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It all starts with the Theory : Perm
Molecules
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Presentation Roadmap

e Current Understanding
e New Standards

e Application

e Future

e Conclusions
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Challenge

e Develop the scientific competencies to analyze
complex dynamic heat, air and moisture transport
processes in porous media (Hygrothermal)

e Develop a framework to evaluate & characterize
the performance of building envelopes systems
and building stock

e Use the scientific competencies & framework to
develop guidelines for moisture control, improve
Building Codes validate new innovative products
& educate building designer & architects
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Why have Envelopes worked well
In the Past ?

UT-BATTELLE




Past Approach

Attention to Detail
Trial and Error but

Little Building Science

Worked until:

« Enhanced Comfort
Requirements

 Energy Conservation

 Material started to
Change

UT-BATTELLE




What 1s needed is BETTER DESIGNS

e Increased drying performance
— Solution : DESIGN

o Better Water Management
— DESIGN

e More Forgiving Systems
— Innovative Materials

UT-BATTELLE




Building Science Approach

e Define Physics

e Define Load Inputs

e Define Material Response

e Define Construction Systems &
Sub-Systems
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Models

Development of a scientific model

Problem

Literature review > Mathematical Model

Software

L ]

Optimization

Experimental
validation in the
laboratory and field

tests » Scientific model
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Models

/ International

Energy
Agency

Heat, Air and Moisture Transfer
in Insulated Envelope Parts

Final Report

Volume 1

Task 1: Modelling
Addendum

Common Exercises
Summary Reports

g t.}::..‘ ’y

| Energy Conservation in Buildings
/ and Community Systems Programme

|
[

Old Approach

Type

Transport Phenomena

Steady
state

Transient

Number
of Models

- Heat conduction
- Vapor diffusion

<

- Heat conduction
- Vapor diffusion
- simplified capillary flow

X X X|X X

- Heat transport
- Vapor diffusion

- Heat transport
- Vapor diffusion
- Liquid transport

X X X|X X

- Heat transport
- Convection

>

X

- Heat transport
- Vapor diffusion
- Convection

- Heat transport
- Vapor diffusion
- Convection

X X[X X X

- Heat transport
- Vapor diffusion
- Convection

- Heat transport
- Vapor diffusion
- Liquid transport
- Convection

XX X X[X X X[X

IEA Annex 24 - Task 1 (Hugo Hens) 14 countries - 37 models
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Models

New Approach

Type 1
Steady State Glazer Scheme: Heat
conduction, vapor diffusion with constant
material properties

Type 2
Steady State Glazer Scheme: Heat conduction,
vapor diffusion corrected for capillary with constant
material properties, thermal-hygric link Psat(T)

Type 3
Transient heat and vapor transfer, variable material
properties (moisture ratio), thermal-hygric link Psat(T)
equation and latent heat

Type 4
Transient heat, vapor and liquid transfer, variable material
properties (moisture content and temperature), thremal-hygric link
Psat(T) equation and latent heat

Type 5
Steady and transient heat, air transport, constant material properties,
thermal-air link enthalpy transfer and stack effect

Type 6
Steady heat, vapor and air transport, constant material properties, heat-mass link the
Psat(T), latent heat and enthalpy transfer

Type 7
Steady heat, air transport and transient vapor transfer, constant material properties, heat-
mass link the Psat(T), latent heat and enthalpy transfer

Type 8
Transient heat, vapor, and air transport, variable material properties, heat-mass link the Psat(T),
latent heat, enthalpy transfer and stack effect

Type 9
Transient heat, vapor, liquid and air transport, variable material properties, heat-mass link the Psat(T),
latent heat, enthalpy transfer and stack effect




Models

Hygrothermal Models

A

Steady State

|
1

A

Transient

R

|
1

2-D, 3-D | |

Stochastic |

Deterministic I

1y

Fields: Pv, T,

Constant Properties

Fields: Pv, T,
Constant Properties

1y

[y

Fields: Pv, T,
Variable Properties

Fields: Py, T,
Variable Properties

|
%

Fields: Py, T,
Variable Properties

U

iy

Fields: Pv, T, Psuc,

Variable Properties

Fields: Pv, T, Psuc,
Variable Properties

Psue,

Fields: Pv, T, Ptot,

Variable Properties

0

??

