N

 
 B

ui
ld

in
g 

ar
ch

ite
ct

s, 
en

gi
ne

er
s, 

co
nt

ra
ct

or
s, 

an
d 

fa
ci

lit
y 

m
an

ag
er

s t
en

d 
to

 th
in

k 
of

 la
rg

e 
bu

ild
in

gs
 a

s f
ai

rly
 a

irt
ig

ht
 a

nd
 a

ss
um

e 
th

at
 e

nv
el

op
e 

ai
r l

ea
ka

ge
 d

oe
s n

ot
 ty

pi
ca

lly
 h

av
e 

a 
si

gn
ifi

ca
nt

 im
pa

ct
 o

n 
en

er
gy

 u
se

 in
 c

om
m

er
ci

al
 a

nd
 in

st
itu

tio
na

l (
C

&
I)

 b
ui

ld
in

gs
 (P

er
si

ly
, 

19
88

). 
Em

m
er

ic
h 

(2
00

5)
 c

on
du

ct
ed

 m
od

el
lin

g 
th

at
 c

on
tra

di
ct

s t
ha

t c
on

ve
nt

io
na

l w
is

do
m

, 
es

tim
at

in
g 

th
at

 in
fil

tra
tio

n 
ac

co
un

ts
 fo

r 3
3%

 o
f t

ot
al

 h
ea

tin
g 

en
er

gy
 u

se
 in

 U
.S

. o
ff

ic
e 

bu
ild

in
gs

. 
 Se

ve
ra

l s
ta

te
s, 

in
cl

ud
in

g 
M

in
ne

so
ta

, h
av

e 
re

ce
nt

ly
 in

co
rp

or
at

ed
 a

ir 
ba

rr
ie

r r
eq

ui
re

m
en

ts
 in

to
 

th
ei

r e
ne

rg
y 

co
de

s f
or

 n
ew

 C
&

I b
ui

ld
in

gs
. I

n 
ad

di
tio

n,
 th

e 
U

S 
A

rm
y 

C
or

ps
 o

f E
ng

in
ee

rs
 

(U
SA

C
E)

 h
as

 e
st

ab
lis

he
d 

a 
pe

rf
or

m
an

ce
 a

irt
ig

ht
ne

ss
 re

qu
ire

m
en

t f
or

 n
ew

 b
ui

ld
in

gs
 a

nd
 m

aj
or

 
re

tro
fit

s o
f 0

.2
5 

cf
m

/ft
2  (1

.2
5 

L/
s·

m
2 ) o

f t
ot

al
 e

nc
lo

su
re

 su
rf

ac
e 

ar
ea

 a
t a

 p
re

ss
ur

e 
of

 7
5 

Pa
sc

al
s (

U
SA

C
E,

 2
01

0)
; a

nd
 o

th
er

 c
od

es
 o

r o
rg

an
iz

at
io

ns
 h

av
e 

ad
op

te
d 

a 
st

an
da

rd
 o

f 0
.4

 
cf

m
/ft

2  (2
.0

 L
/s

·m
2 ). 

H
ow

ev
er

, t
he

 b
ui

ld
in

g 
st

oc
k 

th
at

 e
xi

st
ed

 p
rio

r t
o 

th
is

 in
cr

ea
se

d 
em

ph
as

is
 

on
 e

nv
el

op
e 

tig
ht

ne
ss

 c
on

tri
bu

te
s m

uc
h 

m
or

e 
to

 o
ve

ra
ll 

en
er

gy
 u

se
 th

an
 d

o 
bu

ild
in

gs
 b

ui
lt 

si
nc

e 
th

es
e 

ch
an

ge
s, 

an
d 

w
ill

 c
on

tin
ue

 to
 fo

r m
an

y 
ye

ar
s, 

as
 th

e 
C

&
I b

ui
ld

in
g 

st
oc

k 
tu

rn
s o

ve
r 

sl
ow

ly
. R

ed
uc

in
g 

ai
r l

ea
ka

ge
 e

ne
rg

y 
us

e 
in

 e
xi

st
in

g 
bu

ild
in

gs
 re

qu
ire

s e
ff

ec
tiv

e 
sc

re
en

in
g 

to
ol

s t
o 

id
en

tif
y 

bu
ild

in
gs

 w
ith

 a
 h

ig
he

r p
ro

ba
bi

lit
y 

of
 h

av
in

g 
tre

at
ab

le
 le

ak
s;

 in
ve

st
ig

at
io

n 
m

et
ho

ds
 to

 id
en

tif
y 

ke
y 

en
ve

lo
pe

 a
ir 

le
ak

ag
e 

de
fic

ie
nc

ie
s a

nd
/o

r m
ec

ha
ni

ca
l s

ys
te

m
 p

re
ss

ur
e 

is
su

es
; a

nd
 re

lia
bl

e 
pr

oc
ed

ur
es

 to
 e

st
im

at
e 

co
st

 a
nd

 sa
vi

ng
s. 

 Th
is

 p
ro

je
ct

 w
as

 in
iti

at
ed

 to
 d

ev
el

op
 a

nd
 te

st
 e

nv
el

op
e 

ai
r l

ea
ka

ge
 sc

re
en

in
g 

pr
ot

oc
ol

s, 
in

ve
st

ig
at

io
n 

pr
ot

oc
ol

s, 
m

ea
su

re
 th

e 
ch

an
ge

 in
 b

ui
ld

in
g 

le
ak

ag
e 

du
e 

to
 a

ir 
se

al
in

g,
 m

od
el

 th
e 

ef
fe

ct
 o

f l
ea

ka
ge

 re
du

ct
io

n 
on

 sp
ac

e 
co

nd
iti

on
in

g 
lo

ad
s, 

an
d 

ge
ne

ra
te

 c
os

t a
nd

 sa
vi

ng
s 

es
tim

at
io

n 
pr

oc
ed

ur
es

. P
ro

je
ct

 st
af

f c
on

du
ct

ed
 a

ir 
le

ak
ag

e 
in

ve
st

ig
at

io
ns

 o
n 

25
 e

xi
st

in
g 

C
&

I 
bu

ild
in

gs
, i

nc
lu

di
ng

 w
ho

le
 b

ui
ld

in
g 

ai
r l

ea
ka

ge
 te

st
s b

ef
or

e 
an

d 
af

te
r a

ir 
se

al
in

g 
on

 si
x 

of
 

th
os

e 
bu

ild
in

gs
. T

he
y 

al
so

 re
co

rd
ed

 c
on

tin
uo

us
 b

ui
ld

in
g 

in
do

or
 to

 o
ut

do
or

 p
re

ss
ur

e 
an

d 
m

er
ge

d 
it 

w
ith

 a
ut

om
at

io
n 

sy
st

em
 tr

en
d 

da
ta

 to
 e

va
lu

at
e 

th
e 

ef
fe

ct
 o

f t
he

 h
ea

tin
g,

 v
en

til
at

io
n,

 
an

d 
ai

r c
on

di
tio

ni
ng

 (H
V

A
C

) s
ys

te
m

 o
n 

bu
ild

in
g 

pr
es

su
re

. T
ho

se
 re

su
lts

 a
re

 b
ei

ng
 u

se
d 

to
 

de
ve

lo
p 

C
O

N
TA

M
 m

od
el

s (
W

al
to

n,
 2

01
3)

 th
at

 in
cl

ud
e 

H
V

A
C

 p
re

ss
ur

e 
ef

fe
ct

s. 
Th

is
 p

ap
er

 
pr

es
en

ts
 th

e 
re

su
lts

 o
f t

he
 a

ir 
le

ak
ag

e 
te

st
s a

nd
 c

on
tin

uo
us

 p
re

ss
ur

e 
m

on
ito

rin
g.

 
 2.

 
M

E
T

H
O

D
O

L
O

G
Y

 
 Th

e 
bu

ild
in

g 
ai

r t
ig

ht
ne

ss
 te

st
s g

en
er

al
ly

 fo
llo

w
ed

 th
e 

re
qu

ire
m

en
ts

 o
f A

ST
M

 E
77

9-
10

 
(2

01
0)

, w
ith

 a
dd

iti
on

s t
o 

ad
dr

es
s t

he
 c

om
pl

ex
iti

es
 o

f t
es

tin
g 

la
rg

er
 b

ui
ld

in
gs

. T
he

 k
ey

 
ad

di
tio

ns
 to

 o
r c

la
rif

ic
at

io
ns

 o
f t

he
 te

st
 p

ro
to

co
l a

re
 o

ut
lin

ed
 b

el
ow

: 
 

 
In

/o
ut

do
or

 p
re

ss
ur

e 
se

ns
or

s. 
Th

e 
av

er
ag

e 
of

 fo
ur

 g
ro

un
d 

le
ve

l i
n/

ou
td

oo
r p

re
ss

ur
e 

m
ea

su
re

m
en

ts
 p

la
ce

d 
on

 d
iff

er
en

t s
id

es
 o

f t
he

 b
ui

ld
in

g 
w

as
 u

se
d 

to
 in

di
ca

te
 th

e 
bu

ild
in

g 
in

do
or

 w
ith

 re
sp

ec
t t

o 
ou

td
oo

r p
re

ss
ur

e 
di

ff
er

en
ce

. 
 

B
as

el
in

e 
pr

es
su

re
s. 

B
ui

ld
in

g 
ba

se
lin

e 
pr

es
su

re
s w

er
e 

m
ea

su
re

d 
fo

r a
t l

ea
st

 fi
ve

 
m

in
ut

es
 b

ef
or

e 
an

d 
af

te
r b

ot
h 

th
e 

pr
es

su
riz

at
io

n 
an

d 
de

pr
es

su
riz

at
io

n 
te

st
s. 

 
T

es
t p

re
ss

ur
es

. M
ul

tip
le

, c
al

ib
ra

te
d 

fa
ns

 w
er

e 
us

ed
 to

 v
ar

y 
th

e 
ba

se
lin

e 
ad

ju
st

ed
 

bu
ild

in
g 

in
/o

ut
do

or
 p

re
ss

ur
e 

at
 5

Pa
 in

cr
em

en
ts

 fr
om

 a
pp

ro
xi

m
at

el
y 

15
 to

 7
5P

a.
 

M
ea

su
re

m
en

ts
 w

er
e 

co
nd

uc
te

d 
at

 1
3 

to
 1

6 
pr

es
su

re
 le

ve
ls

 fo
r 6

0 
se

co
nd

s a
t e

ac
h 

le
ve

l. 
 

M
ec

ha
ni

ca
l s

ys
te

m
s. 

A
ll 

m
ec

ha
ni

ca
l d

am
pe

rs
 w

er
e 

cl
os

ed
 a

nd
 th

e 
da

m
pe

rs
 o

r 
te

rm
in

at
io

ns
 o

f t
he

 o
ut

si
de

 a
ir 

du
ct

s, 
ex

ha
us

t a
ir 

du
ct

s, 
an

d 
ex

ha
us

t f
an

s w
er

e 
te

m
po

ra
ril

y 
se

al
ed

. A
fte

r t
he

 d
ep

re
ss

ur
iz

at
io

n 
te

st
 w

as
 c

om
pl

et
ed

, t
he

 te
m

po
ra

ry
 se

al
s 

w
er

e 
re

m
ov

ed
 se

qu
en

tia
lly

 fr
om

 th
e 

m
ec

ha
ni

ca
l e

qu
ip

m
en

t w
hi

le
 th

e 
te

st
 fa

ns
 w

er
e 
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us
ed

 to
 d

ep
re

ss
ur

iz
e 

th
e 

bu
ild

in
g 

to
 a

 b
as

el
in

e 
ad

ju
st

ed
 p

re
ss

ur
e 

of
 a

pp
ro

xi
m

at
el

y 
-

75
Pa

. O
ne

 m
in

ut
e 

of
 m

ea
su

re
m

en
ts

 w
er

e 
re

co
rd

ed
 a

t e
ac

h 
st

ag
e 

of
 th

e 
un

se
al

in
g.

 T
he

 
m

ea
su

re
d 

fa
n 

flo
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s o
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ad
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at
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l-t

o-
gr

ad
e 

be
am

, r
oo

f-
to

-w
al

l j
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 d
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 d
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 p
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r p
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 p
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at
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 d
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 p
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 m
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 p
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 d
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t c
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t j
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 b
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r o
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m
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 c
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r b
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r m
em

br
an

e.
   

                
 

Fi
gu

re
 3

: F
la

sh
in

g 
in

te
rr

up
ts

 th
e 

ai
r b
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r b
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l o
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 d
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 b
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t c
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 b
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f c
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 d
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 d
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 c
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 c
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, c
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t p
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 p
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r c
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 o
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s c
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 b
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 c
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 m
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r f
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r m
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 d
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 p
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r b
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 m
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r o
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 p
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 b
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 b
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 b
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, c
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 d
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s p
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r b
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 o
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en
t 

of
 a

 g
iv

en
 d

ef
ic

ie
nc

y 
ca

n 
be

 r
ep

ea
te

d 
se

ve
ra

l 
tim

es
 

th
ro

ug
ho

ut
 th

e 
bu

ild
in

g
an

d 
m

ay
 a

s a
 re

su
lt 

im
pl

y 
se

rio
us

 im
pl

ic
at

io
ns

. 

Fi
gu

re
 4

:
C

on
du

ct
iv

e
he

at
 l

os
s 

at
 m

as
on

ry
 s

tru
ct

ur
al

sh
el

f a
ng

le
 su

pp
or

t (
bu

ild
in

g 
un

de
r p

os
iti

ve
 p

re
ss

ur
e)

.
Fi

gu
re

 5
:

C
on

ve
ct

iv
e 

he
at

 l
os

s 
pa

tte
rn

 n
ot

ed
 b

el
ow

 
w

in
do

w
s(

bu
ild

in
g 

un
de

r n
eg

at
iv

e 
pr

es
su

re
).

Fi
gu

re
 6

:
A

ir 
le

ak
ag

e 
no

te
d 

at
 t

he
 b

ot
to

m
 c

or
ne

rs
 o

f 
th

e 
cu

rta
in

 w
al

l 
as

se
m

bl
y 

(b
ui

ld
in

g 
un

de
r 

po
si

tiv
e 

pr
es

su
re

).

Fi
gu

re
 7

:
M

oi
stu

re
 n

ot
ed

 b
el

ow
 t

he
 w

in
do

w
s 

in
 t

he
 

ex
te

rio
r 

m
as

on
ry

 
w

al
l 

as
se

m
bl

y 
(b

ui
ld

in
g 

un
de

r 
po

si
tiv

e 
pr

es
su

re
).

A
 p

re
re

qu
is

ite
 f

or
an

y 
th

er
m

og
ra

ph
er

 d
ea

lin
g 

w
ith

 b
ui

ld
in

gs
, 

pa
rti

cu
la

rly
 l

ar
ge

 b
ui

ld
in

gs
, 

is
 a

 t
ho

ro
ug

h 
un

de
rs

ta
nd

in
g 

of
 b

ui
ld

in
g 

sc
ie

nc
e 

an
d 

co
ns

tru
ct

io
n.

 A
th

er
m

og
ra

ph
er

’s
 l

ev
el

 o
f 

ex
pe

rti
se

 w
ill

 v
ar

y 
co

ns
id

er
ab

ly
 d

ep
en

di
ng

 o
n 

hi
s 

fie
ld

s 
of

 a
pp

lic
at

io
n.

 A
n 

ex
pe

rie
nc

ed
 r

oo
fin

g 
th

er
m

og
ra

ph
er

, f
or

 e
xa

m
pl

e,
 

do
es

 n
ot

 n
ec

es
sa

ril
y 

ha
ve

 t
he

 n
ec

es
sa

ry
 e

xp
er

ie
nc

e 
to

 u
nd

er
ta

ke
 a

 b
ui

ld
in

g 
en

ve
lo

pe
 t

he
rm

og
ra

hi
c 

as
se

ss
m

en
t, 

ju
st

 li
ke

 a
 b

ui
ld

in
g 

th
er

m
og

ra
ph

er
 is

 n
ot

 n
ec

es
sa

ry
 q

ua
lif

ie
d 

to
 u

nd
er

ta
ke

 e
le

ct
ric

al
 in

sp
ec

tio
ns

. 
A

no
th

er
 d

is
tin

ct
io

n 
is

th
e 

di
ff

er
en

ce
 b

et
w

ee
n

ho
m

e 
in

sp
ec

tio
ns

 a
nd

 l
ar

ge
 b

ui
ld

in
g 

as
se

ss
m

en
ts

 w
hi

ch
 

re
qu

ire
di

ff
er

en
t q

ua
lif

ic
at

io
ns

 a
nd

 o
fte

n 
di

ff
er

en
t e

qu
ip

m
en

ta
nd

 d
ia

gn
os

tic
 to

ol
s.

Th
e 

fo
llo

w
in

g 
co

ns
is

ts
 o

f a
 n

on
-e

xh
au

st
iv

e 
lis

t o
f s

om
e

pr
im

ar
y 

ba
si

cs
 w

hi
ch

 a
pp

ly
 to

 th
e 

as
se

ss
m

en
t o

f t
he

 
bu

ild
in

g 
en

ve
lo

pe
 o

f l
ar

ge
 b

ui
ld

in
gs

: 

1.
 C

am
er

a 
an

d 
se

tt
in

gs
Th

e 
in

fr
ar

ed
 c

am
er

a 
sh

al
l 

ha
ve

 t
he

 a
pp

ro
pr

ia
te

 w
av

e 
le

ng
th

, 
th

er
m

al
 a

nd
 s

pa
tia

l 
re

so
lu

tio
n,

 l
ev

el
 o

f 
te

m
pe

ra
tu

re
 a

cc
ur

ac
y 

an
d 

te
m

pe
ra

tu
re

 o
pe

ra
tio

n 
ra

ng
e.

 T
he

 c
am

er
a 

sh
al

l 
al

so
 b

e 
m

ou
nt

ed
 w

ith
 t

he
 

ap
pr

op
ria

te
 l

en
s 

de
pe

nd
in

g 
on

 t
he

 v
ie

w
in

g 
di

st
an

ce
 (

ty
pi

ca
lly

, a
 m

in
im

um
 o

f 
tw

o 
le

ns
es

 a
re

 r
eq

ui
re

d;
 a

 
te

le
ph

ot
o

le
ns

 f
or

 e
xt

er
io

r 
ap

pl
ic

at
io

ns
 a

nd
 a

 w
id

e 
an

gl
e 

le
ns

 f
or

 in
te

rio
r 

an
d 

ex
te

rio
r 

ap
pl

ic
at

io
ns

). 
Th

e 
ab

ili
ty

 to
 v

ie
w

 im
ag

es
 in

 e
ith

er
 c

ol
or

 o
r m

on
oc

hr
om

e 
is

 a
n 

ad
de

d 
fe

at
ur

e 
w

hi
ch

 m
ay

 fa
ci

lit
at

e 
in

te
rp

re
ta

tio
n 

in
 c

er
ta

in
 c

on
di

tio
ns

.

Th
e 

th
er

m
og

ra
ph

er
 m

us
t h

av
e 

an
 in

-d
ep

th
 k

no
w

le
dg

e 
of

 th
e 

us
e,

 o
pe

ra
tio

n 
an

d 
lim

ita
tio

ns
 o

f 
th

e 
sp

ec
ifi

c 
ca

m
er

a 
he

 is
 u

si
ng

. T
he

 c
am

er
a’

s 
em

is
si

vi
ty

, v
ie

w
in

g 
di

st
an

ce
,t

em
pe

ra
tu

re
an

d
ra

ng
e 

as
 w

el
l a

s 
re

la
tiv

e 
hu

m
id

ity
 s

et
tin

gs
m

us
t b

e 
ca

lib
ra

te
d 

an
d 

se
t a

cc
or

di
ng

ly
 b

ef
or

e 
ea

ch
 in

sp
ec

tio
n.

 T
he

 th
er

m
og

ra
ph

er
 m

us
t 

al
so

 e
ns

ur
e 

th
at

 h
e 

is
 p

os
iti

on
ed

 a
t a

 p
ro

pe
r v

ie
w

in
g 

an
gl

e 
(o

fte
n 

ac
ce

ss
 to

 n
ei

gh
bo

rin
g 

ro
of

s 
or

 m
ot

or
iz

ed
 

lif
t e

qu
ip

m
en

t i
s 

re
qu

ire
d 

w
he

n 
lo

ok
in

g 
at

th
e 

ex
te

rio
r o

ft
al

l b
ui

ld
in

gs
). 

