University of Toronto Physics May 9, 2014

“It isn’'t what we don’t know that gives us trouble, it's what we know
that ain’t so”

Will Rogers
Joseph Lstiburek

g g 2 “There are known knowns. These are things we know. There are
B ul | d N g SCI ence known unknowns. There are things that we know we don’t know.
But there are also unknown unknowns. There are things we don’t

Adventures In Building Science know we don't know.
Donald Rumsfeld
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Order of Magnitude First Law - Conservation of Energy
1to0 10 Second Law - Entropy

10 to 100 Third Law - Absolute Zero

100 to 1000

1000 to 10000
First Order Effects, Second Order Effects....
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system

Rudolf Clausius

In an isolated system, a process can occur
only if it increases the total entropy of the
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Moisture Flow Is From Warm To Cold
Moisture Flow Is From More To Less

Thermal diffusion
Molecular diffusion
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Meit

Solid

(ice) = Freoze

Sublime

Adsort l I Desord

Adsorbed
(surface
layers)

Frost Condense
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Moisture transport processes in building materials

Gas diffusion Vapor Vapor pressure

Liquid diffusion Liquid Concentration
Surface diffusion Adsorbate Concentration
Thermal diffusion Vapor and liquid Temperature

Capillary flow Liquid Suction pressure
Convective flow Vapor Air pressure
Gravitational flow Liquid Height

Poiseuille flow Liquid Liquid pressure

From Kumaran, M. K. ; Chapter 1, Moisture in Bulldings, ASTM: 1994
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Water
» Vapor is a single molecule

* Liquid is molecular clumps, 75 or more

Vapor

Physics
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Low Dewpoint Temperature

Lower Water Vapor Density
or Concentration

Higher Dewpoint Temperature
(Lower Vapor Pressure)

Higher Water Vapor Density
or Concentration
(Higher Vapor Pressure)
on Warm Side of Assembly
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on Cold Side of Assembly
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The Water Molecule

« Asymmetrical = polar
* Small: one billion = one foot

9.58 x 10"

0.28 nm
3A

Building Science Corporation

Joseph Lstiburek 11

Building Science Corporation

Lstiburek

© buildingscience.com

3 0of48



University of Toronto Physics May 9, 2014

The Polar Molecule Surface Tension: Wettable

T ” e Water attracted to Water attracted to self
* Hydrogen end is "more " positive surface more than self more than surface
« Oxygen end is “more” negative 6<90° 6> 90°

e

normal material: hydrophobically treated:
“wettable” “non-wettable”
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Capillary rise versus diameter
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Calculating capillary rise
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2" | aw of Thermodynamics

Heat Flow Is From Warm To Cold
Moisture Flow Is From Warm To Cold
Moisture Flow Is From More To Less

Air Flow Is From A Higher Pressure to a
Lower Pressure

Gravity Acts Down
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Don’t Do Stupid Things
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Wood or fiber cement siding

Furring or spacer strip

Building paper, housewrap or building
wrap (PinkWrap® Housewrap)
Ptywood or OSB sheathing
EcoTouch® Pink® Fiberglass Insulation
in cavity

Gypsum board

Latex paint

: Vapor ;

Flow-Through
Assembly
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Wood o fiber cement siding

Furring or spacer strip

Exterior rigid insulation (Foamular®
Extruded Polystyrene (XPS))

EcoTouch® Pink® Fiberglass Insulation
in cavity

Gypsum board

Latex paint

Control of Condensing
Surface Tomperature
Assembly
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Marine (C)

Moist (A)

Outside

Exterior —»
sheathing

Inside

70°F

— Dewpoint
(50% RH, 70°F)

Location of

condensation
and frost
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Woog-based sidng
Busking paper
Exterior sheathing

R-19 cavity insutaticn in wood
frame wall

Gypsum board with anry paint or
wal covering
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The inside face of the
Insulating sheathing &
the condensing surtace
of intorest

Viood-based siding

R-7.5 rigid insulation

ST

R-13 cavity insulason in wood
frame wall

Gypsum board with any paint o¢
wall covering

9108008

Temperature ('F)

&0
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R-13 caty insulation as
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VAPOUR PRESSURE KILOPASCALS
©
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WINNIPEG

WETTING POTENTIAL &7
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l
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1
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02 [~ j
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TIME MONTHS OF A YEAR
Figure 87. Outside vapour pressure, saturated vapour pressure

and inside vapour pressure for Winnipeg.
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Outside

