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2nd Law of Thermodynamics

Building Science Corporation

Joseph Lstiburek 2

Lstiburek

© buildingscience.com

10f 116



Carlisle Roofing Building Science October 1, 2015

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
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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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Vapor Barriers — Air Barriers
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Damage Functions
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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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Heat
Air
Moisture
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HAM
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Hygrothermal Analysis
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What is a Building?
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A Building is an Environmental Separator

Building Science Corporation
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. 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
Building Science Corporation
Joseph Lstiburek 22

Lstiburek © buildingscience.com 11 of 116



Carlisle Roofing Building Science October 1, 2015

Water Control Layer
Air Control Layer
Vapor Control Layer
Thermal Control Layer
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Cladding |:
Control layers =

Structure - -
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< Control layer

<—— Control layer
<+— Roof structure
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< Slab

< Control layers
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Roof
H Wall
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Roof
H Wwall
Slab
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. Parapet
1
: Roof
: Wall
Slab
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Parapet
1
: Roof
: Wall
Footing Slab
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Parapet
I[ Roof
Window Wall
I
Footing Slab
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Brick veneer/stone veneer —————»|

Drained cavity

Exterior rigid insulation — extruded
polystyrene, expanded polystyrene
isocyanurate, rock wool, fiberglass

Membrane or trowel-on or spray
applied drainage plane, air barrier
and vapor retarder

Concrete block

Metal channel or wood furring

Gypsum board

Latex paint or vapor semi-
permeable textured wall fiinish

-

Vapor Profile

e
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Brick veneer/stone veneer ————

Drained cavity

Exterior rigid insulation — extruded VA
polystyrene, expanded polystyrene,
isocyanurate, rock wool, fiberglass

Membrane or trowel-on or spray
applied drainage plane, air barrier
and vapor retarder

Non paper-faced exterior gypsum
sheathing, plywood or oriented strand
board (OSB)

Uninsulated steel stud cavity .

Gypsum board

Latex paint or vapor semi-
permeable textured wall fiinish

\ _—)

Vapor Profile
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o
Brick veneer/stone veneer —»Z

Drained cavity

Exterior rigid insulation — extruded
polystyrene, expanded polystyrene,
isocyanurate, rock wool, fiberglass Z

Membrane or trowel-on or spray

applied drainage plane, air barrier

and vapor retarder

Non paper-faced exterior gypsum

sheathing, plywood or oriented strand

/7
/7
board (OSB) Z
//
i

Insulated wood stud cavity

Gypsum board

Latex paint or vapor semi-
permeable textured wall fiinish

Vapor Profile
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Call 1-800-44-TYVEI

@UPIND

K WWW.CONSTRUCTION.TYVEK.COM
The miracles of science”
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Hydrostatic
pressure
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Wind Speed (mph) vs. Stagnation Pressure (Pa)

0 100 200 300 400 500 600 700 800 900 1000
Pa
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Water control
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Rain enters cup b
due to momentum
(“kinetic energy”) b

%

é

6 Cup drains water
to exterior
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Rain enters cup 5
due to momentum
("kinetic energy”) b

Wind enters cup— »

pressurizing cup; b
no rain entry due
to wind driven rain

A

v

A . "

@ Cup cansstill drain
water to exterior

A

v

Entire wind
pressure
taken here

Building Science Corporation
2011
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Baffle to deflect raindrops
hitting face of cup due
to momentum
(’kinetic energy”)

Pressurein cup is b
same as pressure
outside on face

of baffle n

Momentum driving force
converted to gravity—
water drains away

Wind enters cup— —>

pressurizing cup;
no rain entry due
to wind driven rain

C
CA
& Cup can still drain
o water to exterior
o

Entire wind
pressure
taken here
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Insulating
glass unit

\

Seal (gasket)—\

N

Hole providing —.