G
iv

en
 th

e 
co

m
pl

ex
ity

 a
nd

 s
ca

le
 o

f 
as

se
ss

in
g 

la
rg

e 
bu

ild
in

gs
, i

n 
ad

di
tio

n 
to

 re
co

rd
in

g 
in

fr
ar

ed
st

ill
 im

ag
es

, t
he

 e
nt

ire
 in

fr
ar

ed
 in

sp
ec

tio
n 

sh
ou

ld
 

be
 v

id
eo

ta
pe

d 
an

d 
re

vi
ew

ed
 i

n 
de

ta
il 

af
te

r 
th

e 
in

sp
ec

tio
n 

as
 p

ar
t 

of
 t

he
 r

ep
or

tin
g 

pr
oc

es
s. 

A
ct

ua
l 

ph
ot

og
ra

ph
s 

of
 t

he
 a

re
as

 i
ns

pe
ct

ed
 s

ho
ul

d 
al

so
 b

e 
re

co
rd

ed
 a

nd
 r

ef
er

en
ce

d 
to

 t
he

 c
or

re
sp

on
di

ng
 

th
er

m
og

ra
m

s (
Fi

gu
re

s 8
 a

nd
 9

).

2.
 E

xt
er

io
r 

en
vi

ro
nm

en
ta

l c
on

di
tio

ns
Th

e 
ex

te
rio

r 
en

vi
ro

nm
en

ta
l c

on
di

tio
ns

 p
la

y 
an

 im
po

rta
nt

 r
ol

e 
on

 th
e 

qu
al

ity
 a

nd
 a

cc
ur

ac
y 

of
 th

e 
in

fr
ar

ed
 

in
sp

ec
tio

n
as

se
ss

m
en

t. 
Pr

ec
ip

ita
tio

n 
in

 th
e 

fo
rm

 o
f r

ai
n 

or
 sn

ow
 w

ill
 c

re
at

e 
an

 o
bs

ta
cl

e 
be

tw
ee

n 
th

e 
in

fr
ar

ed
 

ca
m

er
a 

an
d 

th
e 

ex
te

rio
r 

su
rf

ac
es

 b
ei

ng
 i

ns
pe

ct
ed

 (
ex

te
rio

r 
th

er
m

og
ra

ph
ic

 i
ns

pe
ct

io
ns

 s
ha

ll 
no

t 
be

 
un

de
rta

ke
n 

un
de

r 
th

es
e 

co
nd

iti
on

s)
. 

D
ep

en
di

ng
 o

n 
th

e 
ty

pe
 o

f 
bu

ild
in

g 
en

ve
lo

pe
 e

nc
lo

su
re

 (
m

as
on

ry
 

cl
ad

di
ng

, s
ol

id
 m

as
on

ry
 o

r 
cu

rta
in

 w
al

l 
fo

r 
ex

am
pl

e)
, t

he
 e

xt
er

io
r 

am
bi

en
t 

te
m

pe
ra

tu
re

an
d 

te
m

pe
ra

tu
re

 
di

ffe
re

nt
ia

l 
ac

ro
ss

 t
he

 w
al

l 
as

se
m

bl
y,

 t
im

e
la

g
af

te
r 

su
ns

et
, 

tim
e 

la
g 

af
te

r 
la

st
 r

ai
nf

al
l 

as
 w

el
l 

as
 w

in
d 

in
te

ns
ity

 a
nd

 d
ire

ct
io

n 
w

ill
 a

ll 
ha

ve
 a

n 
im

po
rta

nt
 i

m
pa

ct
 o

n 
th

e 
in

fr
ar

ed
 r

es
ul

ts
. 

In
 t

he
 c

as
e 

of
 a

 s
ol

id
 

m
as

on
ry

 w
al

l f
or

 e
xa

m
pl

e,
 w

he
n 

as
se

ss
in

g 
ai

r l
ea

ka
ge

, t
he

 te
m

pe
ra

tu
re

 d
iff

er
en

tia
l b

et
w

ee
n 

th
e 

in
te

rio
r a

nd
 

ex
te

rio
r o

f t
he

 b
ui

ld
in

g 
m

us
t b

e 
m

uc
h 

gr
ea

te
r t

ha
n 

in
 th

e 
ca

se
 o

f a
 m

et
al

 a
nd

 g
la

ss
 c

ur
ta

in
 w

al
l. 

H
ow

ev
er

, 
w

in
d 

co
nd

iti
on

s a
re

 m
uc

h 
m

or
e 

cr
iti

ca
l w

he
n 

as
se

ss
in

g 
ai

r l
ea

ka
ge

 o
f a

 m
et

al
 a

nd
 g

la
ss

 c
ur

ta
in

w
al

l (
du

e 
to

 
its

 li
m

ite
d 

ca
pa

ci
ty

 fo
r h

ea
t r

et
en

tio
n)

 c
om

pa
re

d 
to

 a
 so

lid
 m

as
on

ry
 w

al
l a

ss
em

bl
y.

 

Fi
gu

re
 8

:
A

ir 
le

ak
ag

e 
no

te
d 

be
lo

w
 e

le
ct

ric
 b

as
e 

bo
ar

d 
(b

ui
ld

in
g 

un
de

r n
eg

at
iv

e 
pr

es
su

re
).

Fi
gu

re
 9

:A
ct

ua
l p

ho
to

gr
ap

h 
of

 c
or

re
sp

on
di

ng
 a

re
a.
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3.
 In

te
ri

or
 e

nv
ir

on
m

en
ta

l c
on

di
tio

ns
M

uc
h 

lik
e 

th
e 

ex
te

rio
r 

en
vi

ro
nm

en
ta

l 
co

nd
iti

on
s, 

th
e 

in
te

rio
r 

en
vi

ro
nm

en
ta

l 
co

nd
iti

on
s 

al
so

 p
la

y 
an

 
im

po
rta

nt
 ro

le
 o

n 
th

e 
qu

al
ity

 a
nd

 a
cc

ur
ac

y 
of

 th
e 

in
fr

ar
ed

 in
sp

ec
tio

n 
as

se
ss

m
en

t. 
In

 o
cc

up
ie

d 
bu

ild
in

gs
, t

he
 

in
te

rio
r e

nv
iro

nm
en

ta
l c

on
di

tio
ns

 s
uc

h 
as

 te
m

pe
ra

tu
re

 a
nd

 re
la

tiv
e 

hu
m

id
ity

 a
re

ty
pi

ca
lly

 m
ai

nt
ai

ne
d 

at
 th

e 
bu

ild
in

g’
s 

no
rm

al
 o

pe
ra

tin
g 

co
nd

iti
on

s. 
B

ui
ld

in
g 

pr
es

su
riz

at
io

n 
is

ho
w

ev
er

 b
y 

fa
r 

th
e 

m
os

t i
m

po
rta

nt
 a

nd
 

cr
iti

ca
l 

fa
ct

or
 

w
hi

ch
 

m
us

t 
be

 
m

on
ito

re
d 

an
d 

co
nt

ro
lle

d 
w

he
n 

un
de

rta
ki

ng
 

a
bu

ild
in

g 
en

ve
lo

pe
 

th
er

m
og

ra
ph

ic
 a

ss
es

sm
en

t.
D

ep
en

di
ng

 o
n 

th
e 

ty
pe

 o
f 

in
sp

ec
tio

n 
(e

xt
er

io
r 

or
 i

nt
er

io
r)

, 
th

e 
ty

pe
 o

f 
as

se
ss

m
en

t 
(a

ir 
le

ak
ag

e 
as

se
ss

m
en

t, 
m

oi
st

ur
e 

de
te

ct
io

n 
or

 t
he

rm
al

 e
va

lu
at

io
n)

 a
s 

w
el

l 
as

 t
he

 w
al

l 
co

m
po

si
tio

n,
 d

iff
er

en
t b

ui
ld

in
g 

pr
es

su
riz

at
io

n 
co

nd
iti

on
s 

w
ill

 b
e 

re
qu

ire
d 

(p
os

iti
ve

 o
r 

ne
ga

tiv
e 

pr
es

su
re

 a
t 

di
ffe

re
nt

 in
te

ns
iti

es
 a

nd
 d

ur
at

io
n)

.

Id
ea

lly
, b

ui
ld

in
g 

pr
es

su
riz

at
io

n 
is

 c
on

tro
lle

d 
by

 th
e 

bu
ild

in
g 

m
ec

ha
ni

ca
l s

ys
te

m
s. 

Th
is

 is
 a

cc
om

pl
is

he
d 

by
 

co
nt

ro
lli

ng
 th

e 
su

pp
ly

 a
ir 

in
ta

ke
 a

nd
 e

xh
au

st
 (s

up
pl

y 
op

en
 a

nd
 e

xh
au

st
 c

lo
se

d 
fo

r p
os

iti
ve

 in
te

rio
r p

re
ss

ur
e,

 
su

pp
ly

 c
lo

se
d 

an
d 

ex
ha

us
t 

op
en

 f
or

 n
eg

at
iv

e 
in

te
rio

r 
pr

es
su

re
). 

Th
is

 i
s 

ho
w

ev
er

 n
ot

 a
lw

ay
s 

po
ss

ib
le

 
de

pe
nd

in
g 

on
 th

e 
bu

ild
in

g’
s 

m
ec

ha
ni

ca
l s

ys
te

m
 a

nd
 th

ei
r 

lim
ita

tio
ns

. W
ith

 th
e 

ex
ce

pt
io

n 
of

 th
e 

co
m

m
on

 
co

rr
id

or
s, 

re
si

de
nt

ia
l 

co
nd

om
in

iu
m

 b
ui

ld
in

gs
 f

or
 e

xa
m

pl
e 

ar
e 

ty
pi

ca
lly

 n
ot

 e
qu

ip
pe

d 
w

ith
 a

 c
en

tra
liz

ed
 

m
ec

ha
ni

ca
l s

ys
te

m
. I

n 
ot

he
r 

in
st

an
ce

s, 
bu

ild
in

gs
 w

ith
 o

ld
er

 m
ec

ha
ni

ca
l s

ys
te

m
s 

ar
e 

of
te

n 
lim

ite
d 

in
 te

rm
s 

of
 c

on
tro

l a
s 

w
el

la
s

op
er

at
in

g
te

m
pe

ra
tu

re
s (

fu
lly

 o
pe

ni
ng

 th
e 

su
pp

ly
 a

ir 
in

ta
ke

is
 o

fte
n

no
t p

os
si

bl
e 

du
rin

g 
ex

tre
m

e 
co

ld
 c

on
di

tio
ns

).
U

nd
er

 t
he

se
 c

irc
um

st
an

ce
s, 

th
e 

us
e 

of
 p

or
ta

bl
e 

hi
gh

-p
ow

er
 p

re
ss

ur
iz

at
io

n 
eq

ui
pm

en
t i

s r
eq

ui
re

d 
to

 c
re

at
e 

th
e 

ne
ce

ss
ar

y 
pr

es
su

re
 c

on
di

tio
ns

 (F
ig

ur
es

 1
0 

an
d 

11
).

D
ep

en
di

ng
 o

n 
th

e 
si

ze
 a

nd
 le

ve
l o

f a
ir-

tig
ht

ne
ss

 o
f t

he
 b

ui
ld

in
g,

 it
 is

 ty
pi

ca
lly

 p
os

si
bl

e 
to

 p
re

ss
ur

iz
e 

ei
th

er
 

th
e 

en
tir

e 
bu

ild
in

g,
 s

ev
er

al
 fl

oo
rs

 a
t a

 ti
m

e 
or

 in
di

vi
du

al
 u

ni
ts

 u
si

ng
 a

 p
or

ta
bl

e 
th

re
e 

to
 s

ix
 h

ig
h-

po
w

er
 fa

n
sy

st
em

.
Th

e
re

su
lti

ng
 p

re
ss

ur
e

di
ff

er
en

tia
l 

is
 m

ea
su

re
d 

an
d 

co
nt

ro
lle

d 
by

us
in

g 
ca

lib
ra

te
d 

di
gi

ta
l 

m
ic

ro
 

m
an

om
et

er
s.

It 
is

 a
ls

o 
im

po
rta

nt
 t

o 
m

on
ito

r 
th

e 
ex

te
rio

r 
an

d 
in

te
rio

r 
te

m
pe

ra
tu

re
 a

s 
w

el
l 

as
 t

he
 w

in
d 

in
te

ns
ity

 a
nd

 d
ire

ct
io

n 
(th

is
 c

an
 b

e 
do

ne
 b

y 
us

in
g 

a 
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08:00-09:30 Session 6: Large and multi-family buildings 
1. How Leaky is your Building? Case Studies of Two Whole-Building Air Leakage Tests, 

Jason S. Der Ananian, Simpson Gumpertz & Heger, USA 
2. Measuring the Air Tightness of Mid and High Rise Non-Residential Buildings. Wagdy Anis, 

WJE, USA. 
3. Large Building Air Leakage Measurement – What Has Been Done and What Is Possible, 

Denali Jones, Retrotec, USA 
4. Estimates of Uncertainty in multi-zone air leakage measurements, Erin Hult, LBNL, USA 
5. Air tightness of buildings in Poland, Michal Szymanski, Poznan University of Technology, 

Poland 
Short Presentation 
6. Large public buildings air tightness in Poland, Radoslaw Gorzenski, Poznan University of 

Technology, Poland 
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 p

ro
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f b
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er
e 

is
 n

o 
ef

fe
ct

iv
e 

lim
it 

on
 w

ha
t w

e 
ca

n 
te

st
 a

nd
 

ho
w

 la
rg

e 
a 

bu
ild

in
g 

th
at

 c
an

 b
e 

te
st

ed
.  

Th
is

 sa
m

e 
gr

ou
p 

ha
s w

or
ke

d 
in

 th
e 

M
id

dl
e 

Ea
st

 a
s 

w
el

l a
nd

 e
nc

ou
ra

ge
d 

ch
an

ge
s i

n 
bu

ild
in

g 
re

gu
la

tio
ns

 th
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 d
et

er
m

in
e 

le
ak

ag
e 

be
tw

ee
n 

tw
o 

ad
ja

ce
nt

 z
on

es
. T

he
 se

ct
io

n 
re

fe
rs

 
to

 a
 h

ou
se

 a
nd

 a
tta

ch
ed

 g
ar

ag
e 

zo
ne

, b
ut

 a
ny

 tw
o 

ad
ja

ce
nt

 z
on

es
 c

ou
ld

 b
e 

co
ns

id
er

ed
. W

hi
le

 a
 

nu
m

be
r o

f s
tra

te
gi

es
 h

av
e 

be
en

 u
se

d 
to

 d
et

er
m

in
e 

in
te

rz
on

al
 le

ak
ag

e,
 c

ur
re

nt
ly

 n
o 

st
an

da
rd

 
ex

is
ts

 fo
r t

hi
s m

ea
su

re
m

en
t. 

B
ec

au
se

 th
e 

in
te

rz
on

al
 le

ak
ag

e 
is

 o
fte

n 
sm

al
l r

el
at

iv
e 

to
 th

e 

ov
er

al
l l

ea
ka

ge
 o

f e
ith

er
 z

on
e,

 th
is

 q
ua

nt
ity

 c
an

 b
e 

di
ff

ic
ul

t t
o 

re
so

lv
e 

us
in

g 
fa

n 
pr

es
su

riz
at

io
n 

te
st

s. 
W

e 
co

m
pa

re
 th

e 
un

ce
rta

in
ty

 a
ss

oc
ia

te
d 

w
ith

 d
iff

er
en

t t
ec

hn
iq

ue
s. 

 Se
ct

io
n 

3 
co

ns
id

er
s u

nc
er

ta
in

ty
 in

 d
et

er
m

in
in

g 
th

e 
le

ak
ag

e 
to

 th
e 

ou
td

oo
rs

 fr
om

 a
 si

ng
le

 u
ni

t 
in

 a
 m

ul
ti-

zo
ne

 b
ui

ld
in

g.
 T

o 
de

te
rm

in
e 

th
e 

ai
r l

ea
ka

ge
 to

 o
ut

si
de

 fr
om

 a
 si

ng
le

 u
ni

t i
n 

a 
m

ul
ti-

zo
ne

 b
ui

ld
in

g,
 o

ne
 c

om
m

on
 m

et
ho

d 
is

 th
e 

‘g
ua

rd
ed

’ t
es

t. 
Th

e 
zo

ne
 o

f i
nt

er
es

t a
s w

el
l a

s a
ny

 
ad

ja
ce

nt
 c

on
di

tio
ne

d 
zo

ne
s (

be
si

de
, a

bo
ve

 a
nd

/o
r b

el
ow

) a
re

 p
re

ss
ur

iz
ed

 to
 th

e 
sa

m
e 

te
st

 
pr

es
su

re
 to

 m
in

im
iz

e 
le

ak
ag

e 
to

 a
dj

ac
en

t z
on

es
 in

 th
e 

m
ea

su
re

d 
le

ak
ag

e 
(M

od
er

a 
et

 a
l.,

 1
98

6;
 

Fu
rb

rin
ge

r e
t a

l.,
 1

98
8;

 F
eu

st
el

, 1
98

9)
. I

n 
m

ul
ti-

zo
ne

 b
ui

ld
in

gs
, h

ow
ev

er
, a

n 
in

di
vi

du
al

 u
ni

t 
m

ig
ht

 a
ls

o 
ha

ve
 c

on
ne

ct
io

ns
 to

 u
ng

ua
rd

ed
 z

on
es

 su
ch

 a
s i

nt
er

st
iti

al
 sp

ac
es

 a
nd

 h
al

lw
ay

s t
ha

t 
m

ay
 b

e 
un

co
nd

iti
on

ed
 o

r p
ar

tia
lly

 c
on

di
tio

ne
d.

 In
 S

ec
tio

n 
3,

 w
e 

ex
am

in
e 

ho
w

 m
ea

su
re

m
en

t 
un

ce
rta

in
ty

 a
s w

el
l a

s l
ea

ka
ge

 to
 u

ng
ua

rd
ed

 z
on

es
 c

an
 im

pa
ct

 le
ak

ag
e 

es
tim

at
es

 fr
om

 g
ua

rd
ed

 
te

st
s o

f i
nd

iv
id

ua
l u

ni
ts

 in
 m

ul
ti-

zo
ne

 b
ui

ld
in

gs
.  

   
  

 In
 th

is
 st

ud
y,

 a
ir 

le
ak

ag
e 

flo
w

 th
ro

ug
h 

an
 in

te
rf

ac
e 

fr
om

 Z
on

e 
A

 to
 Z

on
e 

B
, q

A
B
, i

s a
ss

um
ed

 to
 

be
ha

ve
: 

 
ݍ 


ൌ
ܥ 


ܲ ಲ

ಳ
 

(1
) 

w
he

re
 P

A
B
 is

 th
e 

pr
es

su
re

 in
 z

on
e 

A
 re

la
tiv

e 
to

 th
at

 in
 Z

on
e 

B
, C

A
B
 is

 a
 fl

ow
 c

oe
ff

ic
ie

nt
 

pr
op

or
tio

na
l t

o 
th

e 
le

ak
ag

e 
ar

ea
 in

 th
at

 in
te

rf
ac

e,
 a

nd
 n

A
B
 is

 th
e 

pr
es

su
re

 e
xp

on
en

t f
or

 th
at

 
in

te
rf

ac
e.

 If
 a

 b
lo

w
er

 d
oo

r i
s p

la
ce

d 
in

 th
e 

A
B

 in
te

rf
ac

e,
 fl

ow
 th

ro
ug

h 
th

e 
bl

ow
er

 d
oo

r i
s 

in
di

ca
te

d 
by

 Q
A

B
 (l

ow
er

 c
as

e 
q 

re
fe

rs
 to

 fl
ow

 th
ro

ug
h 

le
ak

s)
. W

e 
m

od
el

le
d 

th
es

e 
in

te
rz

on
al

 
flo

w
s  

w
ith

 c
on

tro
l v

ol
um

e 
ba

se
d 

m
od

el
s u

si
ng

 th
e 

st
at

is
tic

al
 c

om
pu

tin
g 

pa
ck

ag
e,

 R
.  

 
 2.

