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Building Science

Adventures In Building Science



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

Will Rogers

“There are known knowns. These are things we know. There are
known unknowns. There are things that we know we don’t know.
But there are also unknown unknowns. There are things we don’t
know we don’t know.

Donald Rumsfeld
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Heat
Air
Moisture
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HAM




Hygrothermal Analysis
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Water Molecules
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0.28 nm

9.58 x 10" =3 A
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Polar Molecule
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Size Matters




Vapor

Building Science Corporation
Joseph Lstiburek 11



Periodic Table
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Nitrogen 14
Oxygen 16
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Nitrogen 14 N2 28
Oxygen 16 02 32
H20 18
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Nitrogen 14 N2 28
Oxygen 16 02 32
H20 18
Air  21% 02
79% N2
Molecular Weight of Dry Air 29
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Nitrogen 14 N2 28
Oxygen 16 02 32
H20 18
Air  21% 02
79% N2
Molecular Weight of Dry Air 29
Adding Water Vapor Lowers It....
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Vapor Diffusion

Air Transported Moisture
Vapor Barriers
Air Barriers
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Higher Dewpoint Temperature Low Dewpoint Temperature
Higher Water Vapor Density Lower Water Vapor Density
or Concentration or Concentration
(Higher Vapor Pressure) (Lower Vapor Pressure)
on Warm Side of Assembly on Cold Side of Assembly
Higher Air Lower Air
Pressure Pressure
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4x8 sheet of
gypsum board

Interior at 70°F
and 40% RH
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4x8 sheet of
gypsum board
with a 1 in2 hole

Interior at 70°F
and 40% RH
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1/3 quart
of water

30 quarts
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at 74°F
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Relative Humidity
Vapor Pressure
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21, 75°F

1T
RH = 50%

1T, 60°F

21 "B

1T
RH = 100%

1T
RH = 50%

2T 15°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

N

70°F
30% RH
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Cooling Reheat
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90°F ® 55 O 75°F
90% RH ¢ 100% RH © 40% RH

:Condensation
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States of Matter
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Melt

Solid »  Liquid
(ice) ~ Freeze (water)
Frost Condense
Sublime Evaporate

Gas
(vapor)
Adsorb Desorb
Adsorbed
(surface
layers)
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Monolayers of
adsorbed water
increase with
increasing RH
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Monolayers
flow along surface
following concentration gradient

S8 0
0000000000

Building Science Corporation
Joseph Lstiburek 32



Curvature
("meniscus”)
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* “non-wetable” surface * “‘wetable” surface

 water repellant surface » non-water repellant surface

» hygrophobic surface * hygroscobic surface

« water more attracted to itself than to surface » water more attracted to surface than itself

« surface energy of water greater than surface » surface energy of surface greater than surface
energy of surface energy of water

» water “beads up”  water “spreads out”

» “greasy” surface * “non-greasy” surface

» high contact angle “6” * low contact angle “6”

Building Science Corporation
Joseph Lstiburek 35



_y

0
‘ es————
Non-wetting Partial wetting Wetting Perfect wetting
0 > 90° 0 =90° 0 <90° 6=0°
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| Premier HouseWrap by Cs Fabri
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Surface Energy

Water (20 C) /3 dynes/cm
Water (100 C) 59 dynes/cm
Epoxy 46 dynes/cm
Polyethylene 31 dynes/cm
Soapy water 30 dynes/cm
Paraffin wax 25 dynes/cm
Silicone 24 dynes/cm

Teflon 18 dynes/cm
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Calculating capillary rise

v ambient
pressure

2ccos 0

ML’

gpAz

pressure \ i
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Capillary rise versus diameter
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Curvature

S ("meniscus”)
= 4@

Si + Hydrogen atoms (+)
“reach” upwards toward
oxide (-)

Si
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Surface area vs. particle size
From Straube & Burnett, 2005
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Figure Ic. (n;nnm hvdrated from plaster of pm is and water,
porosity 30 per cent.