I

Pl

drainage and
pressurization

Rough opening

A Seal (tape)

— Setting block
/ (typically two
per unit)

Building Science Corporation
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Outer seal sees
water but not
pressure; no
pressure difference
across this seal,
therefore no rain
entry

Pressure in chamber
is same as pressure
outside on face of
assembly

—

Air enters and sl

pressurizes
chamber

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

Entire wind
| e pressure
. taken here
Pressure
chamber
—— - - Y=
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Pressure
moderated
chamber

Adhesive -backed

sill flashing

Housewrap ———————»

Sheathing

Interior air seal

Beveled wood
siding
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Sealant
backer rod
Inner seal
2" 2 75 2 T
: ‘Wind pressurizes -
CNY. TS - L4 a ERY ] o cha"'ber between o
3 . - : ~ “ inner and outer - .
A e 8 1 £ & ' & _sexra' . & s a
Sealant Outer seal
backer rod
Vent tube
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Sealant
backer rod

Inner seal

— Pressure
© chamber -

Baffle
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Outer, exposed
seal

\

Inner, protected seal

Drain and vent
»L- opening
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— Drainage space
/7 Backer rod
4 Sealant

Sealant ——
\

Backer \
rod , O

\

\—— Exterior face of
cladding

\ Drainage opening
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Fully-adherod water
‘control membrane

Air control layer
transion membrane

Fiberglass ban 7777
insulason

transiton membrane;
air and water control

Cant

Fully-adnared roof membrane
Rigid insulation

94890

Building Science Corporation
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Parapet flashing ——
i \ — Tapered rigid insulation
Fully-adhered water 1\ ; Grout and reinforce
control membrane 1) / / parapet CMU as per
/ / structural requirements
Y. N
7 [~ Backer rod
/ - Perimeter of roof insulation wrapped in air
/ | control membrane to block airflow from roof
A / | toparapet
] / |~ Fully adhered roof membrane
7/ ||~ Two (2) layers insulation; joints
Z || | staggered horizontally and vertically
4, 1
7/ '
?,
7
Fully-adhered water, ,/4 n
air and vapor control e
membrane 7/
7
Peel and stick /,/,/, -
transition
air and water control 7/ NG Deflection space
Backer rod to fill
/// deflection joint and
debond water and air
barrier
V77 :
Building Science Corporation
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Parapet flashing “\
Fully-adhered water — Tapered rigi
control membrane \ [ i:se“iaﬁo: Lo

- Backer rod
. / L — Perimeter of roof insulation wrapped in air control
A control Iayer 777 ,/ membrane to block airflow from roof to parapet
Fiberglass batt V. - / / / Fully adhered roof membrane
3 8 L = / [ — Two (2) layers insulation; joints
Water, air and vapor ez | | — / staggered horizontally and vertically
' 7
control 4,
fully-adhered 7 -
Peel and stick ////// <
\
/7/7\\
\— Air control membrane

air and water control

\ L Metal deck
gauge steel framing
(ns(alled sllghlly proud
of I-beam) \
Open web steel joist

F batt
insulation
Backer rod fills gap
Peel and stick
transition membrane; -
air and water control
Deflection track allows space
A for sheathing to move
Water, air and vapor
control membrane;
preferably fully-adhered ¥
Building Science Corporation
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Parapet flashing \
Fully-adhered water Tapared rigi
control membrane i bmm
Air control layer
transition membrane
Vapor parmeable ——
water control and
air control membrane /~Backer rod
strip r~ Perimater of roof insulation wrapped in air control
membrane to block airflow from roof to parapet
216M spray r— Fully adhered rool membrane
ane foam Two (2) layers insulation; joints
red horizontally and

polyureth;
tal blocking 2
: L Au oonlrol
Water, air and vapor
control membrane;
preferably fully-adhered

Open web
sieel joist
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Parapet flashing
Fully-adhered wat —
oon’y e Wr:ﬂ Tapered rigid
Polypropylene mesh supporting
Air control kayer fashing
” Gap in membrane 10 allow
drying by vapor ditfusion
2,
77 /~Backer rod
//% "~ Perimeter of roof insulation wrapped in air control
m | membrane 10 block airflow from roof to parapet
2 Ib/1 spray 77777 Fully adhered roof membrane
oy oL
stagge rizontally a
Y,
ZZzz73 i |
Metal biocki
between steai stwds. (A0 *
%ﬂf L Metal dock - Air control
membrane
Water, air and vapor 7@
control ;
preferably fully-adhered
%
%,
v
H,
% mﬂ pm
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—Cant
/ — Engineered wood blocking
— Fully adhered roof membrane

Peel and stick
transition membrane;
air and water control

Fiberglass batt
insulation gg

Backer rod fills gap —

Peel and stick
transition membrane; 7/
air and water control

Fully-adhered water,

air and vapor control
membrane 7

f\

AN

AN

/— Perimeter of roof insulation wrapped in air control
membrane to block airflow from roof to parapet

