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Adventures In Building Science

Heat, Air and Moisture
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What is a Building?

Building Science Corporation
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A Building is an Environmental Separator

Building Science Corporation

. Control heat flow

. Control airflow

. Control water vapor flow

. Control rain

. Control ground water

. Control light and solar radiation

. Control noise and vibrations

. Control contaminants, environmental hazards and odors
. Control insects, rodents and vermin
. Control fire

. Provide strength and rigidity

. Be durable

. Be aesthetically pleasing

. Be economical
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Damage Functions
Water

Heat

Ultra Violet Radiation
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The Three Biggest Problems In Buildings Are
Water, Water and Water...
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80 Percent of all Construction Problems are
Related to Water
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HAM
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Hygrothermal Analysis
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Rain and Airflow Missing

Building Science Corporation Building Science Corporation
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Meit

Solid Liquid
(ice) - Freeze (water)
Frost Condense
Sublime Evaporate

Gas
(vapor)
Adsory Desor
Adsorbed
(surface
layers)

Moisture Transport in Porous Media

Transport Process

Driving Potential

Liquid

Diffusion

Capillary Flow
Osmosis

Vapor Concentration

Suction Pressure
Solute Concentration
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Recall That Rain and Airflow Are Missing

Moisture Transport in Assemblies

Phase Transport Process Driving Potential
Vapor Diffusion Vapor Concentration
Convective Flow Air Pressure
Adsorbate Surface Diffusion Concentration
Liquid Capillary Flow Suction Pressure
Osmosis Solute Concentration

Gravitational Flow
Surface Tension
Momentum
Convective Flow

Height

Surface Energy
Kinetic Energy
Air Pressure
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Laws of Thermodynamics Zeroth Law — Equal Systems

First Law - Conservation of Energy
Second Law - Entropy

Third Law — Absolute Zero
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27 | aw of Thermodynamics _
In an isolated system, a process can occur

only if it increases the total entropy of the
system

Rudolf Clausius
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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

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

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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Diffusion
Convective Flow

Vapor

Vapor Concentration
Air Pressure

Building Science Corporation

Higher Dewpoint Temperature
Higher Water Vapor Density
or Concentration
(Higher Vapor Pressure)
on Warm Side of Assembly

()  mmmasrom

Higher Air
Pressure

Low Dewpoint Temperature
Lower Water Vapor Density
or Concentration
(Lower Vapor Pressure)
on Cold Side of Assembly

©

Lower Air
Pressure
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Exterior
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Exterior
TeF

am gy

4x8 whost of
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35°F
90% RH

Heating

70°F
30% RH
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¢ 100%RH * 40% RH
[
Condensation
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Example: Air leakage wetting of sheathing 20
Interior: 21 °C140% RH
Exterior: -10 °C/85% RH
RSI2.11 battin studspace  oruraton = 100% RH
RS! 1.40 insulated sheathing
15
Moisture
Content
10 (gkg)
Interior RH
5
Exterior RH
0
10 o 10 20 30

Temperature (C)

Cooling and condensation
From Straube & Bumett, 2005

Water Molecules
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Size Matters
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Polar Molecule
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Vapor Diffusion
Convective Flow

Adsorbate  Surface Diffusion

Vapor Concentration
Air Pressure

Concentration
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Monolayers of
adsorbed water
increase with
increasing RH

Building Science Corporation

%mem

Monolayers
flow along surface

following concentration gradient
_——
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“Bister”
Fiberboard o

coverboard Modiied bituminous
system (MBS) covering

Polyisocyanurate Fluted steel
insulation ool deck

Concrote
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Gravel protective
cover

Felt ply
Interply layers
Adhering layer

C P X =g 7 *

A 2 A 4 A ¥ .
5 : 5 A . <«——— Deck, insulation
. or cover board

From Baker, M.; Roofs, 1980
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Monolayers of
adsorbed water
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Calculating capillary rise