 
L

E
A

K
A

G
E

 B
E

T
W

E
E

N
 T

W
O

 A
D

JA
C

E
N

T
 Z

O
N

E
S 

 Th
er

e 
ar

e 
m

an
y 

po
ss

ib
le

 a
pp

ro
ac

he
s t

o 
de

te
rm

in
in

g 
th

e 
ai

r l
ea

ka
ge

 b
et

w
ee

n 
tw

o 
ad

ja
ce

nt
 

zo
ne

s. 
Th

e 
ob

je
ct

iv
e 

of
 th

is
 st

ud
y 

w
as

 to
 d

et
er

m
in

e 
th

e 
si

m
pl

es
t f

an
-p

re
ss

ur
iz

at
io

n 
(b

lo
w

er
 

do
or

) t
es

t t
ha

t w
ill

 re
lia

bl
y 

de
liv

er
 a

cc
ur

at
e 

re
su

lts
. V

ar
io

us
 d

at
a 

co
lle

ct
io

n 
an

d 
an

al
ys

is
 

m
et

ho
ds

 w
er

e 
co

m
pa

re
d 

us
in

g 
bo

th
 si

m
ul

at
ed

 d
at

a 
se

ts
 a

s w
el

l a
s f

ie
ld

 d
at

a.
 R

es
ul

ts
 o

f t
he

 
fie

ld
 d

at
a 

an
d 

si
m

ul
at

io
ns

 w
er

e 
us

ed
 to

 id
en

tif
y 

th
e 

m
os

t r
ob

us
t m

et
ho

ds
 a

nd
 to

 q
ua

nt
ify

 th
e 

un
ce

rta
in

ty
 o

f t
he

 d
iff

er
en

t m
et

ho
ds

. A
dd

iti
on

al
 d

et
ai

ls
 o

f t
he

 m
et

ho
do

lo
gy

 c
an

 b
e 

fo
un

d 
in

 
H

ul
t e

t a
l. 

(2
01

2)
. 

 In
 th

e 
fie

ld
, s

in
gl

e-
zo

ne
 b

lo
w

er
 d

oo
r t

es
ts

 a
re

 o
fte

n 
pe

rf
or

m
ed

 b
y 

ta
ki

ng
 fl

ow
 ra

te
 

m
ea

su
re

m
en

ts
 a

t a
 si

ng
le

 p
re

ss
ur

e 
(ty

pi
ca

lly
 5

0 
Pa

), 
ra

th
er

 th
an

 fi
tti

ng
 a

 c
ur

ve
 to

 
m

ea
su

re
m

en
ts

 o
ve

r a
 ra

ng
e 

of
 p

re
ss

ur
e 

di
ff

er
en

ce
s. 

Th
e 

A
ST

M
 a

nd
 IS

O
 st

an
da

rd
s t

o 
de

te
rm

in
e 

ai
r l

ea
ka

ge
 u

si
ng

 fa
n 

pr
es

su
riz

at
io

n 
re

qu
ire

 m
ea

su
re

m
en

ts
 o

ve
r a

 ra
ng

e 
of

 p
re

ss
ur

e 
di

ff
er

en
ce

s t
o 

im
pr

ov
e 

th
e 

ac
cu

ra
cy

 o
f e

xt
ra

po
la

tio
n 

to
 c

al
cu

la
te

 th
e 

ai
r l

ea
ka

ge
 a

t l
ow

, 
op

er
at

io
na

l p
re

ss
ur

e 
di

ff
er

en
ce

s (
A

ST
M

, 2
01

0;
 IS

O
, 2

00
6)

. T
hi

s s
tu

dy
 u

se
d 

si
m

ul
at

io
ns

 a
nd

 
fie

ld
 d

at
a 

to
 c

om
pa

re
 te

st
s w

he
re

 m
ea

su
re

m
en

ts
 a

re
 ta

ke
n 

at
 a

 si
ng

le
 p

re
ss

ur
e 

di
ffe

re
nc

e 
vs

. a
t 

m
ul

tip
le

 p
re

ss
ur

e 
di

ff
er

en
ce

s, 
as

 w
el

l a
s d

iff
er

en
t t

es
t m

et
ho

ds
 u

si
ng

 o
ne

 o
r t

w
o 

bl
ow

er
 d

oo
rs

. 
Fi

rs
t, 

th
e 

m
et

ho
ds

 u
se

d 
to

 g
en

er
at

e 
an

d 
an

al
yz

e 
th

e 
sy

nt
he

si
ze

d 
da

ta
 a

re
 p

re
se

nt
ed

. A
 

di
sc

us
si

on
 o

f t
he

 re
su

lts
 o

f t
he

 sy
nt

he
si

ze
d 

da
ta

 a
na

ly
si

s f
ol

lo
w

s. 
 

 D
ia

gn
os

tic
 m

et
ho

ds
 

 A
 n

um
be

r o
f m

et
ho

ds
 h

av
e 

be
en

 d
ev

el
op

ed
 to

 d
et

er
m

in
e 

le
ak

ag
e 

be
tw

ee
n 

ad
ja

ce
nt

 z
on

es
 

(s
om

e 
fo

cu
si

ng
 sp

ec
ifi

ca
lly

 o
n 

th
e 

ho
us

e 
an

d 
at

ta
ch

ed
 g

ar
ag

e 
sc

en
ar

io
), 

bu
t t

he
re

 is
 n

o 
ex

is
tin

g 
st

an
da

rd
 fo

r h
ow

 to
 m

ak
e 

th
is

 m
ea

su
re

m
en

t. 
Pa

ra
lle

ls
 e

xi
st

 b
et

w
ee

n 
in

te
rz

on
al

 
le

ak
ag

e 
m

et
ho

ds
 a

nd
 A

ST
M

 te
st

 m
et

ho
ds

 fo
r m

ea
su

rin
g 

du
ct

 le
ak

ag
e 

(E
15

54
-0

7)
 w

hi
ch

 a
ls

o 
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in
cl

ud
e 

m
et

ho
ds

 to
 d

is
tin

gu
is

h 
le

ak
ag

e 
to

 th
e 

ou
ts

id
e 

fr
om

 to
ta

l l
ea

ka
ge

 a
nd

 e
m

pl
oy

 m
or

e 
th

an
 o

ne
 p

re
ss

ur
iz

at
io

n 
de

vi
ce

. A
 n

um
be

r o
f s

tra
te

gi
es

 h
av

e 
be

en
 e

xp
lo

re
d 

to
 u

se
 a

 si
ng

le
 

bl
ow

er
 d

oo
r t

o 
te

st
 in

te
rz

on
al

 le
ak

ag
e 

in
 b

ui
ld

in
gs

 w
ith

 tw
o 

or
 m

or
e 

zo
ne

s. 
B

la
sn

ik
 a

nd
 

Fi
tz

ge
ra

ld
 (1

99
2)

 p
ro

vi
de

 a
n 

ac
ce

ss
ib

le
 o

ve
rv

ie
w

 to
 th

e 
be

ne
fit

s o
f i

nt
er

zo
na

l l
ea

ka
ge

 te
st

in
g 

to
 fa

ci
lit

at
e 

ai
r s

ea
lin

g 
an

d 
de

sc
rib

e 
se

ve
ra

l s
tra

te
gi

es
 to

 d
et

er
m

in
e 

th
e 

le
ak

ag
e 

be
tw

ee
n 

ad
ja

ce
nt

 z
on

es
 u

si
ng

 d
iff

er
en

t s
in

gl
e 

bl
ow

er
 d

oo
r t

es
ts

. S
ev

er
al

 o
f t

he
 m

os
t c

om
m

on
 m

et
ho

ds
 

us
in

g 
di

ff
er

en
t s

et
s o

f s
in

gl
e 

bl
ow

er
 d

oo
r t

es
ts

 a
re

 o
ut

lin
ed

 in
 th

e 
fo

llo
w

in
g 

su
bs

ec
tio

n.
 

A
dd

iti
on

al
 te

st
 m

et
ho

ds
 a

s w
el

l a
s t

w
o 

bl
ow

er
 d

oo
r t

es
ts

 a
re

 n
ot

 d
es

cr
ib

ed
 in

 d
et

ai
l h

er
e 

bu
t 

ar
e 

in
cl

ud
ed

 in
 H

ul
t e

t a
l. 

(2
01

2)
.  

 Th
e 

bl
ow

er
 d

oo
r i

s u
se

d 
to

 m
ea

su
re

 th
e 

flo
w

 ra
te

 Q
 th

ro
ug

h 
a 

do
or

 in
 th

e 
in

te
rf

ac
e 

se
gm

en
t 

de
no

te
d 

by
 th

e 
su

bs
cr

ip
t (

H
O

 fo
r h

ou
se

-o
ut

si
de

, H
G

 fo
r h

ou
se

-g
ar

ag
e,

 a
nd

 G
O

 fo
r g

ar
ag

e-
ou

ts
id

e 
in

te
rf

ac
e)

. P
 is

 th
e 

pr
es

su
re

 d
iff

er
en

ce
 a

cr
os

s t
he

 in
te

rf
ac

e 
in

di
ca

te
d 

by
 th

e 
su

bs
cr

ip
t.  

Fi
gu

re
 1

  T
hr

ee
 si

ng
le

 z
on

e 
m

et
ho

ds
 u

si
ng

 te
st

 c
on

fig
ur

at
io

ns
 A

, B
 &

 C
. T

he
 th

re
e 

zo
ne

s r
ef

er
 to

 th
e 

ho
us

e 
(A

), 
th

e 
ga

ra
ge

 (C
), 

an
d 

th
en

 th
e 

co
m

bi
ne

d 
ho

us
e/

ga
ra

ge
 z

on
e 

(B
). 

 T
hr

ee
 S

in
gl

e 
Z

on
e 

M
et

ho
d.

 E
m

m
er

ic
h 

et
 a

l. 
(2

00
3)

 u
se

d 
re

su
lts

 fr
om

 th
e 

3 
co

nf
ig

ur
at

io
ns

 
ill

us
tra

te
d 

in
 F

ig
ur

e 
3 

to
 c

al
cu

la
te

 th
e 

le
ak

ag
e 

be
tw

ee
n 

th
e 

tw
o 

zo
ne

s. 
Th

is
 is

 e
qu

iv
al

en
t t

o 
pe

rf
or

m
in

g 
th

re
e 

si
ng

le
 z

on
e 

te
st

s, 
w

he
re

 th
e 

si
ng

le
 z

on
e 

co
nt

ai
ns

 th
e 

H
O

+H
G

 in
te

rf
ac

e,
 th

e 
G

O
+H

G
 in

te
rf

ac
e,

 a
nd

 th
en

 th
e 

H
O

+G
O

 in
te

rf
ac

e:
 

  
ܳ ு

ை
,
ൌ
ܥ ு

ை
ுܲ
ை
,

 ಹ
ೀ

ܥ ு

ீ
ுܲ
ீ
,

 ಹ
ಸ

 
(2

)

  
ܳ ீ

ை
,
ൌ
ܥ ீ

ை
ܲீ
ை
,

 ಸ
ೀ

ܥ ு

ீ
ܲீ
ை
,

 ಹ
ಸ
 

(3
)

  
ܳ ு

ை
,
ൌ
ܥ ு

ை
ுܲ
ை
,

 ಹ
ೀ

ܥ ீ

ை
ܲீ
ை
,

 ಸ
ೀ
. 

(4
)

w
he

re
 C

H
O
, C

G
O
 a

nd
 C

H
G
 a

re
 th

e 
flo

w
 c

oe
ff

ic
ie

nt
s a

nd
 n

H
O
, n

G
O
 a

nd
 n

H
G
 a

re
 th

e 
pr

es
su

re
 

ex
po

ne
nt

s a
ss

oc
ia

te
d 

w
ith

 th
e 

le
ak

ag
e 

th
ro

ug
h 

ea
ch

 e
nv

el
op

e 
se

gm
en

t. 
 Si

m
ila

rly
 to

 d
et

er
m

in
in

g 
th

e 
le

ak
ag

e 
of

 a
 si

ng
le

 z
on

e,
 th

is
 sy

st
em

 c
an

 b
e 

so
lv

ed
 fo

r t
he

 
co

ef
fic

ie
nt

s u
si

ng
 m

ea
su

re
m

en
ts

 a
t a

 si
ng

le
 p

re
ss

ur
e 

di
ff

er
en

ce
 if

 th
e 

pr
es

su
re

 e
xp

on
en

t 
as

su
m

ed
; a

 v
al

ue
 o

f n
=0

.6
5 

is
 c

om
m

on
 (C

ha
n 

et
 a

l.,
 2

01
2)

.  
A

lte
rn

at
el

y,
 th

e 
pa

ra
m

et
er

s C
ij 

an
d 

n i
j c

an
 b

e 
de

te
rm

in
ed

 e
xp

lic
itl

y 
if 

m
ea

su
re

m
en

ts
 a

re
 ta

ke
n 

at
 m

ul
tip

le
 p

re
ss

ur
e 

di
ff

er
en

ce
s. 

Em
m

er
ic

h 
et

 a
l. 

(2
00

3)
 to

ok
 m

ea
su

re
m

en
ts

 a
t 4

 to
 7

 p
re

ss
ur

e 
di

ff
er

en
ce

s f
or

 4
 

ho
us

es
 w

ith
 a

tta
ch

ed
 g

ar
ag

es
. U

si
ng

 a
 sl

ig
ht

ly
 d

iff
er

en
t f

or
m

ul
at

io
n 

of
 th

e 
eq

ua
tio

ns
 a

bo
ve

, 
th

ey
 d

et
er

m
in

ed
 a

 v
al

ue
 o

f n
 a

nd
 C

 fo
r e

ac
h 

si
ng

le
 z

on
e 

co
nt

ro
l v

ol
um

e 
us

in
g 

lin
ea

r 
re

gr
es

si
on

, f
ro

m
 w

hi
ch

 th
e 

le
ak

ag
e 

flo
w

 th
ro

ug
h 

ea
ch

 in
te

rf
ac

e 
co

ul
d 

be
 d

et
er

m
in

ed
. I

f n
 is

 
no

t a
ss

um
ed

, t
he

 sy
st

em
 h

as
 3

 e
qu

at
io

ns
 a

nd
 6

 u
nk

no
w

ns
. T

he
 c

al
cu

la
tio

n 
m

et
ho

ds
 u

se
d 

in
 

th
is

 se
ct

io
n 

ar
e 

de
sc

rib
ed
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 D
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 d
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ld

 
(1

99
2)

 re
co

m
m

en
d 

co
m

pl
et

in
g 

a 
pa

ir 
of

 te
st

s w
ith

 th
e 

bl
ow

er
 d
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 d
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 b
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 c

on
fig

ur
at

io
ns

 A
 a

nd
 D

: t
he

 h
om

e 
is

 
pr

es
su

riz
ed

 w
ith

 th
e 

ga
ra

ge
 c
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 c
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e 

ho
us

e 
an

d 
ga

ra
ge

 z
on

es
 in

 E
, t

he
 p

ro
bl

em
 c

an
 b

e 
de

sc
rib

ed
 b

y 
th

e 
th

re
e 

eq
ua

tio
ns

 re
su

lti
ng

 fr
om

 
ap

pl
yi

ng
 c

on
tro

l v
ol

um
e 

an
al

ys
is

 to
 th

e 
ho

us
e 

zo
ne

 in
 A

 a
nd

 th
e 

ho
us

e 
an

d 
ga

ra
ge

 z
on

es
 in

 E
.  

 Fo
r s

om
e 

co
nf

ig
ur

at
io

ns
 (e

.g
., 

A
 a

nd
 C

), 
th

e 
bl

ow
er

 d
oo

r c
ou

ld
 b

e 
pl

ac
ed

 in
 e

ith
er

 d
oo

rw
ay

 to
 

th
e 

pr
es

su
riz

ed
 z

on
e.

  
 Si

m
ul

at
io

ns
  

 Tw
o 

ap
pr

oa
ch

es
 w

er
e 

us
ed

 to
 a

ss
es

s i
nt

er
zo

na
l l

ea
ka

ge
 m

ea
su

re
m

en
t s

tra
te

gi
es

: M
on

te
 C

ar
lo

 
si

m
ul

at
io

ns
 a

nd
 fi

el
d 

te
st

s. 
Si

m
ul

at
io

n 
re

su
lts

 a
re

 d
is

cu
ss

ed
 b

el
ow

 a
nd

 fi
el

d 
re

su
lts

 fr
om

 6
 

ho
us

es
 a

re
 d

is
cu

ss
ed

 in
 m

or
e 

de
ta

il 
in

 H
ul

t e
t a

l. 
(2

01
2,

 2
01

3)
. T

he
 si

m
ul

at
io

ns
 a

llo
w

 fo
r a

 
m

or
e 

th
or

ou
gh

 e
xp

lo
ra

tio
n 

of
 th
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e 

in
te

rz
on

al
 le

ak
ag

e,
 sc

al
ed

 b
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 d
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 D
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 m
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m
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ra
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e.

  

H
ou

se
-g

ar
ag

e 
re

su
lts

 
 Si
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 c
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 d
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t c
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 c
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t t
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t m
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, f
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 re
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nv
en
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d 
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e 
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n 
th

e 
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ra
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 m
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h 

la
rg
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e 
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e 
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ra
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, C
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lts
 fr

om
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si
ze

d 
da

ta
 a

na
ly

si
s. 

Th
e 

pa
ir 

of
 si

ng
le

 d
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in

ty
 w

as
 th
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 d
iff
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th
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 d
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on
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ur
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m
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r 
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lts
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e 

le
ak
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e 
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 o
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o 
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ne
s w
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 c
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N
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et
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d 

w
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m
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ra
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h 
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e 
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 c
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e 
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ng
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m

et
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ire

s t
hr
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w

er
 d

oo
r t
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ea
d 

of
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e 
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su
lts

 
w

er
e 

ex
ce
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nt
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he

n 
th

e 
le
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ag

e 
ar

ea
 o

f t
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o 
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ne
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 c
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pa
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e:

 fo
r t

he
 u

nv
en

te
d 
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ra

ge
 c
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m
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ia
n 
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rta
in
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H

G
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he
n 

m
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le

 p
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ur

e 
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er

en
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he
n 
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e 
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ge
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e 

w
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te
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e 
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 in
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G
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 b
y 

B
la
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 p
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tw
o 
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 c
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e 
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t C
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C
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O
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%
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G
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 m
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el
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e 
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e,

 w
e 
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un

d 
th
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 th

e 
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te
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t m
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l b
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su
re

d 
da

ta
 c
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 b
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ud
ed

 to
 sh

ow
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 b
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at
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e 
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 c
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 b
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 m
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by

 H
er
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d 
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 d
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f C
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 m
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at
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 d
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at
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at
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re
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e 
Th

re
e 

Si
ng

le
 Z

on
e 

M
et

ho
d 

is
 re
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 p
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ra
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at
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 d
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t c
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t r
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R
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e 

sa
m

e 
te

st
 p

re
ss

ur
e 

to
 m

in
im

iz
e 

le
ak

ag
e 

to
 o

th
er

 c
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 o
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 c
on

ne
ct

ed
 to

 th
e 

ou
ts

id
e 

an
d 

to
 a

 c
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at
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 c
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 c
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s b
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ra
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 p
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w
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at
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s s
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r p
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ed
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 m
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at
e 
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w
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n 
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pi
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ra
tio

n 
(e
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l. 
20

07
). 
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d 

in
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at
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e 
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e 
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w
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ra
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l s
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s t
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 m
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Q
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 C
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ne

 D
 

C
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C
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C
D

O
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O
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C
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C
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D
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D
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C
BO

P BO

n  
C

C
O
P C

O
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C
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fo
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w
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xp
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 p
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ea
 is

 sm
al

l r
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 p
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f m
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ra
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 b
e 

pa
th

w
ay

s f
ro

m
 a

n 
in

di
vi

du
al

 ro
om

 o
r a

pa
rtm

en
t u

ni
t 

th
ro

ug
h 

w
al

l c
av

ity
, h

al
lw

ay
, a

tti
c,

 b
as

em
en

t o
r o

th
er

 c
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 d
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 p
re

ve
nt

s a
ir 

ex
ch

an
ge

 
on

ly
 b

et
w

ee
n 

th
e 

zo
ne

 o
f i

nt
er

es
t (

Zo
ne

 B
), 

an
d 

th
e 

ad
ja

ce
nt

, p
re

ss
ur

iz
ed

 z
on

es
 (Z

on
e 

A
 &

 
C

). 
In

 a
 g

ua
rd

ed
 te

st
, t

he
 fl

ow
 q

ua
nt

ity
 m

ea
su

re
d 

in
 th

e 
te

st
 w

ill
 in

cl
ud

e 
le

ak
ag

e 
fr

om
 th

e 
zo

ne
 o

f i
nt

er
es

t t
o 

th
e 

ou
ts

id
e,

 a
s w

el
l a

s l
ea

ka
ge

 fr
om

 th
e 

zo
ne

 o
f i

nt
er

es
t t

o 
an

y 
ot

he
r z

on
es

 
th

at
 h

av
e 

no
t b

ee
n 

pr
es

su
riz

ed
, i

.e
., 

Q
m

ea
s=

q B
O
+q

B
D
 (F

ig
ur

e 
5)

. T
he

 im
pa

ct
 o

f t
he

 n
um

be
r o

f 
zo

ne
s l

ea
ki

ng
 to

 th
e 

in
te

rs
tit

ia
l z

on
e 

w
as

 a
ls

o 
ex

pl
or

ed
 b

y 
al

so
 si

m
ul

at
in

g 
ca

se
s w

he
re

 Z
on

e 
C

 
or

 Z
on

es
 A

 &
 C

 w
er

e 
se

al
ed

 o
ff 

fr
om

 th
e 

ot
he

r z
on

es
. 

