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BACKGROUND: Pnysics of rf

 Conduction: through a solid material

KA
Q — T (Thot _Tcold )
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BACKGROUND: Prnivsics of rlaat Transier

(@
W

<
(2

Conduction: through a solid material

KA
Q — T (Thot _Tcold )

Convection: movement of gas or liquid l P I
Q — hA(Thot _Tcold)
Q — mCIO(Thot _Tcold)
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SACKGROUND: Pnysics of Fleat Trarsier

Conduction: through a solid material

KA
Q — T (Thot _Tcold )

Convection: movement of gas or liquid l P I
Q — hA(Thot _Tcold)
Q — mCIO(Thot _Tcold)

Radiation: transmission of light waves

Q=co (Thot Tcild)
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SACKGROUND: Pnysics of Fleat Trarsier

 Conduction: through a solid material

KA A
Q — T (Thot _Tcold ) = E (Thot _Tcold )

ol A1

R-value or thermal
resistance, IS a
material’s ability to
resist heat flow
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BACKGROUND: Meaterial Trierral Parforrarice

* R-value laboratory measurement

— Guarded hot plate (ASTM C177) VYW T
— Heat flow meter (ASTM C518) I Q
KA WA

A
Q = T (Thot _Tcold ) - E (Thot _Tcold )

* Both methods minimize heat flow
by convection and radiation

 Performed at prescribed mean
temperature and temperature
difference

— Mean = Y2(T,,+Teo1q), Usually 75°F
— Range = T, - T.o1qo Usually 40°F

Source: LaserComp, Inc. (www.lasercomp.com)
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CGROUND: Meateriall Trierrmeal Parforrnerce

J
BAC

Current Thermal Testing Standards

Insulation ASTM Standard Mean Test Temperature
Temperature, °F | Differenfial, *F
R-13 Fiberglass ASTM C 653 75 40 or 50
batt with paper
facing
Extruded ASTM C 578 20,40, 75, 110 Min 40
polystyrene
Folyisocyanurate | ASTM C 1289 40, 75, 110 Min 40
Closed cell spray | ASTM C 1029 40, 75, 110 Min 40
foam insulation
Open cell spray Naone 75 Min 40
foam insulation

Bogdan, M. and Tucker, R.T. 2007 Center for the Polyurethanes — UTECH Conference Proceedings
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BACKGROUND: Materlall Triaerreal Paerforrnerice

Impact of Test Temperature Difference

w 0.29 ! . OC SPT
£ 027 — - . .
=
.E 0.25
> 0.23
[
D 0.21
) Polyviso Felt
= O 5 : .
D.15 T -I r CCSPF roof-2
CC SPF wall 2
0 20 40 60 80 100

Temperature Differential, F

Bogdan, M. and Tucker, R.T. 2007 Center for the Polyurethanes — UTECH Conference Proceedings
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BACKGROUND: Materlaell Triarreal Perforrnearncea

Impact of Surface Condition
XPS

0.22

1].21 /
020 =
Faced /__ 'm,
0.19 —
/-l'" - -
0.18 / A _
- Core
DI-IT - =

0.16

k-Factor, Btuinft2 h F

0.15

ﬂ- 1 4 I I I I I
30 50 TO a0 110 130

Mean Temperature, F

Bogdan, M. and Tucker, R.T. 2007 Center for the Polyurethanes — UTECH Conference Proceedings
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BACKGROUND: Materlall Triaerreal Paerforrnerice

Impact of Surface Condition

o CC SPF Roof Foam Roof insulation=
) :: == % lower k-factor
S um 1-Lift 7~ with knit line
o //.::’f;" 2 Lift
s - 021 4 CC SPF Wall Foam

LR L]

a3 | /,//
20 40 G0 oo 100 120 ) ] :
- 1-Lit .~
E oia -
P
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Maan tamparaturs, F

k-Factor, Btu in: nnez r
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h
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=
=

Wall insulation= . - -
8% lower k-factor - .
with knit line a3

0 L &0 B 100 120 Tal
Mean temparature, F

Bogdan, M. and Tucker, R.T. 2007 Center for the Polyurethanes — UTECH Conference Proceedings
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BACKGHROUND: Material T

nerrrel P

Parforrrizg)

S

~s

Impact of Mean Temperature

Mean 75°F not always lowest :
O34 Not all relationships are linear =
GEB
L /
{1
g£029
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Mean Temperature, F