“~— Roof sheathing

N

Condensation and frost

accumulating on underside
of roof sheathing

Attic
insulation
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Dewpoint
Inside
Building Science Corporation
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Outside
Radiation to
night sky g R
g g g Roof sheathing
~— Condensation and frost
accumulating on underside
of roof sheathing
Roof sheathing =
Condensation and
and top of attic /
insulation are Attic / gﬁgaﬁu::‘ﬂahng
radiation-coupled / msul:!ion

— Attic
Inside insulation
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Fiberglass cavity
[— 75°F /- insulation
¥
reeoe L L B N L B N N L LU B B N oo
61-62°F \— Water
61-62°F
droplets
Crawlspace air Floor assembly
(65°F dewpoint) and ground are

radiation coupled

Water Ground
droplets
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Masoery foundation
wall

Ground siopos away from
wall a1 §% (6 in. per 10 ft)

Wood siding ~ Untaced batt insulation
(8t surtaces painted) board with semi
vapor permeatie (1atex)
At space paint
/5" OS8 sheathing —
— Sealant, adhesive or gasknt
Furring
Soatant at cornar of botiom
i‘“"" Shess ! plate and subfioor or gasket
o o ——— under plate
” o Sealant (typ.)
ey insutason
XX vfyw X
052« s 8008000
Sealant, adhesive
or pashat
\, * teaimiten
Crawispace vent at 1op ——e2 \— Rigid insulation (fie-rated,
of foundation wall Z taped and seated joints)
" Capillary bresk
= gl Sealant

4\ Treared wood naser
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Wi or
o ——_

Rigd insulation — 1~

(taped or sealed
joints)

Sealard, achesive
o gasket ——_|
Adhesive

§—— Untaced batt insulation
4l Gypsum board with semi-vapor permeable
] (latex) paint
—— | Sealant, achesive or gasket
Sealant at corner of botiom plate and subfcor
or gasket under botiom plate

Sealart,

adhesive or gasket

I O o
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Airspace Wood-based
\ subfloor \

Wood-based
subfloor \
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Gypsum board J Rigid insulation J

Cavity insulation

Cavity insulation

Gypsum board J Rigid insulation J
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Wood-based
subfloor \

Water control
layer

Exterior
sheathing

AN ADAAA AN

Cladding

Gypsum board —f

Cavity insulation

Interior gypsum —/‘
board

Cavity insulation
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Water control
layer

Cladding

Exterior
sheathing

N I

Interior gypsum —/‘
board

Cavity insulation
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Shingles
Roofing paper

R-19 batt insulation installed

with wire stays or twine or N
netted cellulose 3

R-5 rigid insulation (vertical and

horizontal joints offset from roof sheathing)

3/8" sheathing over rigid ——___

insulation >

Roof sheathing ————__

Sealant Underside of roof
sheathing is typically

Rigid insulation B AR\R\T the “first” condensing

notched around roof 7 surface

e

trusses and sealed

Vinyl or aluminum siding —» |~ Unfaced batt insulation

AVAYAY,

Rigid insulation ~—— Gypsum board with vapor semi-
Building paper permeable (latex) paint
drainage plane
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The insice tace of the roof
sheathing forming the cawity
15 the first condensing surtace ——

OSB or plywood nad base lor shingles ——__ TN
R-30 untaced batt ceiling insulation compressed ™,

1o fit within 2x8 rafters or damp spray celiiose or
“netted” dry blown celulose of fiberglass ——._ )
R-5 rigd insutation (vertical and horizontal
Joints offset from roof sheathing) ——.

Sealant —

Rigid insulation nolched /
around roof raftors.

“— Gypsum board
and sealed s

ceiling with semi-vapor
permeable (latex) paint

Vinyl o¢
aluminum siding

- Caulking or sealant

Rigd insutation (taped, Gypsum board with

shiplapped or semi-vapor permeable
sealed joints) —— W) (latex) paint
2
Unfaced batt insulation <~
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Roofing tile
Roofing paper -
Netted cellulose insulation or batt insulation
installed with wire stays or twine
Roof sheathing
Underside of roof
sheathing is typically
NN\ the “first” condensing
surface
Stucco >¥ =}~ Unfaced batt insulation
Rigid insulation , Gypsum board with vapor
Building paper + semi-permeable (latex) paint

drainage plane
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/- Asphalt shingles
—~ OSB sheathing
Tm/k/\ 22 Framing i
< 4 ~ Asphalt shingles s - =
?&zﬂmm \ 3% Cedar Breather “‘““r"‘““ '
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N P ;
- Hydrostatic
head
“~R Hydrostatic
pressure
Hydrostatic 7 Claddmg
pressure
" 2 \
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Wind Speed (mph) vs. Stagnation Pressure (Pa)
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Equilibrium Moisture Content (%)
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Equilibrium Moisture Content (%)
b-4 g