 It 
is

 im
po

rta
nt

 to
 d

is
tin

gu
is

h 
be

tw
ee

n 
le

ak
ag

e 
di

re
ct

ly
 to

 th
e 

ou
td

oo
rs

 a
nd

 le
ak

ag
e 

to
 

in
te

rs
tit

ia
l s

pa
ce

s. 
In

te
rs

tit
ia

l z
on

es
 m

ay
 b

e 
pa

rti
al

ly
 c

on
di

tio
ne

d,
 in

 w
hi

ch
 c

as
e 

th
er

e 
is

 a
 

sm
al

le
r e

ne
rg

y 
lo

ss
 a

ss
oc

ia
te

d 
w

ith
 a

ir 
ex

ch
an

ge
 b

et
w

ee
n 

in
te

rs
tit

ia
l s

pa
ce

s a
nd

 th
e 

co
nd

iti
on

ed
 z

on
e,

 re
la

tiv
e 

to
 a

ir 
ex

ch
an

ge
 w

ith
 th

e 
ou

td
oo

rs
. T

he
se

 z
on

es
 a

re
 a

ls
o 

m
or

e 
pr

ot
ec

te
d 

fr
om

 w
ea

th
er

 th
an

 e
xt

er
io

r w
al

ls
, a

nd
 so

 th
er

e 
ar

e 
lik

el
y 

to
 b

e 
lo

w
er

 d
riv

in
g 

pr
es

su
re

 d
iff

er
en

ce
s a

cr
os

s l
ea

ks
 a

t t
he

 in
te

rf
ac

e 
be

tw
ee

n 
th

e 
zo

ne
 o

f i
nt

er
es

t a
nd

 th
e 

in
te

rs
tit

ia
l z

on
e,

 c
om

pa
re

d 
w

ith
 le

ak
s i

n 
ex

te
rio

r w
al

ls
. F

or
 th

es
e 

re
as

on
s, 

it 
is

 im
po

rta
nt

 to
 

ac
kn

ow
le

dg
e 

th
at

 le
ak

ag
e 

ar
ea

 to
 n

on
-g

ua
rd

ed
 sp

ac
es

 is
 n

ot
 e

qu
iv

al
en

t t
o 

le
ak

ag
e 

ar
ea

 to
 th

e 
ou

ts
id

e,
 e

ve
n 

if 
le

ak
ag

e 
th

ro
ug

h 
th

e 
in

te
rs

tit
ia

l s
pa

ce
 e

ve
nt

ua
lly

 fl
ow

s t
o 

th
e 

ou
td

oo
rs

.  

  
Fi

gu
re

 6
: R

at
io

 o
f l

ea
ka

ge
 fl

ow
 fr

om
 B

 to
 D

 re
la

tiv
e 

to
 th

e 
le

ak
ag

e 
fr

om
 B

 to
 o

ut
si

de
 (q

B
D
/q

B
O
) a

s a
 fu

nc
tio

n 
of

 
th

e 
le

ak
ag

e 
ar

ea
 ra

tio
. I

n 
(a

), 
Zo

ne
 D

 h
as

 th
e 

sa
m

e 
le

ak
ag

e 
ar

ea
 to

 th
e 

ou
ts

id
e 

as
 Z

on
e 

B
, i

n 
(b

), 
Zo

ne
 D

 h
as

 th
re

e 
tim

es
 th

e 
le

ak
ag

e 
ar

ea
 to

 th
e 

ou
ts

id
e 

as
 Z

on
e 

B
. T

he
 d

ot
te

d 
cu

rv
e 

(…
) a

ss
um

es
 o

nl
y 

on
e 

ro
om

 z
on

e 
(Z

on
e 

B
), 

th
e 

da
sh

ed
 (-

 - 
-) 

ha
s t

w
o 

ro
om

 z
on

es
 (Z

on
e 

A
 &

 B
), 

an
d 

th
e 

so
lid

 c
ur

ve
 (—

) h
as

 th
re

e 
ro

om
 z

on
es

 (A
,B

 &
 C

). 
Th

e 
da

sh
do

t c
ur

ve
 (.

_.
) s

ho
w

s t
he

 li
m

it 
as

 C
D

O
 b

ec
om

es
 v

er
y 

la
rg

e 
re

la
tiv

e 
to

 C
B

O
. 

In
 th

is
 se

ct
io

n,
 w

e 
ex

pl
or

e 
w

ha
t f

ra
ct

io
n 

of
 th

e 
m

ea
su

re
d 

le
ak

ag
e 

in
 a

 g
ua

rd
ed

 te
st

 m
ig

ht
 

ac
tu

al
ly

 b
e 

le
ak

ag
e 

to
 in

te
rs

tit
ia

l z
on

es
. W

e 
us

e 
th

e 
m

od
el

 o
f t

hr
ee

 a
dj

ac
en

t u
ni

ts
 a

ll 
co

nn
ec

te
d 

to
 a

 c
om

m
on

 fo
rth

 z
on

e,
 sh

ow
n 

in
 F

ig
ur

e 
5.

 H
er

e,
 th

e 
le

ak
ag

e 
ar

ea
 b

et
w

ee
n 

ea
ch

 o
f 

Zo
ne

s A
, B

 &
 C

 a
nd

 th
e 

ou
ts

id
e 

ar
e 

eq
ua

l a
nd

 h
el

d 
co

ns
ta

nt
. T

he
 le

ak
ag

e 
ar

ea
 b

et
w

ee
n 

Zo
ne

 
D

 a
nd

 th
e 

ou
ts

id
e 

is
 v

ar
ie

d 
to

 si
m

ul
at

e 
a 

ra
ng

e 
in

 th
e 

de
gr

ee
 o

f c
on

ne
ct

ed
ne

ss
 to

 th
e 

ou
ts

id
e.

 
Th

e 
gu

ar
de

d 
te

st
 m

et
ho

d 
w

as
 si

m
ul

at
ed

, s
o 

ze
ro

 d
ire

ct
 le

ak
ag

e 
flo

w
 w

as
 a

ss
um

ed
 b

et
w

ee
n 

co
nd

iti
on

ed
 z

on
es

. 
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 Fo
r a

 g
ua

rd
ed

 te
st

, 
  

Fi
gu

re
 6

 sh
ow

s h
ow

 m
uc

h 
le

ak
ag

e 
flo

w
 th

er
e 

is
 to

 th
e 

in
te

rs
tit

ia
l z

on
e 

co
m

pa
re

d 
w

ith
 th

e 
le

ak
ag

e 
flo

w
 to

 th
e 

ou
td

oo
rs

 (q
B

D
/q

B
O
), 

as
 th

e 
le

ak
ag

e 
ar

ea
 ra

tio
 is

 v
ar

ie
d 

fo
r t

ho
se

 in
te

rf
ac

es
. 

Th
e 

le
ak

ag
e 

flo
w

 ra
te

 q
B

O
 is

 c
on

st
an

t a
cr

os
s a

ll 
ca

se
s a

nd
 w

e 
ex

am
in

e 
th

e 
m

ag
ni

tu
de

 o
f t

he
 

flo
w

 fr
om

 Z
on

e 
B

 to
 th

e 
in

te
rs

tit
ia

l s
pa

ce
 re

la
tiv

e 
to

 th
is

 q
ua

nt
ity

. A
s t

he
 le

ak
ag

e 
ar

ea
 to

 th
e 

in
te

rs
tit

ia
l z

on
e 

is
 in

cr
ea

se
d,

 th
e 

to
ta

l l
ea

ka
ge

 fl
ow

 ‘m
ea

su
re

d’
 in

 th
e 

si
m

ul
at

ed
 g

ua
rd

ed
 te

st
 

of
 Z

on
e 

B
 in

cr
ea

se
s b

ec
au

se
 o

f t
he

 a
dd

iti
on

al
 le

ak
ag

e 
to

 Z
on

e 
D

. O
ve

ra
ll,

 th
e 

ac
tu

al
 le

ak
ag

e 
ar

ea
 in

 th
e 

in
te

rf
ac

e 
di

re
ct

ly
 b

et
w

ee
n 

th
e 

zo
ne

 o
f i

nt
er

es
t i

n 
th

e 
ou

td
oo

rs
 m

ay
 o

nl
y 

be
 o

ne
 h

al
f 

to
 tw

o 
th

ird
s o

f t
he

 le
ak

ag
e 

flo
w

 re
su

lti
ng

 fr
om

 th
e 

gu
ar

de
d 

te
st

.  
 In

 
  

Fi
gu

re
 6

(a
), 

th
e 

in
te

rs
tit

ia
l s

pa
ce

 h
as

 th
e 

sa
m

e 
le

ak
ag

e 
ar

ea
 to

 th
e 

ou
ts

id
e 

as
 e

ac
h 

of
 th

e 
co

nd
iti

on
ed

 z
on

es
 (i

.e
., 

C
D

O
 =

 C
A

O
=C

B
O
=C

C
O
). 

H
er

e,
 th

e 
le

ak
ag

e 
flo

w
 ra

tio
 to

 th
e 

in
te

rs
tit

ia
l 

zo
ne

 in
cr

ea
se

s w
ith

 th
e 

le
ak

ag
e 

ar
ea

 ra
tio

 b
ut

 o
nc

e 
th

e 
le

ak
ag

e 
ar

ea
 to

 th
e 

in
te

rs
tit

ia
l z

on
e 

is
 

as
 la

rg
e 

as
 th

e 
le

ak
ag

e 
ar

ea
 to

 th
e 

ou
ts

id
e,

 th
e 

in
cr

ea
se

 in
 th

e 
le

ak
ag

e 
flo

w
 to

 th
e 

in
te

rs
tit

ia
l 

zo
ne

 d
im

in
is

he
s. 

Fo
r e

xa
m

pl
e,

 if
 th

e 
le

ak
ag

e 
ar

ea
 to

 n
on

-g
ua

rd
ed

 z
on

es
 in

 Z
on

e 
B

 is
 e

ve
nl

y 
di

vi
de

d 
be

tw
ee

n 
le

ak
ag

e 
ar

ea
 to

 th
e 

ou
ts

id
e 

an
d 

le
ak

ag
e 

ar
ea

 to
 th

e 
in

te
rs

tit
ia

l s
pa

ce
, t

he
n 

th
e 

to
ta

l ‘
m

ea
su

re
d’

 le
ak

ag
e 

flo
w

 fr
om

 th
e 

gu
ar

de
d 

te
st

 w
ill

 b
e 

ab
ou

t 3
0%

 h
ig

he
r t

ha
n 

th
e 

‘a
ct

ua
l’ 

le
ak

ag
e 

flo
w

 d
ire

ct
ly

 to
 th

e 
ou

td
oo

rs
. I

n 
th

is
 c

as
e,

 se
al

in
g 

on
e 

sq
ua

re
 in

ch
 o

f l
ea

ka
ge

 a
re

a 
in

 
th

e 
B

D
 in

te
rf

ac
e 

w
ill

 h
av

e 
le

ss
 e

ff
ec

t o
n 

th
e 

m
ea

su
re

d 
le

ak
ag

e 
th

an
 se

al
in

g 
on

e 
sq

ua
re

 in
ch

 in
 

th
e 

in
te

rf
ac

e 
be

tw
ee

n 
B

 a
nd

 th
e 

ou
ts

id
e,

 b
ot

h 
be

ca
us

e 
Zo

ne
 D

 is
 sl

ig
ht

ly
 p

re
ss

ur
iz

ed
 a

nd
 

be
ca

us
e 

it 
m

ay
 b

e 
pa

rti
al

ly
 c

on
di

tio
ne

d.
 T

he
 n

um
be

r o
f g

ua
rd

in
g 

zo
ne

s c
on

ne
ct

ed
 to

 th
e 

in
te

rs
tit

ia
l z

on
e 

al
so

 h
as

 a
 su

bs
ta

nt
ia

l i
m

pa
ct

 o
n 

ho
w

 m
uc

h 
le

ak
ag

e 
th

er
e 

is
 to

 th
e 

in
te

rs
tit

ia
l 

zo
ne

: t
he

 m
or

e 
gu

ar
di

ng
 z

on
es

 th
at

 a
re

 a
ls

o 
co

nn
ec

te
d 

to
 th

e 
in

te
rs

tit
ia

l s
pa

ce
, t

he
 lo

w
er

 th
e 

le
ak

ag
e 

flo
w

 fr
om

 th
e 

zo
ne

 o
f i

nt
er

es
t t

o 
th

e 
in

te
rs

tit
ia

l s
pa

ce
.  

 

In
 

  
Fi

gu
re

 6
 (b

), 
th

e 
le

ak
ag

e 
be

tw
ee

n 
th

e 
in

te
rs

tit
ia

l z
on

e 
an

d 
th

e 
ou

td
oo

rs
 is

 in
cr

ea
se

d 
so

 th
at

 
C

D
O

 =
 3

C
B

O
. T

hi
s r

ep
re

se
nt

s a
 c

as
e 

w
he

re
 th

e 
in

te
rs

tit
ia

l z
on

e 
is

 m
or

e 
co

nn
ec

te
d 

to
 th

e 
ou

td
oo

rs
 o

r s
im

pl
y 

a 
la

rg
er

 in
te

rs
tit

ia
l s

pa
ce

. A
s t

he
 le

ak
ag

e 
ar

ea
 b

et
w

ee
n 

th
e 

in
te

rs
tit

ia
l s

pa
ce

 
an

d 
th

e 
ou

td
oo

rs
 in

cr
ea

se
s, 

al
l c

ur
ve

s a
pp

ro
ac

h 
th

e 
lim

iti
ng

 c
ur

ve
 sh

ow
n 

in
 F

ig
ur

e 
5(

b)
, 

w
he

re
 le

ak
ag

e 
to

 th
e 

in
te

rs
tit

ia
l s

pa
ce

 b
eh

av
es

 li
ke

 le
ak

ag
e 

di
re

ct
ly

 to
 th

e 
ou

td
oo

rs
. I

n 
th

e 
ca

se
 sh

ow
n 

in
 (b

), 
th

e 
le

ak
ag

e 
flo

w
 to

 th
e 

in
te

rs
tit

ia
l z

on
e 

co
nt

in
ue

s t
o 

ris
e 

w
ith

 in
cr

ea
si

ng
 

le
ak

ag
e 

ar
ea

 to
 th

is
 z

on
e.

 T
hu

s i
f t

he
re

 is
 si

gn
ifi

ca
nt

 le
ak

ag
e 

ar
ea

 to
 a

n 
in

te
rs

tit
ia

l z
on

e 
no

t 
ve

ry
 w

el
l s

ea
le

d 
fr

om
 th

e 
ou

td
oo

rs
, l

ea
ka

ge
 to

 th
is

 in
te

rs
tit

ia
l z

on
e 

m
ay

 c
on

st
itu

te
 a

 
si

gn
ifi

ca
nt

 fr
ac

tio
n 

of
 th

e 
m

ea
su

re
d 

le
ak

ag
e 

in
 a

 g
ua

rd
ed

 te
st

.  
 4.

 
C

O
N

C
L

U
SI

O
N

S 
U

nc
er

ta
in

ty
 c

an
 b

e 
si

gn
ifi

ca
nt

 w
he

n 
us

in
g 

fa
n 

pr
es

su
riz

at
io

n 
m

et
ho

ds
 to

 d
et

er
m

in
e 

th
e 

le
ak

ag
e 

be
tw

ee
n 

tw
o 

ad
ja

ce
nt

 z
on

es
 a

nd
 c

ar
e 

sh
ou

ld
 b

e 
ta

ke
n 

to
 u

se
 re

co
m

m
en

de
d 

te
st

in
g 

co
nf

ig
ur

at
io

ns
 a

nd
 to

 u
se

 m
ea

su
re

m
en

ts
 a

t m
ul

tip
le

 p
re

ss
ur

e 
di

ff
er

en
ce

s. 
W

he
n 

us
in

g 
th

e 
gu

ar
de

d 
m

et
ho

d 
in

 a
 m

ul
ti-

zo
ne

 b
ui

ld
in

g 
to

 d
et

er
m

in
e 

th
e 

le
ak

ag
e 

to
 th

e 
ou

td
oo

rs
, u

nc
er

ta
in

ty
 

du
e 

to
 m

ea
su

re
m

en
t n

oi
se

 a
nd

 c
al

ib
ra

tio
n 

er
ro

r i
s e

st
im

at
ed

 to
 b

e 
re

la
tiv

el
y 

sm
al

l, 
bu

t l
ea

ka
ge

 
to

 u
ng

ua
rd

ed
 in

te
rs

tit
ia

l z
on

es
 m

ay
 h

av
e 

a 
la

rg
e 

im
pa

ct
 o

n 
re

su
lts

. I
f a

ll 
flo

w
 m

ea
su

re
d 

in
 th

e 
gu

ar
de

d 
te

st
 is

 a
ss

um
ed

 to
 b

e 
be

tw
ee

n 
th

e 
zo

ne
 o

f i
nt

er
es

t a
nd

 th
e 

ou
td

oo
rs

, a
nd

 if
 th

e 
ne

gl
ec

te
d 

in
te

rs
tit

ia
l z

on
es

 a
re

 si
gn

ifi
ca

nt
, t

he
n 

ai
r l

ea
ka

ge
 m

ea
su

re
m

en
ts

 m
ay

 g
iv

e 
m

is
le

ad
in

g 
es

tim
at

es
 o

f b
ui

ld
in

g 
ai

rti
gh

tn
es

s. 
Th

is
 is

 b
ec

au
se

 th
e 

ac
tu

al
 le

ak
ag

e 
ar

ea
 in

 th
e 

in
te

rf
ac

e 
di

re
ct

ly
 b

et
w

ee
n 

th
e 

zo
ne

 o
f i

nt
er

es
t i

n 
th

e 
ou

td
oo

rs
 m

ay
 o

nl
y 

be
 o

ne
 h

al
f t

o 
tw

o 
th

ird
s o

f t
he

 le
ak

ag
e 

flo
w

 re
su

lti
ng

 fr
om

 th
e 

gu
ar

de
d 

te
st

. T
hu

s, 
ca

re
 sh

ou
ld

 b
e 

ta
ke

n 
w

he
n 

in
te

rp
re

tin
g 

th
e 

re
su

lts
 o

f g
ua

rd
ed

 le
ak

ag
e 

te
st

s i
n 

m
ul

ti-
zo

ne
 b

ui
ld

in
gs

 so
 th

at
 th

e 
po

ss
ib

le
 

en
er

gy
 sa

vi
ng

s d
ue

 to
 le

ak
ag

e 
di

re
ct

ly
 to

 th
e 

ou
td

oo
rs

 a
re

 n
ot

 o
ve

re
st

im
at

ed
.  

 5.
 