Figure Ih Brick, sintered clay, porosity 40 per cent.
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Concrete slab

Polyethylene
vapor barrier

Granular
capillary break
and drainage
pad (no fines)
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Capillary break on _
exterior foundation wall -

Capillary break under
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Capillarity + Salt = Osmosis

* Mineral salts carried in solution by capillary water

 When water evaporates from a surface the salts left behind form
crystals in process called efflorescence

 When water evaporated beneath a surface the salts crystallize
within the pore structure of the material in called sub-
efflorescence

« The salt crystallization causes expansive forces that can exceed
the cohesive strength of the material leading to spalling
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Pressures

« Diffusion Vapor Pressure 3 to 5 psi
« Capillary Pressure 300 to 500 psi
« (Osmosis Pressure 3,000 to 5,000 psi
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More Osmosis
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Paver
Pedestal
Filter fabric

Extruded polystyrene rigid
iInsulation (XPS)

Concrete slab J

Membrane
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Top of membrane
Vapor is wet
diffusion
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Vapor

diffusion

Pore condensation
dissolves minerals
creating solute

= e e o =

LA A A A

b3 4
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Paver Water Beds!
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Liquid Waterproofing
over ConcreteDeck
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'~~~ Kelvin (condensation)
———- Rounsley (adsorption)
Actual measured
moisture
content
1 _
/
/. |
k 100

relative humidity

Typical predicted sorption isotherm according to Kelvin equation

and modified BET theory
From Straube & Burnett, 2005
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20 ._..,_ ................................. , ..............................

—O— Spruce A
—&— Plywood A

—>*— Fibreboard : :
T s— —— Red Brick ................................ ............................
—+— Mortar |
—O— Concrete .

. —O0— Stucco
Moisture

Content -
(M%) i A

N
L\
|
!

Relative Humidity (%)

Sorption isotherm for several building materials [Kumaran 2002]
From Straube & Burnett, 2005
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m Condensation in
2 the pores x
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(@) water molecules
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Relative Humidity (%)

Partial Pressure of Water Vapor

Change in the storage of moisture in a porous building material as the
partial pressure of water vapor in the ambient air increases from zero
to full saturation value at a given temperature.

Sorption Curve

From M.K. Kumaran, ASTM MNL 18-2nd Edition,
Moisture Control in Buildings, 2009
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Single-layer of adsorbed molecules
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Regimes of moisture storage in a hygroscopic porous material
From Straube & Burnett, 2005
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PERMEABILITY

M,

My

WET CUP TEST

DRY CUP TEST

25 50 75 100
RELATIVE HUMIDITY

A - Single-layer of absorbed molecules

B - Multiple layers of absorbed molecules

C - Interconnected layers (internal capillary condensation)
D - Free water in pores, capillary suction

E - Supersaturated regime

Relationship between Dry Cup and Wet Cup
Adapted from Joy & Wilson, 1963
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Water Vapor Permeance vs. Relative Humidity

10.0

9.0

8.0

7.0 -

6.0

50

Water Vapor Permance, US perms

40 Dry cup limits >] < Wet cup limits
3ot ————r—-—m—=-r—v¢-~—T—-—"—"—7T-—
= Wet cup
20 = Dry cup 3 test results
g test results f_,’
| %’
1.0 | [ —
Hi
0 | T | | | | | |
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Mean Relative Humidity, %

y, = Dry cup permeance
1, = Wet cup permeance
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Water Vapor Permeance, US perms

100

Water Vapor Permeance of Sheathing Materials

90 -

80 A

79

60

Plywood

0SB

20 30 40 50 60 70 80

Mean Relative Humidity, %

100

81



Building Science Corporation

Joseph Lstiburek 82



Sheathing

Penetrating
Water
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Sheathing

Penetrating
Water
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Outside Inside