Vapor Diffusion Vapor Concentration
Convective Flow Air Pressure

Adsorbate  Surface Diffusion Concentration

Liquid Capillary Flow Suction Pressure

Building Science Corporation Building Science Corporation
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Capillary rise versus diameter

100 1
90 1

80 1

Curvature
("meniscus”)

70 4

60 4

50 4

40 4

capillary rise [inch]

o Hydrogen atoms (+)
“reach” upwards toward

304 oxide ()

20+

10+

/m\@/w\@,m\@/w

000 001 002 003 004 005 006 007 008 009 010
diameter [inch]
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Concrete slab

Polyethylene
vapor barrier
Granular
capillary break
and drainage
pad (no fines)

Capillary break under
l’w
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Vapor Diffusion
Convective Flow

Vapor Concentration
Air Pressure

Capillarity + Salt = Osmosis

* Mineral salts carried in solution by capillary water
*  When water evaporates from a surface the salts left behind form

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

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

Joseph Lstiburek 70

3to 5 psi
300 to 500 psi
3,000 to 5,000 psi

Adsorbate  Surface Diffusion Concentration ;
crystals in process called efflorescence
Liquid Capillary Flow Suction Pressure
Osmosis Solute Concentration efflorescence
Building Science Corporation Building Science Corporation
Joseph Lstiburek 69
Pressures
©) @ ® @
g
2 2 R + Diffusion Vapor Pressure
A - - - « Capillary Pressure
T T f‘fK + Osmosis Pressure

Building Science Corporation
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Combined Flows

Building Science Corporation
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1.E-06
1.E-07 4
Pore Size

(m) 108+
1.E-09 4
1.E-10 + t t et !

0% 20% 40% 60% 80% 100%
Relative Humidity (%)
Ambient relative at which capillary is

to occur by the Kelvin equation
From Straube & Burnett, 2005

H "
§ the pores.
]
L3 .
2
s
z
-]
g Moo and mussiayees of
o wer molecuies
e
g <
0 20 40 60 80 100

Relative Humidity (%)
Partial Pressure of Water Vapor
Change in the storage of moisture in a porous buiding material as the

partal pressure of water vapor in the ambient ar increases from zero
10 full saturation value at a given temperature

Sorption Curve
From MX. Kumaran, ASTM MNL 18.2n¢ Eciten,
Maosture Control in Buiksiegs, 2009
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o

W,,, + supersaturation: all pores filled with water

E
capiliary saturation x
D free capillary
water
v
I
- C
- B » //
e adsorbed
A o> e water:
/""} hygroscopic
regime
v
n 40 @ %) 100

Rogimes of moisture storage in a hygroscopic porous material

relative humidity (%)

A Single-layer of adsorbed molecules
B: Multipie layers of adsorbed molecules
C:

layers pil;
D: Freo water in Pores, capitary sucton
E: Supersaturated Regime

From Straute & Bumett, 2005

— == Kelvin (condensation)
---- Rounsley (adsorption)
Actual measured

moisture
content

0 relative humidity 100

Typical predicted sorption isotherm according to Kelvin equation
and modified BET theory
From Straube & Bumnett, 2005
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Moisture
Content
(w%)

Relative Humidity (%)

Average sorption isotherm for wood as a function of temperature
From Svaube & Bumett, 2005
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Water Vapor F vs. F

100

20

Water Vapor Permance, US perms

0 10 20 30 40 50 60 70 80 90 100
Mean Relative Humidity, %

4, = Dry cup parmeance
4, = Wet cup permeance
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L] ASHRAE (2009)

Water Vapor Permeance of MemBrain™ Smart Vapor Retarder,

Mean Relative Humidity, %
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1600

1200

Permeance
(ng/Pa s m?)