A
C

K
N

O
W

L
E

D
G

E
M

E
N

T
S 

Th
is

 w
or

k 
w

as
 su

pp
or

te
d 

by
 th

e 
A

ss
is

ta
nt

 S
ec

re
ta

ry
 fo

r E
ne

rg
y 

Ef
fic

ie
nc

y 
an
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10:00-11:30 Session 7: Large and multi-family buildings 
1. Repeatability of Whole-Building Airtightness Measurements: Midrise Residential Case 

Study. Collin Olson, The Energy Conservatory, USA 
2. Stack Effect and Mechanical Exhaust System Impacts on Building Pressures and Envelope 

Air Leakage, Sean M. O’Brien, Simpson Gumpertz & Heger, USA 
3. Field Experience with Sealing Large-Building Duct Leakage with an Aerosol-Based Sealing 

Process, Mark Modera, UC Davis, USA 
4. Analysis of the NIST Commercial and Institutional Building Envelope Leakage Database. 

Steven Emmerich, NIST, USA 
5. Practical experience with training and performing airtightness tests in large buildings. Karl 

Grimnes, Termografi og Maaleteknikk as, Norway	
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ta

ck
 p

re
ss

ur
e 

of
 n

ea
rly

 4
0 

Pa
. T

ha
t 

po
te

nt
ia

l r
ep

re
se

nt
s t

he
 g

re
at

es
t p

os
si

bl
e 

pr
es

su
re

 d
iff

er
en

tia
l t

ha
t c

ou
ld

 o
cc

ur
 d

ue
 to

 st
ac

k 
ef

fe
ct

 w
ith

in
 th

e 
bu

ild
in

g.
  I

f t
he

 p
re

ss
ur

e 
at

 th
e 

gr
ou

nd
 fl

oo
r i

s n
eu

tra
l w

ith
 re

sp
ec

t t
o 

th
e 

ex
te

rio
r, 

th
is

 w
ou

ld
 m

ea
n 

a 
po

si
tiv

e 
pr

es
su

re
 o

f 4
0 

Pa
 w

ou
ld

 b
e 

po
ss

ib
le

 a
t t

he
 ro

of
 le

ve
l. 

 F
or

 
an

 N
PL

 a
t t

he
 m

id
-h

ei
gh

t o
f t

he
 b

ui
ld

in
g,

 th
e 

re
su

lt 
w

ou
ld

 b
e 

a 
pr

es
su

re
 o

f -
20

 P
a 

at
 th

e 
gr

ou
nd

 fl
oo

r a
nd

 +
20

 P
a 

at
 th

e 
ro

of
 (i

nf
ilt

ra
tio

n 
on

 th
e 

lo
w

er
 h

al
f o

f t
he

 b
ui

ld
in

g 
fo

llo
w

ed
 b

y 
ex

fil
tra

tio
n 

at
 th

e 
to

p)
.  

  
 It 

is
 im

po
rta

nt
 to

 n
ot

e 
th

at
 fo

r s
im

pl
e 

op
en

in
gs

 (“
le

ak
s”

) i
n 

bu
ild

in
g 

en
cl

os
ur

es
, a

ir 
le

ak
ag

e 
is

 
re

la
tiv

el
y 

un
af

fe
ct

ed
 b

y 
th

e 
di

re
ct

io
n 

of
 a

irf
lo

w
.  

Th
is

 m
ea

ns
 th

at
 a

 h
ol

e 
in

 th
e 

bu
ild

in
g’

s a
ir 

ba
rr

ie
r w

ill
 g

en
er

al
ly

 a
llo

w
 th

e 
sa

m
e 

am
ou

nt
 o

f a
ir 

le
ak

ag
e 

re
ga

rd
le

ss
 o

f w
he

th
er

 a
ir 

is
 

flo
w

in
g 

in
to

 o
r o

ut
 o

f t
he

 b
ui

ld
in

g.
  H

ow
ev

er
, c

om
po

ne
nt

s s
uc

h 
as

 w
in

do
w

s a
nd

 d
oo

rs
 o

fte
n 

re
ly

 o
n 

ga
sk

et
 c

om
pr

es
si

on
 fo

r a
ir 

an
d 

w
at

er
 se

al
in

g,
 a

nd
 m

ay
 e

xp
er

ie
nc

e 
di

ff
er

en
t a

m
ou

nt
s o

f 
ai

r l
ea

ka
ge

 d
ep

en
di

ng
 o

n 
th

e 
di

re
ct

io
n 

of
 fl

ow
.  

Fo
r e

xa
m

pl
e,

 u
nd

er
 p

os
iti

ve
 in

te
rio

r p
re

ss
ur

e 
th

e 
sa

sh
 o

f a
n 

ou
ts

w
in

g 
ca

se
m

en
t w

in
do

w
 w

ill
 b

e 
pu

sh
ed

 a
w

ay
 fr

om
 th

e 
pe

rim
et

er
 g

as
ke

ts
, 

re
du

ci
ng

 th
ei

r a
ir 

se
al

in
g 

ef
fe

ct
iv

en
es

s. 
 C

on
ve

rs
el

y,
 n

eg
at

iv
e 

pr
es

su
re

 w
ill

 p
ul

l t
he

 sa
sh

 in
 

an
d 

pr
ov

id
e 

gr
ea

te
r c

om
pr

es
si

on
 o

f t
he

 g
as

ke
ts

, w
hi

ch
 m

ay
 a

ct
ua

lly
 im

pr
ov

e 
ai

rti
gh

tn
es

s. 
 

Th
e 

ne
t r

es
ul

t i
s t

ha
t f

or
 ta

ll 
bu

ild
in

gs
, s

ta
ck

 e
ffe

ct
 m

ay
 e

xa
ce

rb
at

e 
ai

r l
ea

ka
ge

 in
 so

m
e 

ar
ea

s 
w

hi
le

 re
du

ci
ng

 it
 in

 o
th

er
s, 

de
pe

nd
in

g 
on

 th
e 

sp
ec

ifi
c 

en
cl

os
ur

e 
sy

st
em

s b
ei

ng
 u

se
d 

on
 th

e 
bu

ild
in

g 
as

 w
el

l a
s t

he
ir 

sp
ec

ifi
c 

lo
ca

tio
n.
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M
E

C
H

A
N

IC
A

L
 S

Y
ST

E
M

S 
IN

 T
A

L
L

E
R

 B
U

IL
D

IN
G

S 
 M

id
 a

nd
 h

ig
h 

ris
e 

bu
ild

in
gs

 o
fte

n 
co

nt
ai

n 
si

gn
ifi

ca
nt

ly
 m

or
e 

m
ec

ha
ni

ca
l e

qu
ip

m
en

t t
ha

n 
sm

al
le

r, 
lo

w
-r

is
e 

bu
ild

in
gs

.  
Th

is
 is

 d
ue

 to
 th

e 
sh

ee
r s

iz
e 

of
 th

e 
bu

ild
in

gs
 a

nd
 th

e 
ne

ed
 fo

r 
co

m
m

on
 e

qu
ip

m
en

t t
o 

ha
nd

le
 b

at
hr

oo
m

 e
xh

au
st

, k
itc

he
n 

ex
ha

us
t, 

an
d 

ot
he

r a
ir 

sy
st

em
s. 

 
M

ov
in

g 
ai

r o
ve

r l
ar

ge
 v

er
tic

al
 d

is
ta

nc
es

 re
qu

ire
s c

ar
ef

ul
ly

 d
es

ig
ne

d 
du

ct
w

or
k,

 fa
ns

, a
nd

 
co

nt
ro

ls
 c

ap
ab

le
 o

f p
ro

vi
di

ng
 b

al
an

ce
d 

ai
rf

lo
w

s t
o 

th
e 

sp
ac

es
 th

at
 th

e 
eq

ui
pm

en
t s

er
ve

s. 
  

U
nf

or
tu

na
te

ly
, t

he
se

 sy
st

em
s a

re
 o

fte
n 

su
bj

ec
t t

o 
ge

ne
ric

 d
es

ig
n 

ap
pr

oa
ch

es
 th

at
 m

ay
 b

e 
in

ad
eq

ua
te

 o
r i

na
pp

ro
pr

ia
te

 fo
r s

pe
ci

fic
 b

ui
ld

in
g 

co
nf

ig
ur

at
io

ns
 a

nd
 la

yo
ut

s. 
 W

el
l t

ho
ug

ht
 o

ut
 

de
si

gn
s a

re
 o

fte
n 

co
ns

id
er

ed
 e

xc
es

si
ve

 o
r u

nn
ec

es
sa

ry
 a

nd
 e

nd
 u

p 
be

in
g 

“v
al

ue
 e

ng
in

ee
re

d”
 

do
w

n 
to

 m
uc

h 
le

ss
 e

ffe
ct

iv
e 

sy
st

em
s. 

 P
oo

r d
es

ig
n 

an
d 

in
st

al
la

tio
n 

se
em

 to
 b

e 
m

or
e 

co
m

m
on

 
in

 re
si

de
nt

ia
l-u

se
 b

ui
ld

in
gs

 (i
nc

lu
di

ng
 m

id
 a

nd
 h

ig
h 

ris
e 

co
ns

tru
ct

io
n)

, w
hi

ch
 ty

pi
ca

lly
 

pr
od

uc
e 

a 
gr

ea
te

r n
um

be
r o

f p
ro

bl
em

s r
el

at
ed

 to
 a

ir 
flo

w
 a

nd
 a

ir 
le

ak
ag

e.
  T

hi
s p

ap
er

 w
ill

 
fo

cu
s o

n 
m

ul
ti-

fa
m

ily
 re

si
de

nt
ia

l b
ui

ld
in

gs
 w

hi
ch

 h
av

e 
a 

la
rg

e 
nu

m
be

r o
f b

at
hr

oo
m

s, 
ki

tc
he

ns
, a

nd
 o

th
er

 fe
at

ur
es

 th
at

 re
su

lt 
in

 m
uc

h 
gr

ea
te

r m
ec

ha
ni

ca
l s

ys
te

m
 a

irf
lo

w
s t

ha
n 

si
m

ila
rly

 si
ze

d 
of

fic
e 

an
d 

ge
ne

ra
l c

om
m

er
ci

al
 b

ui
ld

in
gs

.  
 

 4.
1 

C
od

e 
Pr

ov
is

io
ns

 
 Th

e 
20

09
 In

te
rn

at
io

na
l M

ec
ha

ni
ca

l C
od

e 
(th

e 
“C

od
e”

), 
w

hi
ch

 fo
rm

s t
he

 b
as

is
 fo

r m
an

y 
st

at
e 

an
d 

lo
ca

l c
od

es
, c

on
ta

in
s p

ro
vi

si
on

s f
or

 o
ut

si
de

 a
ir 

su
pp

ly
 a

nd
 e

xh
au

st
 a

ir 
sy

st
em

s. 
 T

he
 C

od
e 

re
qu

ire
s a

ll 
oc

cu
pi

ed
 sp

ac
es

 to
 b

e 
ve

nt
ila

te
d,

 b
ut

 it
 a

llo
w

s v
en

til
at

io
n 

to
 b

e 
pr

ov
id

ed
 b

y 
ei

th
er

 
na

tu
ra

l o
r m

ec
ha

ni
ca

l m
ea

ns
.  

M
ec

ha
ni

ca
l v

en
til

at
io

n 
re

qu
ire

s s
pe

ci
fic

 fl
ow

 ra
te

s f
or

 sp
ec

ifi
c 

ap
pl

ic
at

io
ns

, a
nd

 w
ill

 g
en

er
al

ly
 re

su
lt 

in
 m

or
e 

ev
en

 a
nd

 c
on

si
st

en
t v

en
til

at
io

n 
of

 sp
ac

es
 a

s t
he

 
sy

st
em

s c
an

 a
ll 

be
 a

dj
us

te
d 

an
d 

ba
la

nc
ed

 to
 p

ro
vi

de
 th

e 
de

si
re

d 
flo

w
s. 

  N
at

ur
al

 v
en

til
at

io
n 

si
m

pl
y 

re
qu

ire
s p

ro
vi

di
ng

 a
 c

er
ta

in
 p

er
ce

nt
ag

e 
of

 th
e 

oc
cu

pi
ed

 fl
oo

r s
pa

ce
 a

s “
op

en
ab

le
 a

re
a 

to
 th

e 
ou

td
oo

rs
” 

(c
ur

re
nt

ly
 4

%
), 

an
d 

pr
ov

id
es

 h
ig

hl
y 

va
ria

bl
e 

an
d 

in
co

ns
is

te
nt

 a
irf

lo
w

.  
In

 
m

an
y 

ca
se

s, 
ar

ea
s s

uc
h 

as
 in

te
rio

r (
w

in
do

w
le

ss
) b

at
hr

oo
m

s m
us

t b
e 

m
ec

ha
ni

ca
lly

 e
xh

au
st

ed
, 

bu
t a

re
 a

llo
w

ed
 u

nd
er

 th
e 

C
od

e 
to

 d
ra

w
 m

ak
eu

p 
ai

r f
ro

m
 th

e 
ad

ja
ce

nt
 sp

ac
es

 –
 w

hi
ch

 m
ay

 b
e 

na
tu

ra
lly

 v
en

til
at

ed
 u

si
ng

 o
pe

ra
bl

e 
w

in
do

w
s. 

Th
is

 “
hy

br
id

” 
ve

nt
ila

tio
n 

sc
he

m
e,

 w
hi

ch
 is

 v
er

y 
co

m
m

on
 in

 ta
ll 

re
si

de
nt

ia
l b

ui
ld

in
gs

, c
an

 le
ad

 to
 a

 w
id

e 
ra

ng
e 

of
 p

ro
bl

em
s a

s d
is

cu
ss

ed
 

fu
rth

er
 in

 th
e 

fo
llo

w
in

g 
se

ct
io

ns
. 

 4.
2 

O
ut

si
de

 A
ir

 S
ys

te
m

s 
 A

 d
is

tin
gu

is
hi

ng
 fe

at
ur

e 
of

 ta
ll 

re
si

de
nt

ia
l o

cc
up

an
cy

 b
ui

ld
in

gs
 is

 th
e 

ty
pi

ca
l r

el
ia

nc
e 

on
 

op
er

ab
le

 w
in

do
w

s t
o 

pr
ov

id
e 

ve
nt

ila
tio

n 
ai

r t
o 

th
e 

sp
ac

es
, a

s o
pp

os
ed

 to
 o

ff
ic

e 
an

d 
co

m
m

er
ci

al
 sp

ac
es

 w
hi

ch
 a

re
 a

lm
os

t e
xc

lu
si

ve
ly

 m
ec

ha
ni

ca
lly

 v
en

til
at

ed
.  

Th
e 

dr
iv

er
 b

eh
in

d 
th

is
 d

iff
er

en
ce

 is
 si

m
pl

e 
ec

on
om

ic
s –

 a
dd

in
g 

m
ec

ha
ni

ca
l v

en
til

at
io

n 
to

 a
 c

om
m

er
ci

al
 b

ui
ld

in
g 

w
ith

 5
 to

 1
0 

ai
r h

an
dl

er
s i

s r
el

at
iv

el
y 

si
m

pl
e,

 re
qu

iri
ng

 lo
ca

liz
ed

 c
om

po
ne

nt
s i

n 
th

e 
ai

r 
ha

nd
le

rs
 to

 c
on

tro
l t

he
 fl

ow
 o

f o
ut

si
de

 a
ir 

in
to

 th
e 

re
ci

rc
ul

at
in

g 
ai

rs
tre

am
 w

ith
in

 th
e 

du
ct

s. 
 In

 
co

nt
ra

st
, a

 la
rg

e 
re

si
de

nt
ia

l t
ow

er
 m

ay
 c

on
ta

in
 5

0 
to

 1
00

 u
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ts
, e

ac
h 

of
 w

hi
ch

 h
as

 it
s o

w
n 

ai
r 

ha
nd

lin
g 

sy
st

em
 (o

r o
th

er
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ac
e 

co
nd

iti
on

in
g 

eq
ui

pm
en

t).
  T

he
 c

os
t a

nd
 lo

gi
st

ic
s o

f p
ro

vi
di

ng
 

de
di

ca
te

d 
ou

ts
id

e 
ai

r t
o 

ea
ch

 o
f t

ho
se

 a
ir 

ha
nd

le
rs

 a
re

 o
fte

n 
pr

oh
ib

iti
ve

, a
nd

 a
lm

os
t a

lw
ay

s 
en

ds
 u

p 
be

in
g 

le
ss

 th
an

 th
e 

co
st

 o
f u

si
ng

 o
pe

ra
bl

e 
w

in
do

w
s, 

w
hi

ch
 m

ay
 b

e 
in

 th
e 

de
si

gn
 

al
re

ad
y,

 to
 m

ee
t c

od
e 

re
qu

ire
m

en
ts

 fo
r v

en
til

at
io

n 
ai

r. 
 A

n 
ad

di
tio

na
l c

on
tri

bu
tin

g 
fa

ct
or

 is
 th

e 
di

ff
ic

ul
ty

 o
f a

cc
om

m
od

at
in

g 
la

rg
e 

nu
m

be
rs

 o
f o

ut
si

de
 a

ir 
in

ta
ke

s w
ith

in
 th

e 
ar

ch
ite

ct
ur

e 
of

 
th

e 
bu

ild
in

g,
 e

sp
ec

ia
lly

 fo
r b

ui
ld

in
gs

 w
ith

 la
rg

e 
gl

az
ed

 a
re

as
 o

r m
on

ol
ith

ic
 fa

ca
de

s. 
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4.
3 

 
E

xh
au

st
 S

ys
te

m
s 

 “V
en

til
at

io
n”

 fo
r a

re
as

 su
ch

 a
s b

at
hr

oo
m

s i
s t

yp
ic

al
ly

 p
ro

vi
de

d 
by

 e
xh

au
st

in
g 

ai
r f

ro
m

 th
e 

ba
th

ro
om

s a
nd

 a
llo

w
in

g 
m

ak
eu

p 
ai

r t
o 

en
te

r f
ro

m
 th

e 
su

rr
ou

nd
in

g 
sp

ac
es

.  
Th

e 
C

od
e 

al
lo

w
s 

ei
th

er
 c

on
st

an
t o

r i
nt

er
m

itt
en

t e
xh

au
st

 to
 b

e 
us

ed
, w

ith
 th

e 
in

te
rm

itt
en

t r
eq

ui
re

m
en

ts
 b

ei
ng

 2
-

1/
2 

tim
es

 h
ig

he
r t

ha
n 

th
e 

co
ns

ta
nt

 re
qu

ire
m

en
ts

.  
H

ow
ev

er
, a

s w
ith

 th
e 

ou
ts

id
e 

ai
r s

ys
te

m
s, 

re
si

de
nt

ia
l b

ui
ld

in
gs

 ra
re

ly
 in

cl
ud

e 
de

di
ca

te
d 

(in
te

rm
itt

en
t) 

ex
ha

us
t f

or
 b

at
hr

oo
m

s a
s t

ha
t 

op
tio

n 
re

qu
ire

s a
n 

in
de

pe
nd

en
t, 

co
nt

ro
lla

bl
e 

fa
n 

in
 e

ac
h 

un
it 

as
 o

pp
os

ed
 to

 c
on

st
an

t e
xh

au
st

 
w

he
re

 a
 si

ng
le

 fa
n 

at
 th

e 
ro

of
 le

ve
l w

ill
 a

cc
om

pl
is

h 
th

e 
sa

m
e 

en
d.

 
   O

th
er

 m
aj

or
 e

xh
au

st
 sy

st
em

s i
nc

lu
de

 k
itc

he
n 

cl
ot

he
s d

ry
er

 e
xh

au
st

.  
Th

e 
am

ou
nt

 o
f e

xh
au

st
 

fo
r t

he
se

 sy
st

em
s i

s n
ot

 sp
ec

ifi
ca

lly
 n

ot
ed

 in
 th

e 
co

de
, a

lth
ou

gh
 fo

r s
in

gl
e 

in
st

al
la

tio
ns

, n
o 

m
ak

e-
up

 a
ir 

is
 re

qu
ire

d 
fo

r d
ry

er
s e

xh
au

st
in

g 
le

ss
 th

an
 9

5 
L/

s o
r k

itc
he

n 
de

vi
ce

s e
xh

au
st

in
g 

le
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 th
an

 1
90

 L
/s

 (l
es

s o
f a

 p
ro

bl
em

 fo
r k

itc
he

n 
sy

st
em

s t
ha

t o
pe

ra
te

 in
te

rm
itt

en
tly

, b
ut

 d
ry

er
 

sy
st

em
s w

ith
 lo

ng
er

 ru
n 

tim
es

 m
ay

 b
e 

a 
bi

gg
er

 is
su

e)
.  