3

Materials

Curves for Hyg P

10 20 30 40 S0 60 70 80 90 100
Mean Relative Humidity, %

g 8

L

L L

Water Vapor Permeance, US perms
8 8 8 8 8 3 8

3

°

)

Water Vapor Smart Vapor

Primed and Painted Board and

Asphalt-Coated Kraft Paper

Primed &Painted
Gypsum Board

Waet Cup

Dry Cup

Asphait-Coated
Kratt Paper

10 20 30 40 50 60 70 80 90 100
Mean Relative Humidity, %

3

Water Vapor Permeance of WRB's

100

90 +

80 4
2 70
g
Il
§ 501
° a
£ Ey
g 0 P g
g z =
§ 307 §
H
S 20

Mean Relative Humidity, %

Lstiburek

© buildingscience.com

23 of 48



University of Toronto

Physics

May 9, 2014

8

Water Vapor Permeance, US perms
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Penetrating
Water
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Penetrating
Water
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Rain Screen
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Membeans
Coverboard
Insulation
L
|
T ¥ T
T, 720N 4 2 D TN
\ V4 - /
Deck
Sheathing
Air barrier
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Fully-adhered
membrans

Machanicaly attached
rigid insulation

1
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Spray-appiled

membrane
Spray polyurethane
foam
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Fully-adhered roof membrane
Z-girt

Coverboard

Two layers of rigid

insulation (joints

staggered and offset)

- - ~

24>
(610'mm)

”
(102 meny”
’

2x4 purkns in two layers; lower
purling fastened 1o metal deck;
upper purling fastened 10 lower
purfing

Steel angle with fiat extension inserled
under lsp in membrane and fassened
10 plywood shoathing

Titanium cladding

|
2

Stip sheet
Paporiess gypsum sheathing

Fully-adhered, single-ply EPOM
membrane 36° (914 mm) wide
with 6" (152 mm) lag

144 (38 mm) rigid insulation »
bt — Do N
1/ (38 mm) rigid insulation
Membrane Fully-adhered membrane air barrier

Gypsum sheathing

Motal purins for cladding
attachment at 24" (610 mm) o.c.

Roof deck sheathing
Motal dock
" (19 mm) plywood tastened
10 purlins
g Fluted metal deck
Building Science Corporation Building Science Corporation

Joseph Lstiburek 125 Joseph Lstiburek 126

e —

Building Science Corporation Building Science Corporation
Joseph Lstiburek 127 Joseph Lstiburek 128

Lstiburek © buildingscience.com 32 of 48



University of Toronto

Physics

May 9, 2014

Building Science Corporation

~E

Joseph Lstiburek 129

Building Science Corporation

Joseph Lstiburek 130

Building Science Corporation

Joseph Lstiburek 131

Lstiburek

Building Science Corporation

Joseph Lstiburek 132

© buildingscience.com

33 of 48



University of Toronto

Physics

p———

Ay TN ‘
RS AT A

May 9, 2014

Building Science Corporation

Joseph Lstiburek 133

Building Science Corporation
Joseph Lstiburek 134

Building Science Corporation

Joseph Lstiburek 135

Lstiburek

Building Science Corporation
Joseph Lstiburek 136

© buildingscience.com

34 of 48



University of Toronto

Physics

May 9, 2014

Building Science Corporation

Joseph Lstiburek 137

Building Science Corporation
Joseph Lstiburek 138

Building Science Corporation

Joseph Lstiburek 139

Lstiburek

Building Science Corporation
Joseph Lstiburek 140

© buildingscience.com

35 of 48



University of Toronto

Physics

Leaky air handling unit
and supply ducts

Air handling
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1 nit I )
Jal 1?1 !.l
Supply Return Supply

@ e @ e

Depressurized conditioned space
inducing infiltration

!

Note: Colored shading depicts the building’s thermal barrier and pressure boundary.
The thermal barrier and pressure boundary enclose the conditioned space
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Supply Return Supply

— 4

Note:

IJ_.'\

Colored shading depicts the building's thermal barrier and pressure boundary.
The thermal barrier and pressure boundary enclose the conditioned space
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Figure 5.10

HVAC System as Designed
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