Bogdan, M. and Tucker, R.T. 2007 Center for the Polyurethanes — UTECH Conference Proceedings
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BACLGROUND: Bullding Tnerrmzel Perforrrzance

 Real construction practices \
result in defects in the building Cracks -
envelope
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Compression

* Improper material installation
will compound the effects of

these defects
Inset Stapling
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BACLGROUND: Bullding Tnerrmzel Perforrrzance

Compression

Inset Stapling

Air Leakage + Improper Installation =
Underperformance

9%;;5\?_ RESNET Building Performance Conference - February 16-20, 2008, San Diego, CA



BACKGROUND: Bullding Trnermal Perforrrzarcea

Effects of Air Leaks

« Components of the building o i i dm i e

@80 Hoated insids air drawn into the atiic

envelope (wall), including
Insulation, can transfer heat via
all three modes

e Most accurate solution: in-situ
energy measurements over 1+
years

e Whole-house solution
IS expensive

Source: ENERGY STAR
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TEST METHOD: Sysierm Trierrmel Performearnce

» Laboratory measurement of wall
section is a suitable compromise

— Guarded hot box (ASTM C1363)

A
QW — UWA(Thot _Tcold ) — R_ (Thot _Tcold )

W

 Real wall section = system of
components

 All three modes of heat transfer

 Environmental effects
— perforations/defects I
- air Ieakage *-\_\\ Source: Architectural Testing,
] Inc. (www.archtest.com)
— fenestration
— moisture movement
— wall orientation

/vﬁﬂl_ﬂ_ RESNET Building Performance Conference - February 16-20, 2008, San Diego, CA
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ST METHOD: Guarded Flot Box Aggelr

SIS

GUARD ROOM
COLD ROOM
WARM ROOM
I METERING|
; 5 CHAMBER
S Exhaust Fan
0
I Flow
FAN #; ——— — Meter
V gl -
s
CHILLER l l

AN

(

Pressure Measurement
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TEST METHOD: Guardead rlot B Agoarails

Tcold
*IIIIIIIII Q
N
T — T ThOt
w-cold . w-hot
A R,

Q U A(TW hot ~ W cold) - R_(Tw—hot _TW—COId) WPI = * Wall Performance Index
Q measured by metering chamber R, determined experimentally

Tohotr Tw-cola Me@sured by thermocouples R*, expected wall R-value, calculated

U,. R, calculated above from measured material R-values

&m}:_ RESNET Building Performance Conference - February 16-20, 2008, San Diego, CA
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TEST METHOD: Wall Sgecimerns

How are the leakage
ports sized?

97.5in.
J(16.Oin. ‘ 16.0in. | 16.0in. ‘ 16.0in. L16.Oin. 16.0in.
— e e =
== - - =rie 0.5" paper-faced
gypsum board
0.5" oriented strand
ol d board (OSB)
sheathing or PIR
c|c insulated sheathing
o o orne Of|1©
o m
(o2 o]
0.125" dia.
IR . intentional
leakage ports
[ ] through OSB
i offe ) i ol sheathing only
(49 total)

RESNET Building Performance Conference - February 16-20, 2008, San Diego, CA
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TEST METHOD: Well Sgecirrens
1[ 2 4 5 o
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Wall | Sheathing Cavity Insulation

Fiberglass Batts
2005

Open-Cell SPF
February 2007
ATl Report
B3379.02-116-45
Closed-Cell SPF

B 0.5" O5E

c October 2005
ATl Report
B3379.01-116-45-R0O
Closed-Cell SPF

O 0.5 palyiso [August 2006

board ATl Repaort
BEG14.01-116-46

Four wall constructions: All 2"x4"-160c. Three with OSB, one with R3 PIR
sheathing

Three cavity insulations: R13 kraft-faced fiberglass, open-cell SPF, closed-cell SPF

ng_:_v_ RESNET Building Performance Conference - February 16-20, 2008, San Diego, CA



coerimerntal Dat
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Rins

13.0

12.1

10.5

10.5

Nominal R-value of cavity insulations based on label or extrapolation.