D
ed

ic
at

ed
 m

ak
eu

p 
ai

r s
up

pl
y 

is
 

re
qu

ire
d 

ab
ov

e 
th

os
e 

le
ve

ls
 to

 p
re

ve
nt

 p
re

ss
ur

e 
im

ba
la

nc
es

, b
ut

 ty
pi

ca
l r

es
id

en
ce

s w
ill

 n
ot

 
ha

ve
 e

xh
au

st
 fl

ow
s e

xc
ee

di
ng

 th
os

e 
lim

its
.  

Th
e 

C
od

e 
do

es
 re

qu
ire

 m
ak

eu
p 

ai
r f

or
 c

om
m

on
 

dr
ye

r e
xh

au
st

 ri
se

rs
 in

 m
ul

ti-
st

or
y 

st
ru

ct
ur

es
, b

ut
 in

di
vi

du
al

 d
ry

er
s a

tta
ch

ed
 to

 th
e 

ris
er

 w
ill

 
st

ill
 b

e 
dr

aw
in

g 
ai

r o
ut

 o
f t

he
 o

cc
up

ie
d 

sp
ac

es
 in

 th
ei

r r
es

pe
ct

iv
e 

un
its

 e
ve

n 
if 

th
e 

m
ai

n 
ris

er
 

ha
s a

n 
op

en
in

g 
to

 th
e 

ex
te

rio
r. 

 5.
 

T
Y

PI
C

A
L

 P
R

O
B

L
E

M
S 

 5.
1 

D
es

ig
n 

 Th
e 

de
si

gn
 o

f e
xh

au
st

 sy
st

em
s i

n 
ta

ll 
bu

ild
in

gs
 is

 fa
irl

y 
co

m
pl

ex
, a

s d
es

ig
ne

rs
 m

us
t a

cc
ou

nt
 

fo
r m

ov
in

g 
ai

r o
ve

r l
ar

ge
 v

er
tic

al
 d

is
ta

nc
es

, m
ai

nt
ai

ni
ng

 c
on

si
st

en
t f

lo
w

 th
ro

ug
h 

m
ul

tip
le

 
in

le
ts

 a
t d

iff
er

en
t e

le
va

tio
ns

, a
nd

 a
cc

ou
nt

in
g 

fo
r s

ta
ck

 p
re

ss
ur

es
 th

at
 v

ar
y 

fr
om

 m
on

th
 to

 
m

on
th

 a
nd

 c
an

 u
ps

et
 a

irf
lo

w
 b

al
an

ce
s b

et
w

ee
n 

flo
or

s. 
 T

he
 A

m
er

ic
an

 S
oc

ie
ty

 o
f H

ea
tin

g,
 

R
ef

rig
er

at
io

n,
 a

nd
 A

ir 
C

on
di

tio
ni

ng
 E

ng
in

ee
rs

 (A
SH

R
A

E)
 p

ro
vi

de
s g

ui
da

nc
e 

fo
r d

es
ig

ni
ng

 
ve

rti
ca

l d
uc

t r
un

s t
o 

ac
hi

ev
e 

ba
la

nc
ed

 fl
ow

, b
ut

 u
nf

or
tu

na
te

ly
 th

es
e 

gu
id

el
in

es
 se

em
 to

 b
e 

ig
no

re
d 

m
or

e 
th

an
 th

ey
 a

re
 im

pl
em

en
te

d.
  I

n 
m

an
y 

of
 th

e 
bu

ild
in

gs
 th

at
 th

e 
au

th
or

s h
av

e 
in

ve
st

ig
at

ed
, e

xh
au

st
 ri

se
rs

 c
on

si
st

 o
f a

 st
ra

ig
ht

, c
on

st
an

t c
ro

ss
-s

ec
tio

n 
du

ct
w

or
k 

ex
te

nd
in

g 
fr

om
 th

e 
ro

of
-m

ou
nt

ed
 fa

n 
al

l t
he

 w
ay

 to
 th

e 
gr

ou
nd

 le
ve

l. 
 In

 c
as

es
 w

he
re

 b
al

an
ci

ng
 d

am
pe

rs
 

ar
e 

no
t i

ns
ta

lle
d 

at
 th

e 
in

le
ts

, t
he

 re
su

lt 
is

 a
 d

is
pr

op
or

tio
na

te
 a

m
ou

nt
 o

f a
irf

lo
w

 th
ro

ug
h 

th
e 

up
pe

r i
nl

et
s, 

ne
ar

es
t t

o 
th

e 
fa

n,
 a

nd
 li

ttl
e 

to
 n

o 
flo

w
 n

ea
r t

he
 b

ot
to

m
 o

f t
he

 sh
af

t. 
 T

hi
s e

ff
ec

t i
s 

m
ag

ni
fie

d 
w

he
re

 th
e 

ex
ha

us
t f

an
 is

 o
ve

rs
iz

ed
 a

nd
 p

ro
du

ce
s g

re
at

er
-th

an
-c

od
e-

m
in

im
um

 
ex

ha
us

t f
lo

w
s, 

al
so

 a
 c

om
m

on
 o

cc
ur

re
nc

e.
  T

hi
s p

ro
du

ce
s s

tro
ng

 n
eg

at
iv

e 
pr

es
su

re
s n

ea
r t

he
 

to
p 

of
 th

e 
st

ac
k,

 th
e 

op
po

si
te

 o
f w

ha
t o

ne
 w

ou
ld

 e
xp

ec
t i

n 
a 

ta
ll 

bu
ild

in
g 

w
he

re
 st

ac
k 

ef
fe

ct
 

ty
pi

ca
lly

 p
ro

du
ce

s p
os

iti
ve

 p
re

ss
ur

e 
in

 th
at

 lo
ca

tio
n.

   
V

ar
ia

bl
e 

cr
os

s s
ec

tio
n 

du
ct

 a
nd

/o
r t

he
 

us
e 

of
 b

al
an

ci
ng

 d
am

pe
rs

 a
re

 n
ec

es
sa

ry
 to

 p
re

ve
nt

 th
es

e 
flo

w
 im

ba
la

nc
es

 a
nd

 g
en

er
at

e 
a 

co
ns

is
te

nt
 e

xh
au

st
 fl

ow
 a

t a
ll 

le
ve

ls
.  

 
 In

 o
rd

er
 to

 p
re

ve
nt

 e
xc

es
si

ve
 st

ac
k 

pr
es

su
re

s f
ro

m
 d

ev
el

op
in

g,
 b

ui
ld

in
gs

 n
ee

d 
to

 h
av

e 
re

la
tiv

el
y 

co
nt

in
uo

us
 h

or
iz

on
ta

l p
ar

tit
io

ns
 (a

t f
lo

or
 le

ve
ls

) t
o 

“c
om

pa
rtm

en
ta

liz
e”

 th
e 

in
te

rio
r 

sp
ac

e.
  I

n 
m

os
t c

as
es

, t
hi

s h
ap

pe
ns

 b
y 

de
fa

ul
t r

at
he

r t
ha

n 
de

si
gn

, s
in

ce
 fl

oo
rs

 o
fte

n 
re

qu
ire

 fi
re

 
an

d 
sm

ok
e 

se
al

s a
t p

en
et

ra
tio

ns
, e

tc
. w

hi
ch

 a
ls

o 
fu

nc
tio

n 
as

 a
ir 

ba
rr

ie
rs

.  
V

er
tic

al
 sh

af
ts

 su
ch

 
as

 e
le

va
to

rs
, s

ta
irs

, a
nd

 d
uc

t/u
til

ity
 c

ha
se

s m
us

t b
e 

ef
fe

ct
iv

el
y 

is
ol

at
ed

 fr
om

 th
e 

oc
cu

pi
ed

 
sp

ac
es

 o
f t

he
 b

ui
ld

in
g 

us
in

g 
se

al
s, 

ga
sk

et
s, 

an
d 

fir
e 

do
or

s t
o 

m
in

im
iz

e 
th

ei
r i

m
pa

ct
 o

n 
bu

ild
in

g 
pr

es
su

re
s. 

 It
 is

 m
or

e 
co

m
m

on
 fo

r u
nb

al
an

ce
d 

m
ec

ha
ni

ca
l s

ys
te

m
s (

su
pp

ly
 o

r 
ex

ha
us

t) 
to

 c
on

tri
bu

te
 to

 p
oo

r c
on

tro
l o

ve
r s

ta
ck

 p
re

ss
ur

e 
m

or
e 

th
an

 th
e 

ph
ys

ic
al

 d
es

ig
n 

of
 th

e 

bu
ild

in
g.

  S
ta

ck
 p

re
ss

ur
e 

is
 ty

pi
ca

lly
 m

or
e 

of
 a

 lo
ca

liz
ed

 e
ff

ec
t, 

fo
r e

xa
m

pl
e 

le
ad

in
g 

to
 

m
od

er
at

e 
ai

r l
ea

ka
ge

 a
t t

he
 to

p 
of

 e
le

va
to

r s
ha

fts
, w

hi
ch

 a
re

 o
fte

n 
(b

y 
co

de
) v

en
te

d 
di

re
ct

ly
 to

 
th

e 
ex

te
rio

r. 
 T

he
se

 sh
af

ts
 b

as
ic

al
ly

 fu
nc

tio
n 

as
 c

hi
m

ne
ys

, d
ra

w
in

g 
in

 w
ar

m
 b

ui
ld

in
g 

ai
r f

ro
m

 
al

l a
re

as
 a

nd
 e

xh
au

st
in

g 
it 

to
 th

e 
ex

te
rio

r a
bo

ve
 th

e 
ro

of
 le

ve
l. 

 
 W

e 
re

ce
nt

ly
 in

ve
st

ig
at

ed
 a

 la
rg

e,
 2

0+
 st

or
y 

co
nd

om
in

iu
m

 b
ui

ld
in

g 
in

 th
e 

m
id

-A
tla

nt
ic

 re
gi

on
 

th
at

 e
xh

ib
ite

d 
st

ro
ng

 n
eg

at
iv

e 
pr

es
su

re
s o

n 
th

e 
up

pe
r f

lo
or

s. 
 T

he
 o

cc
up

an
ts

 o
n 

th
e 

up
pe

r 
flo

or
s c

om
pl

ai
ne

d 
of

 d
ra

fts
, l

ou
d 

“w
hi

st
lin

g”
 n

oi
se

s n
ea

r d
oo

rs
, a

nd
 d

iff
ic

ul
ty

 o
pe

ni
ng

 d
oo

rs
.  

W
e 

m
ea

su
re

d 
ne

ga
tiv

e 
pr

es
su

re
s, 

re
la

tiv
e 

to
 b

ot
h 

th
e 

co
rr

id
or

s a
nd

 th
e 

ex
te

rio
r, 

of
 6

0 
to

 8
0 

Pa
 

on
 th

e 
up

pe
r f

lo
or

s, 
w

ith
 p

re
ss

ur
es

 a
pp

ro
ac

hi
ng

 n
eu

tra
l n

ea
r t

he
 g

ro
un

d 
flo

or
.  

Th
e 

ba
th

ro
om

 
ex

ha
us

t r
is

er
s w

er
e 

co
ns

ta
nt

 c
ro

ss
 se

ct
io

n 
du

ct
s f

or
 th

e 
fu

ll 
he

ig
ht

 o
f t

he
 b

ui
ld

in
g,

 w
ith

 n
o 

ba
la

nc
in

g 
da

m
pe

rs
 o

r o
th

er
 p

ro
vi

si
on

s f
or

 a
dj

us
tin

g 
ai

rf
lo

w
s f

ro
m

 th
e 

un
its

.  
Th

e 
co

rr
id

or
s 

w
er

e 
su

pp
lie

d 
w

ith
 d

ed
ic

at
ed

 o
ut

si
de

 a
ir 

bu
t d

id
 n

ot
 h

av
e 

re
tu

rn
 o

r r
el

ie
f d

uc
ts

, i
nc

re
as

in
g 

th
e 

pr
es

su
re

 d
iff

er
en

tia
l t

o 
th

e 
un

its
.  

Th
e 

hi
gh

 n
eg

at
iv

e 
pr

es
su

re
s w

e 
ob

se
rv

ed
 w

er
e 

cr
ea

tin
g 

fo
rc

es
 o

f o
ve

r 1
00

N
 o

n 
do

or
s, 

m
ak

in
g 

bo
th

 in
te

rio
r (

to
 th

e 
co

rr
id

or
) a

nd
 e

xt
er

io
r (

to
 b

al
co

ny
) 

do
or

s d
iff

ic
ul

t t
o 

op
er

at
e.

  W
hi

st
lin

g 
w

as
 b

ei
ng

 c
au

se
d 

by
 h

ig
h 

sp
ee

d 
ai

rf
lo

w
s a

ro
un

d 
th

e 
en

try
 d

oo
rs

, w
hi

ch
 w

er
e 

fa
irl

y 
w

el
l-s

ea
le

d 
du

e 
to

 th
e 

ne
ed

 fo
r f

ire
/s

m
ok

e 
re

si
st

an
ce

 b
ut

 n
ot

 
co

m
pl

et
el

y 
ai

rti
gh

t. 
 D

ue
 to

 th
e 

hi
gh

 n
eg

at
iv

e 
pr

es
su

re
s, 

ai
r l

ea
ka

ge
 w

as
 si

gn
ifi

ca
nt

 in
 so

m
e 

ar
ea

s o
f t

he
 e

nc
lo

su
re

 d
es

pi
te

 th
e 

w
al

l s
ys

te
m

s b
ei

ng
 re

la
tiv

el
y 

ai
rti

gh
t. 

 Th
is

 b
ui

ld
in

g 
w

as
 a

 c
la

ss
ic

 c
as

e 
of

 im
ba

la
nc

ed
 a

irf
lo

w
s l

ea
di

ng
 to

 b
ui

ld
in

g-
w

id
e 

pr
ob

le
m

s. 
  

In
 th

e 
ca

se
 o

f t
he

 c
or

rid
or

s, 
th

is
 w

as
 a

pp
ar

en
tly

 in
te

nt
io

na
l s

in
ce

 th
er

e 
w

as
 n

o 
ex

ha
us

t o
r 

re
tu

rn
 a

ir 
to

 c
om

pe
ns

at
e 

fo
r t

he
 su

pp
ly

.  
A

lth
ou

gh
 la

rg
er

 re
si

de
nt

ia
l b

ui
ld

in
gs

 o
fte

n 
us

e 
th

e 
st

ra
te

gy
 o

f s
up

pl
yi

ng
 v

en
til

at
io

n 
ai

r t
o 

th
e 

co
rr

id
or

s w
hi

ch
 th

en
 su

pp
lie

s t
he

 in
di

vi
du

al
 u

ni
ts

 
vi

a 
do

or
 u

nd
er

cu
ts

 (w
hi

ch
 is

 o
dd

ly
 e

no
ug

h 
pr

oh
ib

ite
d 

by
 m

os
t b

ui
ld

in
g 

an
d 

fir
e 

co
de

s)
, t

hi
s 

w
as

 n
ot

 th
e 

de
si

gn
 in

te
nt

 h
er

e 
as

 th
e 

un
its

 h
ad

 se
al

ed
 e

nt
ry

 d
oo

rs
 a

nd
 sp

ec
ifi

ca
lly

 in
cl

ud
ed

 
op

er
ab

le
 w

in
do

w
s t

o 
pr

ov
id

e 
ve

nt
ila

tio
n 

di
re

ct
ly

 to
 th

e 
un

its
.  

In
 th

e 
ca

se
 o

f t
he

 b
at

hr
oo

m
 

ex
ha

us
t r

is
er

s, 
it 

w
as

 si
m

pl
y 

po
or

 d
es

ig
n 

w
hi

ch
 re

su
lte

d 
in

 u
na

cc
ep

ta
bl

e 
pr

es
su

re
 d

iff
er

en
tia

ls
.  

R
em

ed
ia

tio
n 

of
 th

es
e 

pr
ob

le
m

s i
nv

ol
ve

d 
a 

co
m

bi
na

tio
n 

of
 n

ew
 b

al
an

ci
ng

 d
am

pe
rs

 a
t t

he
 

ba
th

ro
om

 in
le

ts
 a

nd
 re

m
ov

in
g 

sw
ee

ps
 fr

om
 th

e 
un

it 
en

try
 d

oo
rs

 (w
ith

 b
ui

ld
in

g 
de

pa
rtm

en
t 

ap
pr

ov
al

) t
o 

al
lo

w
 th

e 
ex

ce
ss

 fr
es

h 
ai

r f
ro

m
 th

e 
ha

llw
ay

 in
to

 th
e 

un
its

, h
el

pi
ng

 to
 m

in
im

iz
e 

pr
es

su
re

 d
iff

er
en

tia
ls

 b
y 

ba
la

nc
in

g 
ou

t t
he

 b
at

hr
oo

m
 e

xh
au

st
 fl

ow
s. 

 
 5.

2 
C

on
st

ru
ct

io
n 

 Th
e 

be
st

-d
es

ig
ne

d 
bu

ild
in

g 
w

ill
 st

ill
 fa

il 
to

 p
er

fo
rm

 if
 th

at
 d

es
ig

n 
is

 n
ot

 p
ro

pe
rly

 im
pl

em
en

te
d 

by
 th

e 
bu

ild
er

s. 
 In

 th
e 

sa
m

e 
bu

ild
in

g 
di

sc
us

se
d 

ab
ov

e,
 w

e 
ob

se
rv

ed
 a

 v
ar

ie
ty

 o
f c

on
st

ru
ct

io
n 

er
ro

rs
 th

at
 c

on
tri

bu
te

d 
to

 th
e 

pr
es

su
re

 is
su

es
 a

nd
 in

 so
m

e 
ca

se
s m

ad
e 

th
em

 m
or

e 
di

ff
ic

ul
t t

o 
di

ag
no

se
.  

Th
e 

ty
pi

ca
l e

xh
au

st
 ri

se
rs

 w
er

e 
en

cl
os

ed
 in

 g
yp

su
m

 w
al

lb
oa

rd
 sh

af
ts

, w
ith

 b
ra

nc
h 

du
ct

s r
un

ni
ng

 to
 b

at
hr

oo
m

s o
n 

ea
ch

 fl
oo

r. 
 In

 th
e 

m
aj

or
ity

 o
f t

he
se

 c
as

es
, t

he
 d

uc
tw

or
k 

w
as

 
st

op
pe

d 
sh

or
t o

f t
he

 su
rf

ac
e-

m
ou

nt
ed

 in
ta

ke
 g

ril
le

s, 
re

su
lti

ng
 in

 la
rg

e 
ga

ps
 b

et
w

ee
n 

th
e 

du
ct

 
an

d 
th

e 
in

le
t (

Fi
gu

re
 2

). 
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Fi
gu

re
 2

 –
 G

ap
s b

et
w

ee
n 

ex
ha

us
t d

uc
tw

or
k 

an
d 

su
rf

ac
e 

m
ou

nt
ed

 g
ril

le
s (

re
m

ov
ed

 in
 th

is
 p

ho
to

gr
ap

h)
 

 
In

 th
es

e 
ca

se
s, 

ai
r w

as
 d

ra
w

n 
th

ro
ug

h 
an

d 
ar

ou
nd

 th
e 

gy
ps

um
 w

al
lb

oa
rd

 sh
af

ts
 in

 a
dd

iti
on

 to
 

th
ro

ug
h 

th
e 

ac
tu

al
 d

uc
t. 

 W
he

n 
ba

th
ro

om
 d

oo
rs

 w
er

e 
cl

os
ed

, t
he

se
 g

ap
s o

fte
n 

pr
es

en
te

d 
th

e 
pa

th
 o

f l
ea

st
 re

si
st

an
ce

 fo
r a

ir,
 a

s t
he

 b
at

hr
oo

m
 d

oo
rs

 w
er

e 
fa

irl
y 

tig
ht

 a
nd

 d
id

 n
ot

 a
llo

w
 fo

r 
m

ak
eu

p 
ai

r t
o 

en
te

r t
ho

se
 a

re
as

 (a
s i

s r
eq

ui
re

d 
by

 th
e 

C
od

e)
.  