Fields: Py, T, Ptot,
Psue,
Variable Properties

SN

Stochastic Material
Properties

17

Stochastic
Boundary Conditions

Fields: Pv, T, Ptot,
Psuc, Building System
and Sub-System
Effects,
Variable Properties
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Out of the Date Models
Glaser / Dew Point Method

e Compute the
temperature and
saturation vapor press. \
profile

e plot p versus diffusion
resistance:
risk of condensation \

Limits:
* only steady state behaviour
* only diffusion

* no heat and moisture
storage

* no coupling of heat and
moisture transfer
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Models

History

1856
1957
1957
1958
1983
1987
1990
1992
1994
1994
1997
1999
1999
2001

Authors

Darcy

Krischer

Philipp & de Vries
Luikov

KieBl

Haupl & Stopp
Rode

Garrecht

Kinzel
Karagiozis & Salonvaara
Grunewald
Bednar

Mendes

Karagiozis

Models

MATCH

WUFI
LATENITE
DIM, DELPHIN

UMIDOS
MOISTURE-EXPERT
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Trends of Software Developments

building product

manufacturers
(Level l)

production

production system

prefabricated

buildings

practitioners

design process

guality control

(Level 1)
maintenance,
operation
educational universities
establishments carpenters,
(Level IlI) furthBF S aNSRy of

practitioners

00TV UOVCW

<=H=rr=W-=Xmrm
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Models

Construction

Material
properties

* Hygrothermal Model
- ——-r'—;’:;;‘ - - . ' T
g

-

....Moisture

,
3

I\

-

=

W
P

SRSy

=V-(D,V¢+5,V(¢ py))

Energy \L

-

Climate

2|3 |

an,
o

=V-(AVT)+ h,V-(de(¢ p.)

Boundary
conditions

=

Temperature Field
Moisture Field
Heat Fluxes
Moisture Fluxes
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Models

Overview of available HAM-software

= c LR

R = 5 2 | 2| 2 | 25

° s | o | & 5| 5 | &=
MATCH Rode 1 + + + t + +
WUFI-ORNL/IBP | Kiinzel, Karagiozis, 1 + + + +
WUFI-Pro 3.2 Kunzel, Schmidt, Holm 1 + + + +
WUFI2d Kiinzel, Holm, Eitner 2 + + + + + +
Delphin Grunewald 1 und 2 + + + + + +
1d-HAM Hagentoft, Blomberg 1 + + + 4 +
ConDry Hedenblatt, Arfvidsson 1 + + + +
Umidos Mendes, Ridley 1 + + + +
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Models

e The operator requires
knowledge, skill, and

7z

experience -
e Important to balance e
input data and results 205 b5

with engineering ‘t ,@ %‘&ﬁ% ..‘J?ET'“ c
experience and R
judgement A R

e Must understand
— boundary conditions
— material properties
— transport mechanism

— deterioration/damage T TUINK Mou SHOULD 82 MORE
mechanism EXPLICT HERE N STEP TWO,"
- CO n Stru Cti O n real iti es Harris’ beriihmtester Cartoon. ,Ich denke, Sie soliten den zweiten Schritt besser erklaren”

e Most models are presently 1-D
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Advanced Hygrothermal Modeling

ORNL
MODELS
RESEARCH

WUFI- ORNL MOISTURE-EXPERT
WUFI-2D ORNL ME-STOCH
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Calculation of coupled Transport:
Programming

Initial
conditions
Material Climatic data
properties Time steps
Construction m Surface transfer
Numerical grid Control parameters
New
time step
> Update thermal coefficients
Calculate temperature field
Update hygric coefficients
Calculate moisture field
No Yes

convergence

Temperature fields Moisture fields
Heat fluxes Moisture fluxes
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The Science

Transport Processes

Day (Drying)

Solar Radiation

Long Wave y t\me ~uarging of the Wall’s

Radi-* “g d | Heat Reservoir

x dur‘ N 5 Temperature
p\e Convection | . =
e 7 AN H_umidity._

Evaporation Enthalpy e IR AR

: FE R - P g
P o at fa :
. B s a

. LR " - v
LR T o I a o LD S
: . ., T, . oa
. 4 . -a

Vapor Diffusion [Hgse 144" 4 " | Vapor Diffusion

Air Convection

mm . :|Liquid Transport
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The Science

Transport Processes

N'th (Wettlng)

Long Wave
Radi=*-

du\' ng

p\e Convection _
Evaporation Enthalpy [+~ 1.+ .

e 3 d i .
e TR B a I
I i : -
A p—
- PRSI L a g ©
. L . ™~ i
. 4 - | ) -
LR
-

Vapor Diffusion

Vapor Diffusion [~ = et

-3 | Liquid Transport

H u mld |ty .

