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Other Elements of Thermal Dynamics
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Building Science

Vented and Unvented Roof Assemblies



Roof insulation

_ _ Continuous ridge
Insulation wind baffle ventilation

2” minimum space

Y

V

Attic ventilation

i

||

Water protection
membrane

= T
Gypsum board with vapor
& semi-permeable (latex) paint
S;E}['C:gr = ] Consider increasing depth of
= ) insulation by using deeper
ol trusses or oversized (longer)
V|ny| or ‘ trusses
aluminum siding <) Caulking or sealant
e
Rigid insulation < Jl<————— Gypsum board with permeable
(taped or sealed joints) = (latex) paint

Unfaced cavity insulation,
cellulose or low-density
spray-applied foam

Building Science Corporation
Joseph Lstiburek 6



2"d |_aw of Thermodynamics
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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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Moisture Flow Is From Warm To Cold
Moisture Flow Is From More To Less
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Moisture Flow Is From Warm To Cold
Moisture Flow Is From More To Less

Thermal Gradient — Thermal Diffusion
Concentration Gradient — Molecular Diffusion
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Moisture Flow Is From Warm To Cold
Moisture Flow Is From More To Less

Thermal Gradient — Thermal Diffusion
Concentration Gradient — Molecular Diffusion

Vapor Diffusion
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Thermodynamic Potential
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Volume m3fug Dry Air

Eelow 0°C Properties and Enthalpy Devistion Lines Are For lea
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Most of the time the water ends up on the
cold spot...Duh...
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Relative Humidity
Vapor Pressure
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2T, 75°F

1T
RH = 50%

1T, 60°F

21 7o°F

1T
RH = 100%

1T
RH = 50%

2T 75°F

11/,T
RH = 75%
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90°F 75°F 60°F 45°F 30°F
50% RH 50% RH 50% RH 50% RH 50% RH
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35°F
90% RH

Heating

I

70°F
30% RH
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Cooling Reheat

\-//\f\

g}

90°F ® 55 O 75°F
90% RH ¢ 100% RH © 40% RH
[ L

:Condensation
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Sorption




Moisture
Content
(M%)

20

15

—0O— Spruce
—&— Plywood
—»— Fibreboard
—&— Red Brick
—+— Mortar
—&—Concrete
—— Stucco

Relative Humidity (%)

Sorption isotherm for several building materials [Kumaran 2002]

From Straube & Burnett, 2005
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Relative

Vapor Humidity Relative
Pressure Humidity

Vapor A

Pressure

Night Day Night
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Roof membrane

—— Fiberboard hygric buffer

Rigid insulation

Yy

N NI N N N

Air barrier membrane ———

Gypsum sheathing

Fluted steel deck
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Shingles

Roofing paper

Minimum R-50 rigid insulation
in two or more layers with horizontal
and vertical joints staggered

Nail base for shingles (plywood or OSB)
screwed through rigid insulation
to wood decking or timber rafters

Air barrier membrane /

- Wood decking

Timber rafter or exposed joist
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Roof sheathing
Roofing paper

. L , Shingles
Minimum R-50 rigid insulation \
in two or more layers with horizontal /
and vertical joints staggered

Roof sheathing

o
Roofing membrane =
Vented space
=
P Air barrier
= membrane
— Wood decking

Timber rafter or
exposed joist
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Thin ice slab

under snow
Melt water
running under
thin ice slab

Melt water running
- ' down underside
Ice = of sheathing

> AT,

S

Ice dam

1

T

Icicles

v

W
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Warm air is
trapped by
overhang

Cladding
warms air
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Add Vented
Over-Roof

Vent At Top Of Wall

Vented Space Needs To
Extend Up Wall

Add Vented FUo =g
COver-Roof N A

Insulate Under
Porch Hoot

0 A@‘

Thermal Boundary

Y\f i fl"l' I.Y"k .!f i'lf\l b .!f.I l. L l"‘f !.‘.( Y’Y‘! 'l.'. .fII.Y'Y. .{.i. .f.f.zt.\. .i.l'.k. .II\.E.'.I.k.