Th
e 

ne
t e

ff
ec

t o
f t

he
se

 g
ap

s w
as

 
th

at
 e

xh
au

st
 sh

af
ts

 in
 o

ne
 v

er
tic

al
 “

st
ac

k”
 o

f t
he

 b
ui

ld
in

g 
w

er
e 

af
fe

ct
in

g 
pr

es
su

re
s i

n 
ad

ja
ce

nt
 

st
ac

ks
 o

f u
ni

ts
 a

s w
el

l. 
 In

 o
ne

 c
as

e,
 th

e 
on

ly
 w

ay
 w

e 
w

er
e 

ab
le

 to
 re

du
ce

 p
re

ss
ur

e 
di

ff
er

en
tia

ls
 in

 a
 te

st
 u

ni
t (

fo
r d

ia
gn

os
tic

 p
ur

po
se

s)
 w

as
 to

 sh
ut

 d
ow

n 
ex

ha
us

t f
an

s i
n 

th
at

 st
ac

k 
as

 w
el

l a
s i

n 
th

e 
st

ac
ks

 o
f u

ni
ts

 o
n 

ei
th

er
 si

de
.  

Sh
ut

tin
g 

do
w
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st
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 d

iff
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en
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ut

 b
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au
se
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ac
en
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or
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xh
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e 
st
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r f
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od
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 si

gn
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ca
nt
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at
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e 
pr

es
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 p

er
si

st
ed
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lth

ou
gh

 n
ot

 sp
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ca

lly
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 c
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st
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ct
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n 
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su
e,

 m
ec
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ni

ca
l c

on
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ct
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s a
re
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fte
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qu
ire

d 
to
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pe
nd

en
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 b
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ng
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A
B
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de
te
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if 
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e 
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al
le

d 
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re
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ng
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s i
nt

en
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  T
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 d
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n 
te
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er
y 
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te
nt

io
n 
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w
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k 
an

d 
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lly
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e 

re
su

lti
ng
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A

B
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rt 
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ill

 c
on
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in
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al

ua
bl

e 
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rm
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io

n 
on

 th
e 

op
er

at
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e 
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ild

in
g.

  I
t a
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re
pr

es
en
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 th

e 
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r d
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ig
ne
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en
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y 
pr
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m
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nd
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ak
e 
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an

ge
s b

ef
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e 
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e 
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ild
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n 
m
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f t
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ild
in
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 th

at
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e 
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e 
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ve
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ig
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t l
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t w
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w
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e 

TA
B
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rt 
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t w
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ne

ve
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ed

 b
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th
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 5.

3 
O

pe
ra

tio
n 

 D
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pi
te

 b
ei

ng
 a

llo
w

ed
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y 
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e 
m

ec
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ni
ca

l c
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e,
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on
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bl

e 
w

in
do

w
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en
til

at
io

n 
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er
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r s
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te
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lo
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 c
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ir 
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ag

e.
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e 

pr
im
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re
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on
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r t
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w

ay
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 re
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e 
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 o
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til
at

io
n 
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r 

en
te
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 m
ak

eu
p 

ai
r r
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d 
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an
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ut
 e

xh
au

st
 fl

ow
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e 
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e 
oc
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t h
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e 
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m
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et
e 
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nt

ro
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ve
r o
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ng
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 c
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ng
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do
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ith
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w
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n 
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d 
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m
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r t
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pe
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tu

re
s, 
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e 

co
nc

ep
t w
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el
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s t
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w
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p 
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r t
o 
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 sp
ac
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e 
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us
 e
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e 
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w
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m
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al
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, c
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ec
ia
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N
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at
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 o
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 o
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 m
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 p
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 c
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w
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w
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k 
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 m
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r t
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g 
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 re
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 re
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m
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at
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 b
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 re
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 p
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s f
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s d
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 c
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 c
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 c
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ra
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 p
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 b
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r l
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 b
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at
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, b
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 c
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ra
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 re
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 c
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ra
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, c
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 b
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ra
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 d
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 c
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 c
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 c
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 re
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s f
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 b
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 b
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 c
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t c
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 p
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ra
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 p
re

ss
ur

es
 fo

r m
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s c
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 d
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f c
on

st
an

t m
ec

ha
ni

ca
lly

-in
du

ce
d 

ai
r l

ea
ka

ge
 w

he
n 

co
m

pa
re

d 
to

 
in

te
rm

itt
en

t w
in

d 
pr

es
su

re
s. 
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re
la

tiv
e 

di
ffe

re
nc

es
 

sh
ow

n 
on

 th
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 re
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 b
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 b
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 c
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r c
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r l
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r l
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 c
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, f
or

 b
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 c
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 b
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pr
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 o
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at
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 o
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 d
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 b

as
is

.  
Fo

r a
n 

in
te

rio
r t

em
pe

ra
tu

re
 o

f 2
1º

C
, w

e 
su

m
m

ed
 th

e 
ai

r l
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 c
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 d
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 c
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 b
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 th

e 
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se
d 

he
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in
g 
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ad

s a
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te
d 

w
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in
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iv
en

 a
ir 

le
ak

ag
e 
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s i

s 
m

or
e 
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pi

ca
l f

or
 lo

w
-r

is
e 
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ild

in
gs
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T
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D

D
R

E
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E

A
K

A
G
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N
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E
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U

C
E
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E
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O
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E
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in

g 
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g 
ai

rti
gh
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lw
ay

s o
ne

 o
f t
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 fi

rs
t s

te
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 in
 re

du
ci

ng
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ir 
le

ak
ag

e 
ra

te
s, 
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 th

e 
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ov
e 

di
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us
si

on
s d
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on

st
ra

te
, c

on
tro

lli
ng
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ec

ha
ni

ca
lly

-in
du

ce
d 

pr
es

su
re

 
di

ff
er

en
tia

ls
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 e
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al
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rta
nt
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s u

nr
ea
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na

bl
e 

to
 e

xp
ec

t a
ny
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ui

ld
in

g 
to

 b
e 

pe
rf

ec
tly

 
ai

rti
gh

t. 
 , 

So
m

e 
le

ak
ag

e 
w

ill
 a

lw
ay

s o
cc

ur
 a

s l
on

g 
as

 a
 p

re
ss

ur
e 

di
ffe

re
nt

ia
l e

xi
st

s. 
 

U
nd

er
st

an
di

ng
 th

e 
ca

us
es

 o
f p

re
ss

ur
e 

di
ff

er
en

tia
ls

 in
 ta

lle
r b

ui
ld

in
gs

 is
 c

rit
ic

al
 to

 c
on

tro
lli

ng
 

an
d 

re
du

ci
ng

 th
e 

re
su

lti
ng

 a
ir 

le
ak

ag
e.

  M
an

y 
of

 th
e 

st
ra

te
gi

es
 d

is
cu

ss
ed

 b
el

ow
 m

ay
 b

e 
co

st
ly

 
in

 c
om

pa
ris

on
 w

ith
 ty

pi
ca

l r
es

id
en

tia
l b

ui
ld

in
g 

co
ns

tru
ct

io
n 

st
an

da
rd

s, 
bu

t t
he

y 
ar

e 
so

un
d 

de
si

gn
 g

ui
de

lin
es

 w
hi

ch
 c

an
 si

gn
ifi

ca
nt

ly
 im

pr
ov

e 
bu

ild
in

g 
pe

rf
or

m
an

ce
: 

  
Pr

ov
id

e 
co

nt
in

uo
us

 se
al

in
g 

of
 v

er
tic

al
 sh

af
ts

 (“
ch

im
ne

ys
”)

 th
ro

ug
h 

th
e 

bu
ild

in
g 

to
 p

re
ve

nt
 

st
ac

k 
pr

es
su

re
 in

du
ce

d 
ai

rf
lo

w
s a

nd
 m

in
im

iz
e 

st
ac

k 
ef

fe
ct

 o
ve

r t
he

 h
ei

gh
t o

f t
he

 b
ui

ld
in

g.
  

A
lth

ou
gh

 th
is

 is
 re

qu
ire

d 
by

 m
os

t c
od

es
, i

t i
s o

fte
n 

po
or

ly
 e

xe
cu

te
d 

in
 th

e 
fie

ld
.  

 
D

o 
no

t r
el

y 
on

 o
pe

ra
bl

e 
w

in
do

w
s t

o 
pr

ov
id

e 
m

ak
eu

p 
ai

r f
or

 c
on

st
an

t-r
un

 e
xh

au
st

 sy
st

em
s. 

  
 

C
on

si
de

r i
nt

er
m

itt
en

t b
at

hr
oo

m
 e

xh
au

st
 sy

st
em

s t
o 

re
du

ce
 c

on
st

an
t p

re
ss

ur
e 

di
ff

er
en

tia
ls

.  
So

m
e 

m
in

im
al

 c
on

st
an

t e
xh

au
st

 m
ay

 b
e 

ne
ce

ss
ar

y 
to

 p
ro

vi
de

 su
ff

ic
ie

nt
 c

le
ar

in
g 

of
 th

e 
ex

ha
us

t s
ta

ck
, a

nd
 a

dd
iti

on
al

 e
qu

ip
m

en
t (

in
de

pe
nd

en
t f

an
s i

n 
ea

ch
 b

at
hr

oo
m

) w
ill

 
re

pr
es

en
t a

n 
ad

de
d 

pr
oj

ec
t c

os
t. 
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ci
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f t
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 d
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e 
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k 
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e 
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tiv
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If

 p
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si
bl

e,
 p

ro
vi

de
 d

ed
ic

at
ed

 m
ak

eu
p 
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r, 

in
tro

du
ce

d 
m

ec
ha

ni
ca

lly
, t

o 
in
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vi

du
al

 u
ni

ts
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sp
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c 
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 d

oo
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ts
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 d
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e 
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 th
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ra
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d 
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l b
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ld
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d 
fir

e 
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de
 re
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la

tio
ns

. 
 

D
es
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n 
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ta
nt
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xh

au
st
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 p
ro
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de

 b
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an
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d 
flo

w
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er
 b

y 
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g 

va
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bl
e 

cr
os
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se
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n 
du

ct
w
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k 
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vi
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al

 b
al
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ci

ng
 d
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pe

rs
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m

, t
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gh
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ew
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f f
ie

ld
 c
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A

B
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 d
es
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n 
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 p
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 p
re

ss
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te
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m
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 c
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r 
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er
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 w
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ac
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ne
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Ev
en

 p
ro
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 fu
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tio
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 p

re
ss

ur
e 

di
ff
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en

tia
ls

 a
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ir 
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ak

ag
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pr
op

er
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 fu
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ni
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m
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st

em
s w
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 c
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e 
m
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e 
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ifi
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 p
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s a

nd
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r p
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ss
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e 
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ff

er
en

tia
ls
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C
on

st
an

t p
re
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ur

e 
di
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er

en
tia

ls
 w

ill
 in

du
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 a
ir 

le
ak

ag
e 

th
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 c
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e 
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pr
od

uc
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y 

w
in

d 
or

 st
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k 
pr

es
su

re
.  

Th
e 

in
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se

d 
he

at
 lo

ss
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ss
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ia
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d 
w

ith
 th

is
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ir 
le

ak
ag

e 
m

ay
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r e
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ee
d 

th
e 

ty
pi

ca
l c

on
du

ct
iv

e 
he

at
 lo

ss
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 fr
om
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 b

ui
ld

in
g 

du
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g 
co

ld
 

w
ea

th
er
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El
im

in
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in
g 

ex
ce

ss
iv

e 
co
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ta

nt
 p

re
ss

ur
e 

di
ffe

re
nt

ia
ls

 a
nd

 u
si

ng
 d

ed
ic

at
ed

 m
ec

ha
ni

ca
l 

ve
nt

ila
tio

n 
(a

s o
pp

os
ed
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 o

pe
ra

bl
e 

w
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do
w

s)
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re
 k

ey
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o 
re

du
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ng
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ir 
pr

es
su
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di
ff

er
en
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 re
su

lt 
in
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ir 

le
ak

ag
e 
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ll 
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ild
in

gs
. 

 
St

ep
s t
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du
ce

 p
re

ss
ur

e 
di

ff
er

en
tia

ls
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re
 o

fte
n 

m
or

e 
ex

pe
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iv
e 

th
an

 m
or

e 
co

m
m

on
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ut
 

le
ss

 e
ff
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tiv

e,
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st
em

s a
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us

t b
e 

in
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ud
ed

 e
ar
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e 
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si
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 p

ro
ce

ss
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ca
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A
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O
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M
ar

k 
M

od
er

a 

W
es

te
rn
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g 

Ef
fic

ie
nc

y 
C

en
te

r 
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ve

rs
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 o
f C
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ifo

rn
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, D
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5 

Sa
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 S
t. 

Su
ite
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D
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is

, C
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ifo
rn

ia
, U

SA
 

m
pm

od
er

a@
uc

da
vi

s.e
du

 
 

A
B

ST
R

A
C

T
 

 Th
is

 p
ap

er
 d

es
cr

ib
es

 a
 l

im
ite

d 
se

t 
of

 l
ar

ge
-b

ui
ld

in
g 

ap
pl

ic
at

io
ns

 o
f 

a 
pr

oc
es

s 
th

at
 u

se
s 

ae
ro

so
liz

ed
 s

ea
la

nt
 p

ar
tic

le
s 

to
 s

ea
l 

le
ak

s 
in

 d
uc

t s
ys

te
m

s, 
fo

cu
si

ng
 in

 p
ar

tic
ul

ar
 o

n 
se

al
in

g 
du

ct
 le

ak
ag

e 
in

 e
xh

au
st

 s
ys

te
m

s. 
Th

e 
pr

oc
es

s 
w

as
 fi

rs
t c

om
m

er
ci

al
iz

ed
 fo

r s
ea

lin
g 

re
si

de
nt

ia
l 

du
ct

s 
in

 t
he

 l
at

e 
19

90
’s

, b
ut

 h
as

 b
ee

n 
ap

pl
ie

d 
in

cr
ea

si
ng

ly
 t

o 
la

rg
er

-b
ui

ld
in

g 
du

ct
 s

ys
te

m
s. 

Th
e 

te
ch

no
lo

gy
 h

as
 b

ee
n 

ap
pl

ie
d 

in
 a

 v
ar

ie
ty

 o
f 

la
rg

e-
bu

ild
in

g 
ex

ha
us

t 
du

ct
 s

ea
lin

g 
ap

pl
ic

at
io

ns
, r

an
gi

ng
 fr

om
 se

al
in

g 
le

ak
ag

e 
in

 la
rg

e 
ex

ha
us

t s
ys

te
m

s i
n 

la
bo

ra
to

ry
 b

ui
ld

in
gs

, t
o 

se
al

in
g 

le
ak

s 
in

 e
xh

au
st

 s
ys

te
m

s 
in

 h
os

pi
ta

ls
, t

o 
se

al
in

g 
to

ile
t e

xh
au

st
s 

in
 la

rg
e 

co
m

m
er

ci
al

 
of

fic
e 

bu
ild

in
gs

, 
to

 s
ea

lin
g 

le
ak

s 
in

 t
oi

le
t/k

itc
he

n 
ex

ha
us

t 
sh

af
ts

 i
n 

lo
w

- 
an

d 
hi

gh
-r

is
e 

ap
ar

tm
en

t 
bu

ild
in

gs
 a

nd
 h

ot
el

s. 
O

bs
er

ve
d 

in
iti

al
 l

ea
ka

ge
 r

at
es

, 
se

al
in

g 
ac

co
m

pl
is

he
d,

 a
nd

 
so

m
e 

of
 th

e 
is

su
es

 e
nc

ou
nt

er
ed

 in
 th

es
e 

ap
pl

ic
at

io
ns

 a
re

 p
re

se
nt

ed
. T

he
 ra

tio
na

le
s 

fo
r h

av
in

g 
th

is
 le

ak
ag

e 
se

al
ed

 a
re

 p
re

se
nt

ed
, a

s 
ar

e 
so

m
e 

of
 th

e 
te

ch
ni

qu
es

 a
pp

lie
d 

w
he

n 
co

nd
uc

tin
g 

th
is

 
ty

pe
 o

f s
ea

lin
g.

 O
ve

ra
ll,

 th
e 

av
er

ag
e 

du
ct

 le
ak

ag
e 

en
co

un
te

re
d 

in
 th

es
e 

bu
ild

in
gs
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as
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 o
f 

fa
n 

flo
w

, a
nd
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er

os
ol

 p
ro

ce
ss

 se
al

ed
 o

ve
r 9
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 o

f t
ha

t l
ea
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ge

. 
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E
Y

W
O

R
D

S 
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er
os

ol
, d

uc
t, 

ex
ha

us
t, 

se
al

in
g,

 sh
af
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IN
T

R
O

D
U

C
T

IO
N

 
O

ve
r 

th
e 

pa
st

 1
5 

ye
ar

s, 
th

e 
su

bj
ec

t 
of

 d
uc

t 
le

ak
ag

e 
in

 b
ui

ld
in

gs
 o

th
er

 t
ha

n 
si

ng
le

 f
am

ily
 

re
si

de
nc

es
 h

as
 re

ce
iv

ed
 c

on
si

de
ra

bl
e 

at
te

nt
io

n 
by

 v
ar

io
us

 re
se

ar
ch

er
s 

(C
um

m
in

gs
 e

t a
l 1

99
6,

 
D

el
p 

et
 a

l 
19

98
, 

D
el

p 
et

 a
l. 

19
98

b,
 F

ra
nc

on
i 

et
 a

l. 
19

98
). 

Th
is

 w
or

k 
ha

s 
in

cl
ud

ed
 

ch
ar

ac
te

riz
in

g 
th

e 
st

oc
k 

of
 d

uc
t s

ys
te

m
s 

in
 la

rg
e 

co
m

m
er

ci
al

 b
ui

ld
in

gs
 (M

od
er

a 
et

 a
l. 

19
99

), 
ch

ar
ac

te
riz

in
g 

du
ct

 l
ea

ka
ge

 l
ev

el
s 

an
d 

ef
fic

ie
nc

y 
m

et
ric

s 
fo

r 
co

m
m

er
ci

al
-b

ui
ld

in
g 

th
er

m
al

 
di

st
rib

ut
io

n 
sy

st
em

s 
(D

ia
m

on
d 

et
 a

l. 
20

03
), 

fie
ld

 te
st

in
g 

th
e 

im
pa

ct
 o

f s
up

pl
y 

du
ct

 s
ea

lin
g 

in
 

an
 o

ff
ic

e 
bu

ild
in

g 
(D

ia
m

on
d 

et
 a

l. 
20

03
) 

an
d 

a 
lig

ht
 c

om
m

er
ci

al
 b

ui
ld

in
g 

(S
he

rm
an

 e
t 

al
. 

20
02

), 
as

 w
el

l 
as

 t
he

 d
ev

el
op

m
en

t 
an

d 
ap

pl
ic

at
io

n 
of

 a
n 

ae
ro

so
l 

ba
se

d 
se

al
in

g 
te

ch
no

lo
gy

 
ap

pl
ic

ab
le

 to
 la

rg
e 

co
m

m
er

ci
al

 b
ui

ld
in

gs
 (D

ia
m

on
d 

et
 a

l. 
20

03
). 

  
D

uc
t-s
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te

m
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e 

B
er

ke
le
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B
N
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al
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su
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d 
in

 
th

e 
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lo
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en

t 
of

 a
 t

ec
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ol
og

y 
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r 
se

al
in

g 
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 l
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 f
ro

m
 t
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 i
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e 
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 C
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od
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ar
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 a
nd

 M
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a 
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, M
od

er
a 

et
 a

l. 
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96
). 
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 te
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 d
uc
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k 
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e 

in
si

de
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11:45-12:45 (13:00) Session 8: Data collection, perspectives 
1. Improving Building envelope and duct airtightness of US dwellings – the current status of 

energy retrofits, Wanyu R. Chang, LBNL, USA 
2. Achieving and Certifying Building Envelope Air Tightness with an Aerosol-Based 

Automated Sealing Process, Mark Modera, UC Davis, USA 
3. The effect of air tightness on the energy consumption - Analyses of field measurements. 