800

400

Relative Humidity (%)

Vapor test results for wood- a tunction of RH
[Kumaran ot al 200;
From Straube & Bumett, 2005
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Wood Fiber

Fibers get much thicker than longer
when they pick up moisture

Studs get much wider and thicker,
but not much longer, when they pick up moisture

Building Science Corporation
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Machine
direction
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Still More Combined Flows

Building Science Corporation

—Water
/

| V4

Schematic drawing of the transient moisture transport process that is
used to determine the liquid diffusivity of porous building materials. All
four longitudinal surfaces of the test specimen are coated with water
vapor resistant epoxy resin and one of the open-end surfaces is in contact
with water while the other is open to the ambient air.

Determining Liquid Diffusivity of Porous Building Materials
From M.K. Kumaran, ASTM MNL 18-2nd Edition,
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How Does Wetting Occur?
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=

* “‘non-wetable" surface

« water repellant surface

« hygrophobic surface

« water more attracted to itself than to surface

« surface energy of water greater than surface
energy of surface

« water "beads up”

« "greasy” surface

« high contact angle “0"

+ non-water repellant surface

+ hygroscobic surface

« water more attracted to surface than itself

« surface energy of surface greater than surface

« “non-greasy” surface
« low contact angle “6"

Building Science Corporation

/ﬂ.\/ /H P e

Non-wetting Partial watting Wetting Perfect watting
0>90" 0 =90" <90 0=0"
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Building Science 2008

Joseph Lstiburek — Rain Control 115
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Water (20 C)
Water (100 C)
Epoxy
Polyethylene
Soapy water
Paraffin wax
Silicone
Teflon

Surface Energy
73 dynes/cm
59 dynes/cm
46 dynes/cm
31 dynes/cm
30 dynes/cm
25 dynes/cm
24 dynes/cm
18 dynes/cm
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More Combined Flows

Hutcheon-Paxton Experiment

Water concentration

Salt concentration

~
-1 \ s -
- ) a 1
No temperature et = o -~ =
diftarence Rz £ =
- _ -~ - ~
\ N\

Water concentration

Salt concentration

Appied  §
temporaturo
afterence 8
Vapor diffusion
Condensation l T Evaporation
Capillasity Surface diffusion
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When Phases Change

Building Science Corporation
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QOutside Inside
70°F
o°F { \ Dewpoint
—_— (50% RH, 70°F)
—— Location of
. condensation
Exterior ——» and frost
sheathing
Building Science Corporation
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Sensible Heat 14.2 Jig/K Vapor
Latent Heat 2250 Jig
Energy
Sensible Heat 42JgK Liquid
Latent Heat 333 Jig
2.1 Jig/iK Solid
T
0 373

Temperature (K)

Simple linearized energy-temperature relation for water

From Straube & Bumett, 2005
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The inside tace of the
extorioc sheathing i
the condensing surtace
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The inside face of the
insulating sheathing &
the condensing surtace
of intorest

Véood-based siding

R-7.5 rigid insulation
R-13 cavity insulasion in wood

frame wall

Gypsum board with any paint ot
wall covering

Temperature ('F)

%)
- Insutaborvsheathing intertace

0 tomperature (R-7.5 sheathing.

R-13 canity insulation as
80 shown in adjacent drawng)
% f” Mean mosty outdoor
tompacature
40 .
Dew pont temp

10 Ll Ll s3%%RH, 70F | |

[
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WINNIPEG

WETTING POTENTIAL
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pressure, saturated vapour pressure

and inside vapour pressure for Winnipeg.
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— Roof sheathing

AN
" Condensation and frost
accumulating on underside
of roof sheathing

Attic
/ insulation
,,,,, - ~ : (

Dewpoint
Inside
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Outside
Radiation to
night sky g gg

" Roof sheathing

~— Condensation and frost
accumulating on underside

of roof sheathing
Roof sheathing §
Condensation and
and top of attic /
insulation are At /" frost aot:’umulahng
radiation-coupled / on top of attic

/ insulation

Inside insulation
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Revisiting Convective Flow

=

—
—

I/—— [E=

Bt =1

Building Science Corporation
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Outer
lining
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Inner
lining

)

f

Building Science Corporation

Ci 7/ ’
laddi
ve:tila:?:;l

A

N

/A
/A
/A
//
/7
/A
/]
/A

.