/ — Two (2) layers insulation; joints
[ i and i

/ [

\_ Air cot{lél\n}embmne
Metal deck

Light gauge steel framing
(installed slightly proud
of I-beam)

v
L Open web steel joist

Deflection track allows space
for sheathing to move
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r— Fully adhered roof membrane
— Perimeter of roof insulation wrapped in air control
membrane to block airflow from roof to parapet
— Two (2) layers insulation; joints

/ | staggered horizontally and vertically

Peel and stick

air and water control

Fiberglass batt
insulation

Backer rod fills gap ——

Peel and stick

transition membrane;

air and water control

Fully-adhered water, V%

\ 77\
\— Metaldeck Air control membrane

Light gauge steel framing
(installed slightly proud
of I-beam)

(- Open web steel joist

Deflection track allows space
for sheathing to move

air and vapor control

membrane —
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It's a Case of Black or White
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Arrhenius
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It's a Case of Black or White
Arrhenius
Every 10 degrees C — double the “badness”
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Supply air into occupied
zone returns to AHU by

Air handling unit extracts air from dropped

ceiling, conditions

it and injects it into the

passing through deliberately | occupied zones via supply ductwork

porous dropped ceiling or
through return grilles
installed in dropped

Dropped ceiling
depressurized by
air handling units
extracting air from
dropped ceiling

i

ceiling
Air handling ir handling

* © [ Ay i TH] 'O+,
T I 1
: + Occupied Zone +

1 1 1
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Air barrier s
to prevent a

ystem not present
ir from being extracted

from roof assembly

A7 Corrugated metal
- roof deck
Brick veneer —» |
= Membrane roof
/
- / Rigid insulation
Building paper [

Interior gypsum
should extend to L
underside of

roof deck and 7/
be sealed :
// //
/ /|
Exterior sheathing v
/
Metal stud wall - >
7
Cavity insulation > >
/[ /

-t )

( Return plenum operates
under negative pressure relative @
to occupied space and exterior

C 1C

\ Suspended

ceiling

Top chord bearing roof truss

«—— Interior gypsum
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Intent of sealant is to Flashing tape
limit this lateral flow of
water between
sheathing and

building wrap

Sealant “bedding”
joint

Building wrap
“wrapped” into
opening
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Sheathing

Penetrating
Water

Building Science Corporation
Joseph Lstiburek — Rain Control 150
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Sheathing
4 4 4 y 4 4 4
{ (! )
Penetrating
Water
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Rain Screen
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Beer Screen?
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Lstiburek

Rockwool

1x3 furring @ 24” o.c.

#10 screws @ 16” o.c. vertically
Result: 20 psf cladding weight
with <2/100” deflection
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Steel studs

Second layer of z-bars
should be installed
perpendicular to the first
layer; orientation of the two
layers will depend on the
requirements of the
cladding attachment
system.

Metal panel

First layer of z-bars embedded in the
insulation layer; should the first layer be
installed horizontally, the exterior leg

should be turned down to promote

drainage to the exterior.
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Steel studs
Sheathing

Fully-adhered air and
water control layer

Continuous insulation
layer

Cold
formed
clip angle

Metal panel
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— Single top plate

2x6 stud wall @ 24" o.c.
Taped and painted /"
gypsum wall board as
interior finish

Fiberglass or cellulose
insulation in stud space

OSB sheathing with
water control layer

facing; joints taped/
sealed
tinuous insulation;

Furring strip spacer

~— Cladding

Spray foam
insulation at rim
joist

jois
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Single top plate
2x6 stud wall @ 24" o.c.
Taped and painted ',"

gypsum wall board as
interior finish

Fiberglass or cellulose
insulation in stud space

Continuous insulation;
rigid 1'," typical

Tape joints in continuous
insulation

Furring strip spacer

Cladding

Spray foam
insulation at rim
joist
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Innies and Outies