Wouter Borsboom, TNO, Netherlands 
4. Workshop summary, Andy Persily, NIST, USA 
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is

 w
ho

le
-u

ni
t a

pp
ro

ac
h 

be
ca

us
e 

it 
is

 th
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 p
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at
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0
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Qduct, total (CFM25 per 100 ft2 floor area)
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Qduct, to-outside (CFM25 per 100 ft2 floor area)
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ge
 o

f U
S 

ho
m

es
 m

ea
su

re
d 

be
fo

re
 a

nd
 a

fte
r e

ne
rg

y 
re

tro
fit

. T
he

 C
al

ifo
rn

ia
 d

at
a 

(a
) a

re
 to

ta
l 

du
ct

 le
ak

ag
e,

 w
he

re
as

 th
e 

N
ev

ad
a 

da
ta

 (b
) a

re
 d

uc
t l

ea
ka

ge
 to

-o
ut

si
de

. E
ac

h 
bo

xp
lo

t s
ho

w
s t

he
 m

ed
ia

n 
an

d 
in

te
rq

ua
rti

le
 ra

ng
e,

 a
nd

 th
e 

w
hi

sk
er

s s
ho

w
 5

th
 a

nd
 9

5th
 p

er
ce

nt
ile

s. 
N

 =
 n

um
be

r o
f h

om
es

.  

 Th
e 

m
ul

ti-
fa

m
ily

 m
ea

su
re

m
en

ts
 sh

ow
n 

in
 F

ig
ur

e 
3 

w
er

e 
lik

el
y 

pe
rf

or
m

ed
 o

n 
th

e 
du

ct
 sy

st
em

s 
th

at
 a

re
 p

re
se

nt
 w

ith
in

 e
ac

h 
un

it.
 T

yp
ic

al
ly

, t
hi

s i
s a

 p
re

re
qu

is
ite

 fo
r c

om
pl

ia
nc

e 
te

st
in

g 
in

 
m

ul
ti-

fa
m

ily
 h

om
es

; e
.g

., 
R

ES
N

ET
 d

ra
ft 

st
an

da
rd

s o
n 

ai
r l

ea
ka

ge
 te

st
in

g 
(2

01
3)

. F
ro

m
 th

is
 

sm
al

l d
at

as
et

 o
f 1

4 
ho

m
es

 o
nl

y,
 it

 a
pp

ea
rs

 th
at

 d
uc

t l
ea

ka
ge

 is
 a

 p
ro

bl
em

 in
 m

ul
ti-

fa
m

ily
 

ho
m

es
 a

t a
 le

ve
l t

ha
t i

s c
om

pa
ra

bl
e 

to
 th

e 
W

A
Ps

 si
ng

le
-f

am
ily

 h
om

es
. P

ro
ct

or
 e

t a
l. 

(2
01

1)
 

co
m

pa
re

d 
th

e 
du

ct
 le

ak
ag

e 
of

 n
ew

ly
 c

on
st

ru
ct

ed
 si

ng
le

-f
am

ily
 a

nd
 m

ul
ti-

fa
m

ily
 h

om
es

 in
 

C
al

ifo
rn

ia
 a

ls
o 

fo
un

d 
re

la
tiv

el
y 

hi
gh

er
 d

uc
t l

ea
ka

ge
 a

m
on

g 
th

e 
m

ul
ti-

fa
m

ily
 h

om
es

. H
ow

ev
er

, 
th

e 
sa

m
e 

va
lu

e 
of

 Q
du

ct
, t

ot
al
 c

an
 h

av
e 

va
st

ly
 d

iff
er

en
t e

ne
rg

y 
im

pl
ic

at
io

ns
 d

ep
en

di
ng

 o
n 

th
e 

lo
ca

tio
n 

of
 th

e 
du

ct
s (

e.
g.

, i
ns

id
e 

ve
rs

us
 o

ut
si

de
 o

f t
he

 c
on

di
tio

ne
d 

sp
ac

e)
, s

iz
in

g 
of

 th
e 

he
at

in
g 

an
d 

co
ol

in
g 

eq
ui

pm
en

t, 
an

d 
so

 o
n.

 U
nf

or
tu

na
te

ly
, t

he
re

 is
 in

su
ff

ic
ie

nt
 d

at
a 

on
 d

uc
t 

le
ak

ag
e 

fr
om

 R
es

D
B

 to
 su

pp
or

t a
 m

or
e 

de
ta

ile
d 

an
al

ys
is

 o
f e

ne
rg

y 
im

pl
ic

at
io

ns
 a

t t
hi

s p
oi

nt
.  

 Ta
bl

e 
4:

 P
er

ce
nt

ag
e 

re
du

ct
io

n 
in

 to
ta

l d
uc

t s
ys

te
m

 a
ir 

le
ak

ag
e 

(C
FM

25
 p

er
 1

00
 ft

2 
flo

or
 a

re
a)

 fo
llo

w
in

g 
re

tro
fit

.  

 
no

n-
W

A
Ps

 
 

W
ea

th
er

iz
at

io
n 

A
ss

is
ta

nc
e 

Pr
og

ra
m

s (
W

A
Ps

) 
 

Si
ng

le
-F

am
ily

 
D

et
ac

he
d 

H
om

es
 

 
Si

ng
le

-F
am

ily
 

D
et

ac
he

d 
H

om
es

 
M

an
uf

ac
tu

re
d 

H
om

es
 

M
ul

ti-
Fa

m
ily

 
H

om
es

 
M

ed
ia

n 
75

%
 

 
23

%
 

28
%

 
46

%
 

5th
 to

 9
5th

 P
er

ce
nt

ile
s 

43
%

 to
 9

3%
 

 
4%

 to
 7

2%
 

6%
 to

 6
6%

 
2%

 to
 7

2%
 

 M
ea

su
re

m
en

ts
 fr

om
 a

n 
en

er
gy

 e
ff

ic
ie

nc
y 

pr
og

ra
m

 in
 N

ev
ad

a 
pr

ov
id

e 
da

ta
 o

n 
th

e 
ch

an
ge

 in
 

du
ct

 le
ak

ag
e 

to
-o

ut
si

de
 b

ef
or

e 
an

d 
af

te
r r

et
ro

fit
. T

he
 c

ha
ng

e 
in

 Q
du

ct
, t

o-
ou

ts
id

e h
as

 a
 m

ed
ia

n 
va

lu
e 

of
 4

9%
 (5

th
 to

 9
5th

 p
er

ce
nt

ile
s =

 1
1%

 to
 8

0%
), 

w
hi

ch
 is

 th
e 

sa
m

e 
as

 th
e 

le
ve

l o
f 

re
du

ct
io

n 
(5

0%
) a

ss
um

ed
 b

y 
Po

lly
 e

t a
l. 

(2
01

1)
 in

 th
ei

r m
od

el
in

g 
w

or
k.

  
 

4.
2.

 Im
pl

ic
at

io
ns

 
 Th

e 
du

ct
 sy

st
em

 a
irt

ig
ht

ne
ss

 o
f n

on
-W

A
Ps

 h
om

es
 fo

llo
w

in
g 

en
er

gy
 re

tro
fit

s i
s s

uf
fic

ie
nt

 to
 

m
ee

t l
ev

el
s t

ha
t a

re
 e

xp
ec

te
d 

of
 n

ew
 h

om
es

. F
or

 e
xa

m
pl

e,
 th

e 
IE

C
C

 (2
00

9)
 re

qu
ire

m
en

t w
as

 
≤1

2 
C

FM
25

 (p
er

 1
00

 ft
2  o

f c
on

di
tio

ne
d 

flo
or

 a
re

a)
 fo

r t
ot

al
 d

uc
t l

ea
ka

ge
, a

nd
 ≤

8 
C

FM
25

 if
 

th
e 

du
ct

 le
ak

ag
e 

to
-o

ut
si

de
 is

 m
ea

su
re

d 
in

st
ea

d.
 F

ig
ur

e 
3 

sh
ow

s t
ha

t m
aj

or
ity

 o
f t

he
 n

on
-

W
A

Ps
 h

om
es

 re
tro

fit
te

d 
in

 C
al

ifo
rn

ia
 (8

5%
) a

nd
 in

 N
ev

ad
a 

(9
8%

) m
et

 th
os

e 
ai

rti
gh

tn
es

s 
le

ve
ls

. O
n 

th
e 

ot
he

r h
an

d,
 re

la
tiv

el
y 

fe
w

 W
A

Ps
 h

om
es

 w
ou

ld
 m

ee
t I

EC
C

 (2
00

9)
: 2

3%
 o

f 
si

ng
le

-f
am

ily
 d

et
ac

he
d 

ho
m

es
, 1

3%
 o

f t
he

 m
an

uf
ac

tu
re

d 
ho

m
es

, a
nd

 1
5%

 o
f t

he
 m

ul
ti-

fa
m

ily
 

ho
m

es
 (T

ab
le

 5
). 

R
ec

al
l t

ha
t W

A
Ps

 h
om

es
 a

ls
o 

ha
d 

hi
gh

er
 p

re
-r

et
ro

fit
 b

ui
ld

in
g 

en
ve

lo
pe

 a
ir 

le
ak

ag
e 

th
an

 th
e 

no
n-

W
A

Ps
 h

om
es

 (F
ig

ur
e 

1)
; t

hi
s i

s t
he

 sa
m

e 
as

 th
e 

ca
se

 fo
r d

uc
t l

ea
ka

ge
. 

H
ow

ev
er

, o
pp

os
ite

 to
 th

e 
ca

se
 o

f b
ui

ld
in

g 
en

ve
lo

pe
 le

ak
ag

e,
 W

A
Ps

 im
pr

ov
ed

 th
e 

du
ct

 
le

ak
ag

e 
of

 h
om

es
 b

y 
a 

le
ss

er
 e

xt
en

t o
ve

ra
ll 

th
an

 th
e 

en
er

gy
 e

ff
ic

ie
nc

y 
pr

og
ra

m
s. 

C
on

tra
st

in
g 

th
es

e 
tw

o 
ca

se
s, 

it 
is

 e
vi

de
nt

 h
ow

 in
ce

nt
iv

es
 c

an
 d

riv
e 

th
e 

le
ve

l o
f a

irt
ig

ht
ne

ss
 im

pr
ov

em
en

ts
 

in
 e

ne
rg

y 
re

tro
fit

s. 
 

 
Ta

bl
e 

5:
 P

er
ce

nt
ag

e 
of

 h
om

es
 w

ith
 p

os
t-r

et
ro

fit
 to

ta
l d

uc
t l

ea
ka

ge
 e

xc
ee

di
ng

 tw
o 

le
ve

ls
: 8

 a
nd

 1
2 

C
FM

25
 p

er
 

10
0 

ft2 
flo

or
 a

re
a.

 

 
no

n-
W

A
Ps

 
 

W
ea

th
er

iz
at

io
n 

A
ss

is
ta

nc
e 

Pr
og

ra
m

s (
W

A
Ps

) 
 

Si
ng

le
-F

am
ily

 
D

et
ac

he
d 

H
om

es
 

 
Si

ng
le

-F
am

ily
 

D
et

ac
he

d 
H

om
es

 
M

an
uf

ac
tu

re
d 

H
om

es
 

M
ul

ti-
Fa

m
ily

 
H

om
es

 
C

FM
25

po
st
 >

8 
39

%
 

 
95

%
 

96
%

 
10

0%
 

C
FM

25
po

st
 >

12
 

15
%

 
 

77
%

 
87

%
 

85
%

 
 In

 th
ei

r e
va

lu
at

io
n 

of
 e

ne
rg

y 
ef

fic
ie

nc
y 

m
ea

su
re

s, 
Po

lly
 e

t a
l. 

(2
01

1)
 a

ss
um

ed
 th

at
 d

uc
t s

ys
te

m
 

ai
r l

ea
ka

ge
 to

-o
ut

si
de

 w
ou

ld
 b

e 
re

du
ce

d 
by

 h
al

f f
ro

m
 1

5%
 o

f t
he

 to
ta

l f
an

 fl
ow

 to
 8

%
. T

he
 

en
er

gy
 e

ff
ic

ie
nc

y 
pr

og
ra

m
s i

n 
C

al
ifo

rn
ia

 re
du

ce
d 

to
ta

l d
uc

t l
ea

ka
ge

 b
y 

75
%

, a
nd

 in
 N

ev
ad

a 
by

 5
0%

 o
n 

th
e 

du
ct

 le
ak

ag
e 

to
-o

ut
si

de
. T

he
se

 a
irt

ig
ht

ne
ss

 im
pr

ov
em

en
ts

 a
re

 o
n 

pa
r w

ith
 th

e 
m

od
el

in
g 

as
su

m
pt

io
ns

 b
y 

Po
lly

 e
t a

l. 
(2

01
1)

. O
n 

th
e 

ot
he

r h
an

d,
 W

A
Ps

, a
t l

ea
st

 a
m

on
g 

th
os

e 
in

 C
al

ifo
rn

ia
 w

he
re

 th
e 

da
ta

 is
 a

va
ila

bl
e 

fro
m

 R
es

D
B

, a
ch

ie
ve

d 
m

uc
h 

le
ss

 im
pr

ov
em

en
t i

n 
du

ct
 sy

st
em

 a
irt

ig
ht

ne
ss

 th
an

 th
e 

50
%

 m
od

el
ed

 b
y 

Po
lly

 e
t a

l. 
(2

01
1)

. T
he

 c
on

ve
rs

io
n 

fr
om

 
C

FM
25

 (p
er

 1
00

 ft
2  o

f c
on

di
tio

ne
d 

flo
or

 a
re

a)
 to

 d
uc

t l
ea

ka
ge

 a
s a

 p
er

ce
nt

ag
e 

of
 fa

n 
flo

w
 

de
pe

nd
s o

n 
m

an
y 

fa
ct

or
s. 

If
 a

pp
ly

in
g 

co
m

m
on

 a
ss

um
pt

io
ns

 o
f 4

00
 C

FM
 p

er
 to

n 
of

 a
ir 

co
nd

iti
on

in
g 

an
d 

40
0 

ft2  p
er

 to
n,

 th
en

 ro
ug

hl
y 

sp
ea

ki
ng

, 8
 C

FM
25

 p
er

 1
00

 ft
2  o

f c
on

di
tio

ne
d 

flo
or

 a
re

a 
is

 si
m

pl
y 

8%
 o

f f
an

 fl
ow

. U
si

ng
 th

is
 ro

ug
h 

co
nv

er
si

on
, a

lm
os

t a
ll 

of
 th

e 
si

ng
le

-
fa

m
ily

 d
et

ac
he

d 
ho

m
es

 in
 N

ev
ad

a 
ha

ve
 d

uc
t l

ea
ka

ge
 to

-o
ut

si
de

 <
8%

 o
f f

an
 fl

ow
 p

os
t-r

et
ro

fit
.  

 5.
 

C
O

N
C

L
U

SI
O

N
S 

  
 W

e 
an

al
yz

ed
 th

e 
bu

ild
in

g 
en

ve
lo

pe
 a

nd
 d

uc
t s

ys
te

m
 a

irt
ig

ht
ne

ss
 o

f U
S 

si
ng

le
-f

am
ily

 d
et

ac
he

d 
ho

m
es

, m
an

uf
ac

tu
re

d 
ho

m
es

, a
nd

 m
ul

ti-
fa

m
ily

 h
om

es
, w

he
re

 th
e 

da
ta

 w
as

 p
ar

t o
f t

he
 

R
es

id
en

tia
l D

ia
gn

os
tic

s D
at

ab
as

e 
(R

es
D

B
). 

Th
e 

da
ta

 in
 R

es
D

B
 w

er
e 

m
os

tly
 c

on
tri

bu
te

d 
by

 
w

ea
th

er
iz

at
io

n 
as

si
st

an
ce

 p
ro

gr
am

s (
W

A
Ps

) a
nd

 re
si

de
nt

ia
l e

ne
rg

y 
ef

fic
ie

nc
y 

pr
og

ra
m

s. 
Th

e 
an

al
ys

is
 h

er
e 

sh
ow

s t
ha

t t
he

se
 p

ro
gr

am
s t

yp
ic

al
ly

 re
du

ce
d 

bu
ild

in
g 

en
ve

lo
pe

 a
ir 

le
ak

ag
e 

by
 2

0 
to

 3
5%

 (m
ed

ia
n 

re
du

ct
io

n 
in

 A
C

H
50

, N
 =

 3
1,

14
0)

. T
he

 re
du

ct
io

n 
in

 b
ui

ld
in

g 
en

ve
lo

pe
 a

ir 
le

ak
ag

e 
po

st
-r

et
ro

fit
 w

as
 sl

ig
ht

ly
 h

ig
he

r a
m

on
g 

W
A

Ps
, f

or
 re

as
on

s t
ha

t m
ay

 b
e 

as
so

ci
at

ed
 

w
ith

 h
ow

 w
ea

th
er

iz
at

io
n 

co
nt

ra
ct

or
s a

re
 re

qu
ire

d 
to

 c
he

ck
 fo

r i
m

pr
ov

em
en

ts
 fo

r e
ac

h 
in

cr
em

en
t o

f w
or

k.
 G

re
at

er
 im

pr
ov

em
en

ts
 a

re
 a

ls
o 

co
rr

el
at

ed
 w

ith
 th

e 
hi

gh
er

 in
iti

al
 A

C
H

50
 

fo
un

d 
am

on
g 

th
e 

in
co

m
e-

qu
al

ifi
ed

 h
om

es
 th

at
 p

ar
tic

ip
at

ed
 in

 W
A

Ps
.  

 It 
is

 m
or

e 
di

ff
ic

ul
t t

o 
dr

aw
 c

on
cl

us
io

n 
fr

om
 th

e 
du

ct
 le

ak
ag

e 
re

tro
fit

 c
om

pa
ris

on
 b

ec
au

se
 fa

r 
fe

w
er

 d
at

a 
(N

 =
 4

60
) a

re
 a

va
ila

bl
e 

fr
om

 R
es

D
B

 to
 c

om
pa

re
 d

uc
t s

ys
te

m
 le

ak
ag

e 
be

fo
re

 a
nd

 
af

te
r r

et
ro

fit
. F

ro
m

 th
e 

lim
ite

d 
da

ta
 a

va
ila

bl
e 

in
 C

al
ifo

rn
ia

, s
in

gl
e-

fa
m

ily
 d

et
ac

he
d 

ho
m

es
 

re
tro

fit
te

d 
by

 e
ne

rg
y 

ef
fic

ie
nc

y 
pr

og
ra

m
s s

ho
w

ed
 a

 re
du

ct
io

n 
in

 to
ta

l d
uc

t l
ea

ka
ge

 (C
FM

25
 

pe
r 1

00
 ft

2  o
f c

on
di

tio
ne

d 
flo

or
 a

re
a)

 o
f 7

5%
. S

uc
h 

im
pr

ov
em

en
ts

 a
re

 si
gn

ifi
ca

nt
ly

 g
re

at
er

 
th

an
 th

e 
W

A
Ps

 h
om

es
, w

he
re

 C
FM

25
 re

du
ce

d 
by

 2
5%

 ro
ug

hl
y.

 In
 N

ev
ad

a,
 th

e 
m

ed
ia

n 
re

du
ct

io
n 

in
 d

uc
t l

ea
ka

ge
 to

-o
ut

si
de

 is
 5

0%
 e

st
im

at
ed

 fr
om

 a
 sm

al
l s

et
 o

f s
in

gl
e-

fa
m

ily
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de
ta

ch
ed

 h
om

es
 re

tro
fit

te
d 

by
 a

n 
en

er
gy

 e
ff

ic
ie

nc
y 

pr
og

ra
m

. T
he

 la
rg

er
 re

du
ct

io
ns

 o
bs

er
ve

d 
fr

om
 th

es
e 

tw
o 

en
er

gy
 e

ff
ic

ie
nc

y 
pr

og
ra

m
s m

en
tio

ne
d 

su
gg

es
t t

ha
t g

iv
en

 th
e 

re
so

ur
ce

s t
o 

ov
er

ha
ul

 th
e 

du
ct

 sy
st

em
s, 

w
hi

ch
 m

ay
 b

e 
co

st
 p

ro
hi

bi
tiv

e 
to

 W
A

Ps
, d

uc
t l

ea
ka

ge
 c

an
 b

e 
ef

fe
ct

iv
el

y 
m

in
im

iz
ed

 in
 e

xi
st

in
g 

ho
m

es
. 

 Th
e 

ai
r l

ea
ka

ge
 re

du
ct

io
ns

 p
re

se
nt

ed
 h

er
e 

ar
e 

us
ef

ul
 fo

r c
al

cu
la

tin
g 

th
e 

en
er

gy
 sa

vi
ng

s a
nd

 
co

st
-b

en
ef

it 
of

 a
ir 

se
al

in
g 

as
 a

 w
ay

 to
 im

pr
ov

e 
en

er
gy

 e
ff

ic
ie
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