“‘g“t “‘m wischarging of the Wall’s

Tempe rature )

Heat Reservoir

Air Convection
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Engineering vs Physics Analysis
(REAL VERSUS IDEAL)

MODEL MOISTURE-EXPERT (Karagiozis, 2001, 2004)

Liquid Flow

Governing Equations

Moisture Balance Vapor Flow
—-—
The moistl;e tﬁnsport?al&ce IS give e

\ 4 N\ / Natural &
a(,Om(-r)u) » \ Forced
ot ‘ D (ULTM)W( y V¢‘_5 Vu -ﬂrw v L ’ Convection
\ \ e=ho
N\ P / o

- =
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Engineering vs Physics Analysis
(REAL VERSUS IDEAL)

Mass Balance

® 2Dy mp)=

Momentum Balance

® R, g, rpyin)--an + 4T

Energy balance

O pm(u,T)Cp(u,T)z—-lt- = =Vip.C,(TIVT )+ V(. TIAT)+ L (6, (uT)VP)

~ 2'g
Corestion Conduction Evaporation

+ L .p (uTu afa(;l')

Condensation UT-BATTE LLE:‘




MOISTURE-EXPERT v.2.1.3a

2-D Capabilities ~ L
Vapor Air Flow .'
Vapor and Liquid Diffusion

Solar and Sky Radiation
Wind-Driven Rain \
Moisture-Thermal Sources and Sinks

Dynamic Stack and HVAC Effects
Temperature Dependent Sorption Processes
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WUFI, WUFI-ORNL

1-D Capable
Vapor Air Flow

~d
) J

Vapor and Liquid Diffusion
Solar and Sky Radiation
Wind-Driven Rain
Moisture-Thermal Sources and Sinks, 2006
Cladding Ventilation (2006)
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Model VValidation

e Very few models have been validated

e Different levels of validation exists
— Material level
— Laboratory level
— Field level

The most validated hygrothermal model worldwide
is WUFI, WUFI-ORNL

The most validated research model worldwide is
MOISTURE-EXPERT
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Was the model VValidated ?7?77?

eYes.. Yes.. and Yes g::: Field & Lab

— ASHRAE TRP 1091 PSU/UW/ORNL
— Seattle WSU/DOE/ORNL Project

— Charleston EIMA/DOE/ORNL
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Laboratory Validation (0.8 Lps)

Panel 8 - Weight Change
1600
0.7 % (E-S)/E <0.35 %>
1400 r 2.6 % (E-S)/E <0.4 %>
—— Weight change
1200 N —— Moisture Expert
4.6 % (E-S)/E < 0.5 %>

1000
G 800 \<§
E
2 \ 6.2 % (E-S)/E <1%>
= 600 |

400 AN
\zo_o % (E-S)/E < 4% >
|

I I T T, N

7/3/02 12:00 AM 7/4/02 12:00 AM 7/5/02 12:00 AM 7/6/02 12:00 AM 7/7/02 12:00 AM 7/8/02 12:00 AM 78

-200
Date Figure 3. Airflow manifolds

connected to test panel on

counterbalance system

(Burnett e
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Laboratory Validation (1.6 Lps)

Weight (g)

Panel 9 - Weight & Relative Humidity

1600

1400 —— Weight change
= Moisture Expert

1200 \

1000 \

800 ﬁ‘

600
400 \
200 \\ ) ) ) S
Figure 3. Airflow manifolds
connected to test panel on
ounterbalance syFtem (Burnett et al‘
0 [20641) ‘ ‘

7/11/02 12:00 AM

7/13/02 12:00 AM

7/15/02 12:00 AM

7/17/02 12:00 AM 7/19/02 12:00 AM
Date

7/21/02 12:00 AM 7/23/02 12:00 AM 7/25/02 12:00 AM
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Field VValidation

Brick SBPO Ventilated
30
25 1
Experimental Overshoot
20 -
=== Measured
= Calc

Homosote MC, weight-%

’\ '

\hy | W

0 [ [ [ [ I
02/01/02 05/12/02 08/20/02 11/28/02 03/08/03 06/16/03
Date
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Field VValidation

Vinyl SBPO Ventilated

30

25

N
o
!