Open cell sprayed at ~3.25” to minimize waste, less than R13

Closed-cell sprayed at 1.5, intentionally not R13 to show equivalent performance
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TS Experimernial Deiia

Warm Cold Wind Cold
room room Speed room air
temp (F) | temp (F) (mph) (press (psi)
?EI 25 EI EI EI13

Real exterior conditions — avg. temp. not 75F, free convection, leakage induced:

1. Cold exterior(25°F), no wind
2. Cold exterior (25°F), simulated 15 mph wind :
. . . How is the pressure
3. Extreme cold exterior (-15°F), simulated 15 mph wind difference determined?
4. Extreme hot exterior (115°F), simulated 15 mph wind '
/ Jresuet RESNET Building Performance Conference - February 16-20, 2008, San Diego, CA
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TEST RESULTS: Exgerimernial Daiza

Metering
chamber
air flow
(CFM)
0.00
1.85
1.71
2.10
.00
0.34
0.34
.28
0.00
0.27
0.2
.18
0.00
0.53
0.36
052

Assembly air leakage measured under applied pressure difference (ASTM E283)

L'!zgﬂ_y_u RESNET Building Performance Conference - February 16-20, 2008, San Diego, CA



™
Rw R*w WPI
12.28 105.3
5.03 77.8
5.53 1168 81.7
g.25 70.8
10.60 95.4
10.00 90.0
10.19 1 91.8
5.02 81.2
1117 110.2
10.55 104.1
10.91 10.14 107 .6
5.895 98.5
14.08 110.6
11.54 90.6
1270 12.74 99.7
10.64 83.5

Rw: measured R-value for the wall
R*w: calculated R-value for the wall component properties (isothermal planes)
WPI. Wall Performance Index = (Rw / R*w) x 100

\'Hm RESNET Building Performance Conference - February 16-20, 2008, San Diego, CA



._l
1711
U2
._l
2L
1711
2
C
|—
._{
2
1>
=
I—
D
o
-
)
()
D
171
L—‘Dn
Q.
Q
N
@)
(@)
11

Key Observations...

150
0 No Wind
15 mph Wind

125 - 8 2> T AN
>
2 100
£
(O]
[&]
c
©
e 75
S
®
o
T 50 -
=

25 -

0 T T T
A: Fiberglass  B: Open-Cell C:Closed-Cell D: Closed-Cell
Batts SPF SPF SPF +PIR

Wall : Cavity Insulation
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150
0 No Wind
15 mph Wind

125 | (B> M0
: i
2 100 LY T
£
(O]
[&]
c
©
e 75
S
®
o
T 50 -
=

25

0 T T T

A: Fiberglass  B: Open-Cell C:Closed-Cell D: Closed-Cell
Batts SPF SPF SPF +PIR

Wall : Cavity Insulation

Key Observations...

« Without forced air leakage,
fiberglass and closed-cell
insulations appear to perform at or
above expected performance

N

IS0
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150

O No Wind
o 15 mph Wind

125

100

75 |

Wall Performance Index

50 -

25

0 T

A: Fiberglass
Batts

B: Open-Cell C:Closed-Cell D: Closed-Cell

SPF SPF

Wall : Cavity Insulation

SPF +PIR

Key Observations...

* Open-cell SPF is slightly below
expected performance without wind
due to extrapolation error

L=

b
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Key Observations...

150
O No Wind
125 | o 15 mph Wind
© 100 e
% \4
£ 75 - ]
2 extrapolation error
[a
g 501 * Presence of air leakage from a 15
mph wind significantly reduces
25 | thermal performance of fiberglass
walls.
0 T T T
A: Fiberglass  B: Open-Cell C:Closed-Cell D: Closed-Cell
Batts SPF SPF SPF + PIR
Wall : Cavity Insulation
/ N RESNET Building Performance Conference - February 16-20, 2008, San Diego, CA



150

Key Observations...

O No Wind
o 15 mph Wind

125

100

75 |

Wall Performance Index

50 -

25

0 T

extrapolation error

A: Fiberglass
Batts

B: Open-Cell C:Closed-Cell D: Closed-Cell * MUCh IeSS redUCtlon In performance
SPF SPF SPF+PIR observed for spray foam walls

Wall : Cavity Insulation

I~

b
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TEST RESULTS:

Air Leakage Rate (CFM)

3.00

2.50

N

o

S
|

1.50 -

1.00 -

0.50

— X — A Fiberglass Batts
--0-- B: Open-Cell SPF

—a4— C: Closed-Cell SPF
---/x-- D: Closed-cell SPF + PIR

Exterior Temperature (deg F)

150

Key Observations...
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] I_':*_ rl—:‘ N :*4 rrl r~ r — N T A\ 1
[=5T RESULTS: Alr Leareage vs, =40 Termp.
Key Observations...
3.00 . :
X _ A Fiberglass Batts . _The most glr-_permeable cavity
- -0 - B: Open-Cell SPF insulation is fiberglass