Outer lining

leakage

Inner lining
leakage
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Brick veneer

Air space

Building paper

Interior gypsum board

Metal studs are perforated
permitting air to be drawn
through wall cavity -

© ]

Gypsum ing

Fiberglass cavity —
insulation

L‘kol'wo Dlocloc o lo o‘o._

— Interconnected hollow wall

cavity constructed from metal
studs with punched openings
acting as an air duct

Interior spaces are at a positive
pressure relative to the exterior
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Interior Load
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Seattle, WA
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Exterior Conditions. Conditions within Cavity: Interior Conditions
Temperature: 80°F Temperature: 100°F Temperature: 75°F
Relative humidity: 75% Reolative humidity: 100% Relative humidity. 60%
Vapor pressice: 2.49 kPa Vapor pressure: 6 45 kPa Vapor pressure: 182 kPa
Solar radiation . | >ﬁ/>
strikes wall | —
Brick veneer is saturated P

with rainwater _ -

1-nch air space % e

Folt paper é

sheathing —

Fiberglass insulation — l .

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

Interior gypsum board H—

inside of an air

backed batt cavity insulation should also be nvo'ded

It not » good iden Lo insish s vapor barrier (payelhylene) on the
Vinyl wi and foil-

exterior
plperi should not be used with absorptive claddings such as
brick veneers uniess a ventilated cavity is provided in comunct-on

or building

with high inward drying (i.e. no interior vapor
barriers)

= Fadure will occur when brick is installed over a frame wall oonslruasd
with felt paper, and an interior

barrier. Kraft-faced fiberglass batts should be used in place of unhcod
batts and a polyethylene vapor barrier. OSB, plywood or foam sheathing

should be used in place of the fiberboard sheathing

+ Simdar problems occur with stucco.
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Gbul‘mtpao‘oponarmm

» 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

Seat in foundation acting as flashing

Building Science Corporation
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Masonry (‘reservor)
Foitaced Sberblass.
“Dlanina exsulaton

e Fol is interior

LYY XY

Y Yy iy

Rain water is deposited on
exteror face of masonry

* Rain water enters masonry
theough paint layer

Solar radiation
strikes wall

* Solar radiation heats exteror
while A/C cools interior

* Moisture is driven inward,
condenses on foil vapor bamer
and runs down wall

Building Science Corporation

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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Solar radiation
strikes wall

Building Science Corporation
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T e watee
Building Science Corporation
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Rain Gravitational Flow Height
Surface Tension Surface Energy
Momentum Kinetic Energy

Convective Flow

Air Pressure
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Rain droplets can be
carried through a wall
by their own momentum

4 r4
S L
2
b r-3 L
#om.o# #.
3
b -3
b b
b -3
y-]
L L

Novmeber 19, 2014

Rain entry by momentum
can be prevented by designing
wall systems with no straight
through openings

Building Science Corporation

Water
film ——>

Rainwater can flow around
a surface as a result of
surface tension

Water
film

Kerf ——

Providing a kerf or drip
edge will promote the
formation of a water

droplet and interrupt flow
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/: “ 4 Flashing
. with drip
ed
Z 1/

=== = -
£ '
&
f
» &
&

Rainwater can flow down
surfaces and enter through
openings and cavities

flow rainwater back toward

Flashings direct gravity

the exterior

Building Science Corporation

Exterior air  Cavity air Interior air
pressure  pressure pressure
(Pe) (Pc) (PI)

-
~
Sxlw
qo
X l
o
Pe > Pc > Pj

Driven by air pressure differences,
rain droplets are drawn through
wall openings from the exterior

to the interior

Exterior air Cavity air Interior air
pressure pressure pressure
(Pe) (Pc) (Pl)