70°F

\ Dewpoint

(50% RH, 70°F)

[N

Location of
condensation
and frost

Exterior —>+[
sheathing

AR

Building Science Corporation
Joseph Lstiburek 92



Building Science Corporation
Joseph Lstiburek 93



Sensible Heat ~ 14.2 J/g/K | / Vapor

Latent Heat 2250 J/g
Energy

Sensible Heat 7142 JigK Liquid

Latent Heat 333 J/g

2.1 JIg/K Solid

7

| |
0 273 373

Temperature (K)

Simple linearized energy-temperature relation for water
From Straube & Burnett, 2005
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The inside face of the
exterior sheathing is
the condensing surface

of interest 80
70 i Dew point temp.
B Y /| at 50% R.H., 70°F
Wood-based siding - /
Building paper ™ // f
_ _ <~ 50
Exterior sheathing g Mean monthly outdoor _ /
R-19 cavity insulation in wood > g 40 lempamsis  \ ——————— =
frame wall e Potential for
GE, 30 \ condensation A
- Dew point temp. r
20 at 350A_, R.H,, 70°F L BN I IMI - O . . =
Gypsum board with any paint or 10 Dew point temp. \
wall covering L" 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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Wood-based siding

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

R-7.5 rigid insulation

R-13 cavity insulation in wood

frame wall

Gypsum board with any paint or
wall covering

?
i

Temperature (°F)

80

70

60

50

40

30

20

10

0

/ﬁ

/

e

/

tem

Mean monthly outdoor_/l 'z

perature

— Insulation/sheathing interface |
temperature (R-7.5 sheathing,

R-13 cavity insulation as
shown in adjacent drawin

|\\9J

Potential for
condensation

N

Dew point temp. =i
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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J A S ©0 N D

TIME MONTHS OF A YEAR

Figure 8-7. Outside vapour pressure, saturated vapour pressure
and inside vapour pressure for Winnipeg.




Temperature [°C]
4 a8

40 40
20 /— 20 -
-20 -20
Water Content [kg/m?) Rel. Humidity [%] A0 Combe
500 100 : __ :
400 80
300 60 |
; e
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- 200 wene |
: !
100 = soo din
L_ < 24 | i |
00 5 10 15 20 0
Brick [old) Orlented Strend Scard Gypsum Bosarg
Air Layer 25 mm (NA) Fibre Glass

G0 minute Buliding Paper PE-Membrane [NA)
Cross section [cm]
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Outside

Roof sheathing

\ Condensation and frost

accumulating on underside
of roof sheathing

Attic Attic
insulation
Dewpoint
Inside
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Outside
Radiation to
night sky g 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
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Fiberglass cavity
|— 75°F / insulation

7 £

¥
PO O OO O o000 OGO 00000 0000 ODOOIOOO o000
61-62°F \
61-62°F vyaier
droplets
Crawlspace air Floor assembly
(65°F dewpoint) and ground are
radiation coupled
60°F
Water Ground
droplets
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Wood siding
(all surfaces painted)

Unfaced batt insulation

«——— Gypsum board with semi-

vapor permeable (latex)

|.

>‘
Air space = :‘: paint
1/," OSB sheathing :%

’ Sealant, adhesive or gasket
Furring e

. :>< Sealant at corner of bottom
sfa:;r:é?dheSIve g plate and subfloor or gasket
gask — under bottom plate

Adhesive s

Sealant, adhesive
or gasket

Crawlspace vent at top

of foundation wall

Sealant (typ.)

Masonry foundation
wall

Ground slopes away from
wall at 5% (6 in. per 10 ft.)