W n'\. AAAAVAAMY

—\._Th rmal Boundary
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The Myth of the Dew Point
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Outside

WY

W

[/

5

y

0°F

Inside

70°F

\ Dewpoint

(50% RH, 70°F)

Location of

Exterior —>r
sheathing

WAL

i

condensation
and frost
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Sensible Heat ~ 14.2 JIigiK | / Vapor

Latent Heat 2250 J/g
Energy

Sensible Heat 7142 Jigk  Liquid

Latent Heat 333 J/g
2.1 JigiK Solid
| T >
0 273 373

Temperature (K)

Simple linearized energy-temperature relation for water
From Straube & Burnett, 2005
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Outside

Roof sheathing

\ Condensation and frost

accumulating on underside
of roof sheathing

Attie Attic
insulation
AN
Dewpoint
Inside
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Outside
Radiation to
night sky R R

Roof sheathing
and top of attic
insulation are
radiation-coupled

Roof sheathing

\ Condensation and frost

accumulating on underside
of roof sheathing

Condensation and
frost accumulating
on top of attic
insulation

Attic

Attic
Inside insulation

Building Science Corporation
Joseph Lstiburek 53



The inside face of the
exterior sheathing is
the condensing surface

of interest 80
70 P Dew point temp.
. y / at 50% R.H., 70°F
Wood-based siding /
60
Building paper ™ //
~ 50 - - - - -
Exterior sheathing g Mean monthly outdoor —— /
- . & t t N R | -
R-19 cavity insulation in wood > g 40 il b b ‘
frame wall 2 Potential for
g 30 condensation A
= Dew point temp. I
20 at 35% R.H., 70°F = [= =)= = FWPL = = = = =
Gypsum board with any paint or 10 Dew point temp. \
wall covering ‘n at 20% R.H., 70°F
0 | | |
APR MAY JUN JUL AUG SEP OCT NOV DEC JAN FEB MAR APR MAY

Month
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The inside face of the
insulating sheathing is
the condensing surface

of interest
\J
Wood-based siding j
R-7.5 rigid insulation
R-13 cavity insulation in wood
frame wall
Gypsum board with any paint or
wall covering l{

Temperature (°F)

80

70

60

50

40

30

20

10

0

P

— Insulation/sheathing interface

/

/

/

tem

Mean monthly outcioor4/l J

perature

temperature (R-7.5 sheathing, |
R-13 cavity insulation as
shown |n adjacent drawin

I\\El

Potentlal for

/ "

condensatlon y

Dew point temp
at 35% R.H., 70°F

APR MAY JUN JUL AUG SEP OCT NOV DEC JAN FEB MAR APR MAY

Month
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WETTING POTENTIAL &7
DRYING POTENTIAL TO
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cUTDOOR AR TEM’F!a
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Figure 8-T.

JOF M A M J A0S O N B
TIME MONTHS OF & YEAR

Outside vapour pressure, saturated vapour pressure
and inside vapour pressure for Winnipeg.
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WUFI 2.3 Pro. IBP
Run

Temperature [°C]

40 40
20 20 -
9 B 0
20 -20
Water Content [kg/m?] Rel. Humidity [%]
< e a &

500

400 . 80
300 60
200 40
100 20
DD 3 10 15 20 0 B
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Cross section [em]
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\
s ———

Cladding

Furring

Rigid Insulation L;l—
Air Control Layer (air barrier) >
Sheathing

\/

Air permeable insulation
(fiberglass batts, netted blown
cellulose, netted blown fiberglass,
spray applied fiberglass)

Gypsum board
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Cladding

\

Furring

Water Control Layer

Sheathing

Air impermeable insulation
("closed cell” spray polyurethane foam)

Air permeable insulation
(fiberglass batts, netted blown
cellulose, netted blown fiberglass,
spray applied fiberglass,

stone wool / mineral wool batts )

A\

Gypsum board

Building Science Corporation
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Map of DOE'’s Propused Climate Zones

N

~

All of Alaska i“ﬁi‘liwn"e 7
except for the L
Boroughs in Zone 8: 9

Bathal Northwest Arctic

Fairbanks N. Star  Wade Hampton
Nome Yukon-Koyukuk
North Siope

Moist (A)