\/ d
-—— =

Ko L

l Pe=P¢c>Pj

By creating pressure equalization
or pressure moderation
between the exterior and cavity air,
air pressure is diminished as a
driving force for rain entry

= o

NNNNNY
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When We Talk About Rain We Also Include
Capillary Flow

Novmeber 19, 2014
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Water »

film ————> —p

b
& »
&
3

-

Capillary suction draws
water into porous material
and tiny cracks

Cavity acts as capillary
break and receptor for
capillary water interrupting flow

Building Science Corporation
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All We Have To Figure Out Is How Much Hits
The Wall

Building Science Corporation
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All We Have To Figure Out Is How Much Hits
The Wall

We Need Straube and Kuenzel

Lstiburek
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Hydrostatic
pressure

Hydrostatic
pressure

Hydrostatic
head

«—— Cladding

Building Science Corporation
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mph

Wind Speed (mph) vs. Stagnation Pressure (Pa)

100 200 300 400 500 600

Pa

900 1000
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Rain enters cup b
due to momentum
("kinetic energy”) b

L

4

‘7

(=2

[+

to exterior

Cup drains water

Novmeber 19, 2014

Building Science Corporation
2011

Baffle to deflect raindrops
hitting face of cup due
to momentum
("kinetic energy”)

Pressure incup is b
same as pressure

outside on face ™=

of baffle

Momentum driving force
converted to gravity—
water drains away

Wind enters cup—
pressurizing cup;
no rain entry due
to wind driven rain

oo "‘

Cup can still drain
water to exterior

Building Science Corporation

Lstiburek

Rain enters cup 1+
due to momentum
("kinetic energy”) b
5} Entire wind
Wind enters cup— —> « pressure
pressurizing cup; b taken here
no rain entry due
to wind driven rain b
A
v
A o "
& Cup can still drain
water to exterior
Building Science Corporation
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Insulating N
glass unit >
X 2 Seal (tape)
Seal (gasket) e P
A
5 y — Setting block
Entire wind (typically two
pressure i per unit)
taken here /
B S -
X 1
Hole providing —. :_ ______ 3
drainage and Ma
pressurization P Frame
¥
——J
L L S Ly
! |
1
) Rough opening :
I '
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Outer seal sees
water but not
pressure; no
pressure difference
across this seal,

Key seal is interior
seal as it takes
maximum wind load
but it does not see

therefore no rain water
entry
Pressure in chamber g 2
is same as pressure ;Elr":srseu\:'vemd
outside on face of | < taborhcio
(i .
i Pressure
Air enters and sl
pressurizes chamber
chamber
= - - - - =

. —— -
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Pressure
moderated
chamber

Adhesive -backed
sill flashing

Housewrap

Sheathing

Interior air seal

Beveled wood
siding
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Intent of sealant is to
limit this lateral flow of
water between
sheathing and
building wrap

Flashing tape

Sealant “bedding”
joint

Building wrap
“wrapped” into
opening
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Building Science Corporation

— Sealant
backer rod

Inner seal

Wind pressurizes
chamber between
inner and outer
seal

Sealant
backer rod

Outer seal
— Vent tube
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— Sealant

backer rod
Inner seal

Pressure
chamber

Building Science Corporation

Inner, protected seal

> Quter, exposed

seal

Drain and vent
opening
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'\ Drainage opening
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Interesting Complications
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Penetrating
Water
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Sheathing

Penetrating
Water
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Rain Screen
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Beer Screen?
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Cladding P 43
ventilation

Insulating sheathing

) S ——
leakage 4 Inner lining

Outer lining leakage
leakage
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Vapor Diffusion
Convective Flow

Adsorbate  Surface Diffusion

Liquid Capillary Flow
Osmosis
Gravitational Flow
Surface Tension
Momentum
Convective Flow

Vapor Concentration
Air Pressure

Concentration

Suction Pressure
Solute Concentration
Height

Surface Energy
Kinetic Energy

Air Pressure
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