4

d

> & o > |lo © o ©

L

3

Batt insulation

Rigid insulation (fire-rated,
taped and sealed joints)
Capillary break

Sealant

Treated wood nailer
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Vinyl or
aluminum A =) Unfaced batt insulation
siding Jl«—— Gypsum board with semi-vapor permeable
Rigid insulation (latex) paint
gtgpet)zl or sealed Sealant, adhesive or gasket
joints
: Sealant at corner of bottom plate and subfloor
sre g;as?(téta dhestve or gasket under bottom plate
Adhesive
Sealant
Sealant, (taped or sealed joints)

adhesive or gasket

Capillary break

Il <—— Pier foundation [
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MAMANAAABEANAAMAMAN

Interior gypsumj
board
Cavity insulation
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Shingles

Water com
layer

Continuous /

soffit vent

\ !
X

*

\ )

\

i

-"
G
L=

Jas=——

A

Wood or fiber cement —»
siding

Furring or spacer strip

Building paper,

)
‘\\

-'-

Continuous ——»
ridge vent

w

Attic ventilation

g |

EcoTouch® Pink®

Fiberglass Insulation
or blown insulation

\

T

-—-
--“
=" I\
==

Vapor
Flow-Through
Assembly

[/

\Y4

<+—— Latex paint

#— Gypsum board

housewrap or building
wrap (PinkWrap®
Housewrap)

Plywood or
OSB sheathing

AN

EcoTouch® Pink®
Fiberglass Insulation
in cavity
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Wood or fiber cement siding

Furring or spacer strip

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

EcoTouch® Pink® Fiberglass Insulation
in cavity

PV

|

|

Gypsum board

Latex paint

h
&

Control of Condensing
Surface Temperature
Assembly

& WA
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Subarctic/Arctic
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Exposure

Extrome - Over 60”
High - 40" - 60"

Moderate [ | 207-40"
- ‘:l Under 20"
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Los Angeles, CA

100%

75%

-0.022

-0.020

-0.018

-0.016

-0.014

-0.012

-0.010

- 0.008

Absolute Humidity (Ib/lbarny)

- 0.006

- 0.004

-0.002

| — T T l
104 176

| | |
248 320 392

| | |
464 536 608

Drybulb Temperature (°F)

|
68.0

|
896

T 0.000
96.8
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Minneapolis, MN

109% 10022

/4 +0.020
75%

-0.018

-0.016

-0.014

-0.012

-0.010

- 0.008

50%

259 [ 0.006

Absolute Humidity (Ib/lbdary)

- 0.004

e -0.002

I ! I | I | I | | 0000

|
608 680 752 824 896

T
176

32 104

| T | | |
248 320 392 464 536

Drybulb Temperature (°F)
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Lansing, MI

109% 10022

A 1-0.020
5% |
-0.018

Absolute Humidity (Ib/lbdary)

| | | | | | | | | | | |
32 104 176 248 320 392 464 536 608 680 752 824 896

Drybulb Temperature (°F)
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Las Vegas, NV

o
=
]
Absolute Humidity (Ib/lbdary)

|
176 2438

|
320

|
392

| | |
536 608 680

Drybulb Temperature (°F)

|
752

|
104.0
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Seattle, WA

100% L 0.022

A 1-0.020

5% |
-0.018
-0.016

Absolute Humidity (Ib/lbdary)

| | | | | | | | | | | |
32 104 176 248 320 392 464 536 608 680 752 824 896

Drybulb Temperature (°F)
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Don’t Do Stupid Things
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N S Dry (B)
Marine (C)

All of Alaska in Zone 7
except for the following
Boroughs in Zone 8:

Bethel Northwest Arctic
Dellingham Southeast Fairbanks
Fairbanks N. Star ~ Wade Hampton
Nome Yukon-Koyukuk
North Slope

Moist (A)

Zone 1 includes
Hawaii, Guam,
Puerto Rico,

and the Virgin Islands

Warm-Humid
Below White Line

N\
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Truss bows upward

Bottom chord shrinks
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Slotted anchor at
non-bearing walls
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Drywall clips