2501 | 4 C: Closed-Cell SPF
— ---A-- D: Closed-cell SPF + PIR
T 2.00 |
S
s )\4/
©
150 -
<
©
(D]
—1.00 1
=

A
0.50 - Ao
0.00 ‘ ‘ ‘
-50 0 50 100 150
Exterior Temperature (deg F)
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Air Leakage Rate (CFM)

3.00

2.50

2.00

1.50 -

1.00 -

0.50

0.00

— X — A Fiberglass Batts
--0-- B: Open-Cell SPF

—a4— C: Closed-Cell SPF
---/x-- D: Closed-cell SPF + PIR

-50

0 50 100

Exterior Temperature (deg F)

150

Key Observations...

« Walls using spray foam have
significantly less air leakage

RESNET Building Performance Conference - February 16-20, 2008, San Diego, CA
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Key Observations...

3.00
— X — A Fiberglass Batts
--0-- B: Open-Cell SPF
25071 4 i Closed-Cell SPF
— ---A-- D: Closed-cell SPF + PIR
= X
L 2.00 e
Py X T
g X » Closed-cell spray foam has the
o 1507 lowest leakage rate, about 10%
(4] .
E that of fiberglass
—1.00 1
£
A
050 - A I
N 1
L | ;‘O
0.00 T ‘ ‘
-50 0 50 100 150
Exterior Temperature (deg F)
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Key Observations...

3.00
— X — A Fiberglass Batts
--0-- B: Open-Cell SPF

2501 | 4 C: Closed-Cell SPF
— ---/x-- D: Closed-cell SPF + PIR
= X —
L 2,00 - o
:: X RN - — - \ 4
= —X
~ 1501
<
w
(D]
—1.00 1
< « Extreme hot/cold temperatures

050 | A AT appear to increase leakage in

| . fiberglass and ccSPF-polyiso walls.
0.00 ‘ ‘ ‘
-50 0 50 100 150
Exterior Temperature (deg F)
/ '.‘..;..‘_._T_ RESNET Building Performance Conference - February 16-20, 2008, San Diego, CA



Key Observations...

150
» As air leakage increases, thermal
125 | performance of all walls decrease
20 e T
8 ‘“‘“~© A\ :_\___\_\\
G O A \\\“\-\"")K- X
£ 75 ~S o A
S S o X
) SN~
o ~ -~
§ 50 | =~
X A: Fiberglass Batts
O B: Open-Cell SPF
251 A C: Closed-Cell SPF
A D: Closed-cell SPF + PIR
O T T T T
0.0 0.5 1.0 15 2.0 25
Air leakage rate (CFM)
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TEST RESULTS: WP vs. Alr Lezicage Rai

P

QD)

Key Observations...

150
125 -
< » Effects of air leakage most significant
E in fiberglass walls
=
S
g
T 50 -
= :
X A: Fiberglass Batts
O B: Open-Cell SPF
251 A C: Closed-Cell SPF
A D: Closed-cell SPF + PIR
O T T T T
0.0 0.5 1.0 1.5 2.0 25
Air leakage rate (CFM)
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Key Observations...

150
125 -
S 100 N
2 A R
s ee8Na Tl
8 O AN Ul X X .
£ 75 Fog « Unexpected high leakage and lower
@]
5 performance observed for closed-cell
g 50 SPF applied to polyiso board.
X A: Fiberglass Batts
O B: Open-Cell SPF
257 A C: Closed-Cell SPF
A D: Closed-cell SPF + PIR
O T T T T
0.0 05 1.0 15 2.0 25
Air leakage rate (CFM)
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Key Observations...

150
125 -
'g 100 E)- ‘%{'\_\u~\
p D N
% O & ~ b -"‘"~>K_\>K
£ 75 Sl F
5 X
g
T 50 -
= :
X A: Fiberglass Batts
O B: Open-Cell SPF * Possible delamination or thermal
251 A C: Closed-Cell SPF hrink t ext t t o
AD: Closed-cell SPF + PIR snrinkage at extreme temperatures -
O T T T T
0.0 0.5 1.0 1.5 2.0 25
Air leakage rate (CFM)
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WP vs. Exierior Termpereilre

Key Observations...