Zone 1 includes
Hawaii, Guam,

Puerto Rico,
and the Virgin Islands

March 24, 2003




Insulation for Condensation Control*

Ratio of Rigid
Board
Insulation or
Rigid Board
Total Total Wall Air
Climate or Air
Cavity | Assembly | Impermeable
Zone |Impermeable
Insulation | Insulation | R-Value to
Insulation
Total
Insulation R-
Value
R-2.5 R-13 R-15.5 15%
4c
R-3.75 R-20 R-23.75 15%
R-5 R-13 R-18 30%
5
R-7.5 R-20 R-27.5 30%
R-7.5 R-13 R-20.5 35%
6
R-11.25 R-20 R-31.25 35%
R-10 R-13 R-28 45%
o
R-15 R-20 R-35 45%
R-15 R-13 R-28 50%
8
R-20 R-20 R-40 50%

*Adapted from Table R 702.1 2015 International Residential Code




~<—— Gypsum board

Air permeable cavity
insulation

Plywood/OSB sheathing

Air barrier membrane

Rigid insulation

Cladding

Building Science Corporation
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Shingles

Roofing paper

Roof Sheathing

Rigid Insulation

Roof Sheathing

Air barrier membrane //

Rafter/Truss
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Shingles

Roofing paper

Roof Sheathing

Air impermeable insulation
(aka spray polyurethane foam) /

Building Science Corporation
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Shingles

Roofing paper

Roof Sheathing

Rigid Insulation

Air control layer (air barrier)

Roof Sheathing

Air permeable insulation

(fberglass batts, netted blown
cellulose, netted blown fiberglass,
spray applied fiberglass)
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Shingles

Roofing paper

Roof Sheathing

Air impermeable insulation
(aka spray polyurethane foam)

Air permeable insulation

(fberglass batts, netted blown
cellulose, netted blown fiberglass,
spray applied fiberglass)
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Shingles ~..

—
Roofing paper = = T
~
Roof Sheathing e T
Air impermeable insulation e "HH Y
("closed cell” spray polyurethane ﬁ:ram]n = g0

Air permeable insulation
("open cell” spray polyurethane foam)
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18" wide membrane strip
under parapet folded

Metal cap down over exterior _jr?':;r?g;ii;
rigid insulation (membrane
Coping wedge roofing in very
OSB cold and cold
OSB sheathing Rubber roofing climatets); t}gpse-
Scupper x| membrane wraps, bullding
—H i : paper in all
) _i | Rigid insulation other climates)
| e B Y = _ -t
Sealant = M T 7 7 777 7 (0 Lf (7T (77
Rigid insulation T nonononnon N oL
Pyl | AR R R T
OSB : : I 1'.ljl'J'IJ kﬁrllrlln'r'lff “h Jlfl.rrl.lHH | vt
Cavity insulation | =1 1 TNy (RURRTRTRRTR T
Sealant :[ it I':. T\ i '-l—-"'.. t E. ¥ .:J:-. _,I'I-. _,:u "i _,t Ji _,i _j. B _%
Polymer modified (PM) —»{|; L Gypsum board with semi- &
or traditional cement i ( permeable (latex) paint %
g if Sealant, adhesive or gasketat  *v
Building paper bond —#{ e .
break over drainage | Cavity insulation
|

plane
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Metal cap

18" wide membrane strip under
parapet folded down over exterior

OSB
Coping wedge
! B
OSB sheathing -
Rubber roofing
| Y membrane ‘\
Scupper o ; 1 ’ ’

Two layers OSB

High density spray
foam insulation

L Gypsum board with semi-
permeable (latex) paint

—— Cavity insulation

Sealant, adhesive or gasket at
top plate

Caulking or sealant
Cavity insulation

Polymer modified (PM) or —»
traditional cement stucco

Metal lath

Building paper bond break
over drainage plane

Building Science Corporation
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Insulation for Condensation Control*

Ratio of Rigid
Board Insulation
Rigid Board
Code or Air
Climate or Air

Required Impermeable R-
Zone Impermeable
R-Value Value to Total

Insulation
Insulation R-
Value
1,23 R-5 R-38 10%
4C R-10 R-49 20%
4A, 4B R-15 R-49 30%
5 R-20 R-49 40%
6 R-25 R-49 50%
7 R-30 R-49 60%
8 R-35 R-49 70%