Float drywall at wall corners










Exterior Conditions Conditions within Cavity: Interior Conditions

Temperature: 80°F Temperature: 100°F Temperature: 75°F
Relative humidity: 75% Relative humidity: 100% Relative humidity: 60%
Vapor pressure: 2.49 kPa Vapor pressure: 6.45 kPa Vapor pressure: 1.82 kPa

Brick veneer is saturated ——— |

with rainwater _

1-inch air space

Felt paper

Fiberboard sheathing

Fiberglass insulation l

Polyethylene
Interior gypsum board

Solar radiation
strikes wall

Vapor is driven both inward and
outward by a high vapor pressure
differential between the brick and

the interior and the brick and the
exterior.

\

NNNNNNNNNN

Nd
N

i

N

It is not a good idea to install a vapor barrier (polyethylene) on the
inside of an air conditioned assembly. Vinyl wall coverings and foil-
backed batt cavity insulation should also be avoided.

Vapor permeable exterior sheathings, housewraps or building
papers should not be used with absorptive claddings such as

brick veneers unless a ventilated cavity is provided in conjunction
with high inward drying potentials (i.e. no interior polyethylene vapor
barriers).

Failure will occur when brick is installed over a frame wall constructed
with felt paper, fiberboard sheathing and an interior polyethylene vapor
barrier. Kraft-faced fiberglass batts should be used in place of unfaced
batts and a polyethylene vapor barrier. OSB, plywood or foam sheathing
should be used in place of the fiberboard sheathing.

Similar problems occur with stucco.
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Air
outlet

Drainage plane

Clear 1" air space open at both
bottom and top

Brick veneer back-
ventilated to flush

inward-driven moisture
out of assembly

ks Seat in foundation acting as flashing

» To effectively uncouple a brick veneer from a wall system by using
back ventilation, a clear cavity must be provided along with both
air inlets at the bottom and air outlets at the top

Building Science Corporation
Joseph Lstiburek 137



Brick veneer

Drainage or ——————»

weep opening o s

Drainage plane

Impermeable rigid insulation

Drainage space (1/4" or greater)

Seat in foundation acting as flashing

To effectively uncouple a brick veneer from a wall system by using a
condensing surface, the drainage plane must also be a vapor barrier
or a vapor impermeable layer (i.e. rigid insulation) must be installed
between the drainage plane and the brick veneer. Alternatively, the
rigid insulation can be configured to act as both the drainage plane
and vapor impermeable layer.

When a condensing surface is used to uncouple a brick veneer from
a wall system, a ventilated air space is no longer necessary — i.e. the
presence of mortar droppings is no longer an issue. Additionally, the
width of the drainage space is almost irrelevant.
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Masonry ("reservoir”)

Foil-faced fiberblass
“blanket” insulation

Rain water
strikes wall

<«— Foil is interior
vapor barrier

* Rain water is deposited on
exterior face of masonry

* Rain water enters masonry
through paint layer

Solar radiation
strikes wall

Cool air
conditioned
interior

2.

» Solar radiation heats exterior
while A/C cools interior

* Moisture is driven inward,
condenses on foil vapor barrier
and runs down wall
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Acrylic latex paint layer (vapor
open, minimum 15 perms or
greater at 9 mils dry film thickness)

\ Expanded polystyrene (no facings)
Painted gypsum board (latex paint;
no wall coverings)

Air space

Metal channels (EPS is
continuous behind metal
channels)
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Roof membrane extends —
up back side of parapet

Gypsum protection board

Pressure bar

Roof membrane

—— One layer rigid insulation

“Fluted” metal deck
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Solar radiation
strikes wall

Absorbed rain water on

exterior face of masonry
parapet is driven inward
and condenses on back
side of roofing membrane

protecting roof side of Absorbed
parapet rain water
Condensed water

drains down back
side of parapet into
roof assembly and
into building
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Vented “screen” ——»

2" airspace

Fully adhered
counter flashing
membrane strip
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