Building Science Corporation

Joseph Lstiburek 169

Building Science Corporation

Joseph Lstiburek 170

Lstiburek

© buildingscience.com

85 of 116



Carlisle Roofing

Building Science

October 1, 2015

Building Science Corporation

Joseph Lstiburek 171

Building Science Corporation

Joseph Lstiburek 172

Lstiburek

© buildingscience.com

86 of 116



Carlisle Roofing

Building Science

October 1, 2015

Building Science Corporation

Joseph Lstiburek 173

Building Science Corporation

Joseph Lstiburek 174

Lstiburek

© buildingscience.com

87 of 116



Carlisle Roofing

Building Science

October 1, 2015

Building Science Corporation

Joseph Lstiburek 175

Building Science Corporation

Joseph Lstiburek 176

Lstiburek

© buildingscience.com

88 of 116



Carlisle Roofing

Building Science

October 1, 2015

Building Science Corporation

Joseph Lstiburek 177

Building Science Corporation

Joseph Lstiburek 178

Lstiburek

© buildingscience.com

89 of 116



Carlisle Roofing

Building Science

October 1, 2015

Building Science Corporation

Joseph Lstiburek 179

Outies

Building Science Corporation
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Outies with Fluffy Rocks
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Building Science Corporation

Outside Inside
70°F
O°F \ Dewpoint
— (50% RH, 70°F)
Location of

<
' condensation
Exterior —> and frost
sheathing
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Energy

Sensible Heat

Latent Heat

Sensible Heat

Latent Heat

14.2 JIg/K Vapor

2250 J/g

/142 J)g/k Liquid |

333 Jig

2.1 JIg/iK Solid

I I
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 ——Fp 1 —1 —{— Dew point temp. | + —
at 50% RH., 70°F 1 T
Wood-based siding v
60 {
Building paper frag
< 50} ! } | { 1
Exterior sheathing £ Mean monthly outdoor
2
R-19 cavity insulation in wood g 40 1~ tomperature
frame wall b4
g 30 + . L + + 4 ! 4
= Dew point temp. T
20 4 ! | at35% RH, 70°F == =)= = ¢
\
Gypsum board with any paint or 10 | . . { Dew point temp. 4 | — { i
wall covering at20% R.H., 70°F

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 80 T T T T
70 ~ - -
/ | temperature (R-7.5 sheathing,
o [—4 | R-13 cavity insulation as

Wood-based siding b—1 60 // A /— shown in adjacent drawing) —1

=1 oy \r ‘

— S M thly outd —
R-7.5 rigid insulation L 2:: s 50 %/ﬂf (eem‘f;x;e y outdoor. \ 1 ; } /

=1 2 N\, e O —el B G
R-13 cavity insulation in wood | 4 Potential for
frame wall [ E 30 1 ! W

— ° [\

= 20 /

_;: Dew point temp. —/
Gypsum board with any paint or = 10 1 at35%RH, 70°F
wall covering []' - | I

P

0
APR MAY JUN JUL AUG SEP OCT NOV DEC JAN FEB MAR APR MAY
Month

Lstiburek

Building Science Corporation
Joseph Lstiburek 207

Building Science Corporation
Joseph Lstiburek 208

© buildingscience.com

104 of 116



Carlisle Roofing Building Science October 1, 2015

S

NSNNNNNN 22727 8 pae

“The Ugly” “The Bad” “The Good”

Building Science Corporation

Joseph Lstiburek 209

Building Science Corporation

Joseph Lstiburek 210

Lstiburek © buildingscience.com 105 of 116



Carlisle Roofing

Building Science

October 1, 2015

Building Science Corporation

Joseph Lstiburek 211

As per structural
e.g. 36" to 48” (900
to 1200 mm) o.c.

Weld

Cast-in plate
Concrete slab
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WEDGE SHIMS INSERTED BEHIND/FRONT OF
ANGLE TO ENSURE DIRECT BEARING ON
BRACKET AND PROVIDE LEVEL (IF NECESSARY)

ANCHOR BOLT

FAST™
BRACKET
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\/

Sill beyond

Carry membrane
onto curtainwall

shoulder, seal and
mechanically
clamp in place.

Metal brake
shape over
rigid insulation

Sealant and
backer rod

A

Water, air and
vapor control
membrane

Q00

Thermal control
(insulation) layer

Building Science Corporation
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Sealant for air control layer continuity —
Stool and apron

Wood buck (OSB rimboard,
plywood, etc.)

2X wood blocking

Water, air and vapor control
layer

%%

h

Aluminum window

End dam (shown beyond)

Precast sill

Thermal control; extruded
or expanded polystyrene,
polyisocyanurate, rockwool

Brick veneer
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