150
125 A
x k//_‘\
S 100 - DT E = et A
@ e T T O e
= T Xomoi I 4
£ 751 T
5 X
3]
o
S 50
= —-X-—A: Fiberglass Batts
- -O- — B: Open-Cell SPF
o5 | —aA—C: Closed-Cell SPF
---/--- D: Closed-cell SPF + PIR
0 ‘ ‘ ‘
50 0 50 100 150
Exterior Temperature, (F)
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reEotr me o T ~ Tsre -~ -
25T RESULTS | vs. Exierior Termoeraiure
Key Observations...
150 .
* In presence of 15 mph simulated
wind, fiberglass wall performs at
125 about 82% of rated performance,
5 — decreasing down to 72% at high
g 10 P outdoor temperatures.
£ 75
g
T 50 -
= —-X-—A: Fiberglass Batts
- -0- - B: Open-Cell SPF
25 —aA—C: Closed-Cell SPF
---A--- D: Closed-cell SPF + PIR
O T T T
-50 0 50 100
Exterior Temperature, (F)
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. BLterior Temoereaidre

1
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Key Observations...

150
125 -
é 100 -
5 » Closed-cell SPF applied to OSB
= sheathing performs consistently
= better than expected at all
= i
= —-X-—A: Fiberglass Batts temperatu res.
- -0- - B: Open-Cell SPF
25 —4—C: Closed-Cell SPF
---A--- D: Closed-cell SPF + PIR
O T T T
-50 0 50 100 150
Exterior Temperature, (F)
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| vs. Exierior Termoeraiure

Key Observations...

150
125
3 100 ‘//_:\ —
< =m0 T
2 =X o
© | X~ "*--N_\\
g 75 oy
g
< 50
= --X-—A: Fiberglass Batts
- -O- — B: Open-Cell SPF
25 | | —&—C: ClosedCell SPF « Cannot separate effects of mean
by D Closedcell SPF+ PR temperature on material thermal
0 | | | conductivity (R-value) from effects
50 0 .50 100 150 of air leakage
Exterior Temperature, (F)
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CONCLUSIONS

» Fiberglass and ccSPF walls perform as expected without wind load,
while ocSPF wall performs slightly below expectations, possibly due
to extrapolated R-value.

« SPF insulated walls exhibit nearly 10 times less air leakage than walls
insulated with fiberglass insulation under a 15 mph simulated wind
load.

 Thermal performance of all SPF walls not significantly affected by
wind compared to fiberglass insulated walls

» Extreme exterior temperatures increase air leakage and decrease
thermal performance of all walls, possibly due to mismatched thermal
expansion.

« Although it is known that insulation thermal conductivity is dependent
on mean test temperature, it was not possible to delineate effects of
air leakage and temperature-dependent thermal conductivities on the
performance of the wall.

g \'I__m‘_gr:_ RESNET Building Performance Conference - February 16-20, 2008, San Diego, CA
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NEAT STEPS

« More test data is needed. Data from this study are based on single
specimen of each wall type.

» Testing at extreme temperatures, with and without a simulated wind
load, is needed to delineate of air leakage and mean temperature
effects on wall thermal performance.

* Need to determine if cracking, shrinkage or delamination occurs at
extreme temperatures — durability of air barrier materials and systems
are important.

 Thermal performance of walls is dependent on air leakage.
Insulations installed to the same R-value with and without integral air
barriers can perform differently under wind/pressure loads.

f\'g«_:;_ RESNET Building Performance Conference - February 16-20, 2008, San Diego, CA
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Open-Cell SPF R-value
per inch decreases with
thickness

Data: Bio-Based 501.

R-value

R 3.39/in

thickness, t i
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APPENDIA

Open-cell insulation was ‘short-filled’ to an average
thickness of 3.25” < |
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APPENDIA

Effective Air Leakage (orifice) Area

o,
22np,

CD

AL: — KQr

where

A, = effective air leakage area, in?
Q, = air flow rate, 4.8 cfm

p = air density, 0.075 lbm/ft3

AP, = reference pressure difference, 0.3 in of water column
C,, = discharge coefficient (assumed to be 0.6)

K = unit conversion factor = 0.186

<
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APPENDIA

Equivalent Wind Velocity Pressure

_pY°
2¢g,

Py

where

p, = wind velocity pressure on the wall (inches of water)
Q, = air flow rate, 4.8 cfm

p, = air density in cold room, Ibm/ft?

U = wind velocity

0. = gravitational constant, (32.2 ft/s?)

c= unit conversion factor = 0.414

< |
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