*Adapted from Table R 806.5 2015 International Residential Code

Table 1

Building Science Corporation
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Hygric Buoyancy
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H He
3 7 1  Atomic Number & z = 3 g o
Li Be - Sym bol B C N 0 F Ne
11 12 13 14 15 16 A7 18
Na Mg Al Si P S Cl Ar
19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36
K Ca Sc Ti \') Cr Mn Fe Co Ni Cu Zn Ga Ge As Se Br Kr
37 38 39 40 a1 42 43 44 45 46 47 48 49 50 51 52 53 54
Rb Sr Y: Zr Nb Mo Tc Ru Rh Pd Ag Cd In Sn Sb Te | Xe
55 56 % 72 73 74 75 76 77 78 79 80 81 82 83 84 85 86
Cs Ba Hf Ta w Re Os Ir Pt Au Hg Tl Pb Bi Po At Rn
87 88 - 104 105 106 107 108 109 110 111 12 13 114 115 116 17 118
Fr Ra Rf Db Sg Bh Hs Mt Ds Rg Cn Nh Fl Mc Lv Ts Og
5 57 58 59 60 61 62 63 64 65 66 67 68 69 70 71
La Ce Pr Nd Pm Sm Eu Gd Tb Dy Ho Er Tm Yb Lu
89 20 91 92 93 94 95 96 97 98 99 100 101 102 103

*%

Ac Th Pa U Np Pu Am Cm Bk Cf Es Fm Md No Lr
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Dry Air

Oxygen  (21%) 16 02 32

Nitrogen (79%) 14 N2 28
29

Building Science Corporation
Joseph Lstiburek 73



Moist Air

Oxygen  (21%) 16 02 32

Nitrogen (79%) 14 N2 28

Water (tiny) H20 18
less than 29
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Shingles

Roofing paper

Wood based roof
sheathing

Open cell low density
spray foam

n
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Shingles

Roofing paper

Wood based roof
sheathing

= Each “Ping” and “Pong”
s bounces the water molecules
s up the slope

Open cell low density
spray foam
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Two layers of 2” stone
wool insulation

Zip (OSB) sheathing

Fully-adhered
membrane

2x8

Asphalt shingles
2Xx6

Stainless
steel drip
edge

j]

Cellular PVC trim

Plywood
2x10

Cellular
PVC trim

i

i

Cavity insulation

i

il

‘l.

Wood siding e — Zip (OSB)
—— sheathing
—

1x4 furring *6:‘ 2x6 wood frame

wall

s

Two layers of 2” stone

¢ : Cavity insulation
wool insulation

s

i

i

Plywood

|

|

Building Science Corporation
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Shingles

Dense glass

gold at ridge 2x2 framing
Plywood Two layers
Roofing 2” stone wool
membrane Cavity insulation
Plywood

Zip (OSB)
sheathing

SN
e -
)=

2x10’s

Two 2x14
microlams

Plywood
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EAVE
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Step 1
+ Remove strip of OSB from each side of ridge

Az [ e

/ Remove 12" of OSB
from each side of ridge

Step 2

« Create air seal with strip of vapor open membrane (tape seams)

* Vapor open membrane sheet sealed to OSB with acrylic caulk sealant
+ Hold vapor open membrane sheet in place with metal strapping

Metal sirap
nailed over top
of vapor open

/ membrane
¥

Vapor open membrane
sheet sealed to OSB with
acrylic caulk sealant

sheet (acting
as pressire
bar)

Continuous bead of
sealant between OSB and
vapor open membrane
sheet

Step 3
+ Construct wood ridge vent with 2x2 furring

5/g" 0SB

—2x2 furring @ 16" o.c.

Building Science Corporation
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f Ridge vent

Leaky
ceiling

Inside
air

(" Outside Outside
air air
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Ridge vent
sealed

Distribution
“manifold”

Gypsm board
removed

Fan pressurizes
roof cavity

Soffit vent Soffit vent
sealed sealed
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Arrhenius Equation
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For Every 10 Degree K Rise
Reaction Rate Doubles

I — :].E!_EMF{HT:I
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Damage Functions
Water

Heat

Ultra-violet Radiation
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