MC, weight-%
H
(€)]

=
o
|

0 ;
02/01/02

05/12/02 08/20/02

Date

11/28/02

03/08/03

06/16/03

== \leasured
e Calc

Did not
Adjust for
Initial Condition:
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Validation (LAB + FIELD)

e ME has been validated for Brick & Vinyl Walls

e Excellent Agreement was found

e Complex Processes Involved:
e Liquid Penetration (Incidental Water)
e Redistribution of Water
e Ventilation drying

e Diffusion Transport
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LOADS

p AR S, AN

The greatest UNKNOWNS

PTG AN How much load
1 s _'Ef-*?'* -: LoE (water penetration)
L Does this
woodpecker
cause ?
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LOADS

e ASHRAE SPC 160 P Yeap ! (Systems
Approach)
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Moisture Control: Building System

Energy +I
Air + :
Moisture,

I

—
 —
V |

. 1 UT-BATTELLE




Application Case

e |[IECC Vapor Retarder Recommendation

Effort by DOE

Building Science Corporation ORNL
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Sz Vapor Retarder Movement

Poly
Destroyed
Q. My Home

DNAL LABORATORY
SPARTMENT OF ENERGY



The Confusion

Vapor Guidelines & Codes

e Vapor Retarders are needed

e Vapor Retarders are not needed

o Vapor Retarder are imr- “0\_ G“O“
e Vapor Retar-’ p\“\O“- anportant

AN
{00 ™
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MOISTURE ENGINEERING

1) Load Based Analysis (Interior & Exterior)

2) Building Envelope System and Sub-
systems are needed

3) Includes all appropriate physics that
describe the transport process

4) Incorporates a saftey factor
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Saftey Factor in Moisture Analysis??
(WOW 1)

Factor of safety (FoS), also known as Safety

Factor, is a multiplier applied to the calculated maximum
load (vapor, rain,water penetration or a combination) to
which a component or assembly will be subjected. Thus,
by effectively "overengineering" the design by
strengthening components or including redundant
systems, a Factor of Safety accounts for imperfections in
materials, flaws in assembly, material degradation, and
uncertainty in load estimates. An alternative way to use
the safety factor is to derate the performance (strength)
of the material/system to get a "design" strength.

Sdesign = Syield / FoS
Sdesign = Sproof / FoS
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http://www.absoluteastronomy.com/encyclopedia/m/mu/multiplier.htm

Margin of Saftey in Moisture Analysis??
(WOW 1)

An appropriate factor of safety is chosen based on several
considerations. Prime considerations are the accuracy of load and
ageing estimates, the consequences of failure, and the cost of
overengineering the component to achieve that factor of safety. For
example, components whose failure could result in substantial financial
loss, serious injury (health consequences or death usually use a safety

factor of four or higher (often ten). Non-critical components
generally have a safety factor of two. An interesting exception is in the
fleld of Aerospace engineering, where safety factors are kept low (about
1.15 - 1.25) because the costs associated with structural weight are so
high. This low safety factor is why aerospace parts and materials are
subject to more stringent testing and quality control.

Factor of safety of 1 implies no safety at all. Hence some engineers
prefer to use a related term, Margin of Safety (MoS) to describe the
design parameters. The relation between MoS and FoS is

MoS = FoS - 1.
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http://www.absoluteastronomy.com/encyclopedia/f/fa/failure.htm
http://www.absoluteastronomy.com/encyclopedia/A/Ae/Aerospace_engineering.htm
http://www.absoluteastronomy.com/encyclopedia/t/te/test.htm
http://www.absoluteastronomy.com/encyclopedia/q/qu/quality_control.htm

How did we use a Safety Factor

Exterior Load

e Choose Weather Years in a specific Manner

Interior Load
e Investigated three different interior loads

Wall & Location Specific

o Water Penetration in Wall (Dump Water into wall)
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Water penetration: SAFETY
FACTOR

SPC 160P

s 1 % water penetration
' OnWRB

1 % water
penetration

¥ 2" x 4" Framing ‘
B 16'0.C. (

r |
f o
g.» 1 Coat Latex Paint - \\ .

. ' 2 1 Coat Latex Primer

5/8" Type X GWB —_ | ®

Vapor Retarder \ @

1/2" 0SB -

1 Layer 60 Minute
Building Paper

R-19 Kraft-Faced ’
Fiberglass Batt y

l'._‘_..""".:
b ¢
2" x 4" Kiln Dried ®:
Hem-Fir Studs (=
16" 0.C. \ 2

T-BATTELLE
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Wall Cavity



Exterior Loads (SF)
e Employed IEA Annex 24 (10 % Hot & Cold Years)

Yearly-Averaged Temperatures Ranked by T
30 years. of data ALBANY NY

105
S

95

2.0
85
M I I I I

I_I'EI_L
*"9)“?‘9;*"9;?'9)*9&*’9& *"9_,‘?‘95 93 -?9'5*?9&*’3)*19@‘?91?*’96‘?96‘5’36 *’96“‘*9@“’9)*’3&‘?’9,}*?9 ""9&‘?9)*’9 "S&‘?'_@&,*’Q)"’Sg

Average Termperature (°C)

Year



Interior Loads (SF)

0.7

o o
(3, (2]

Relative Humidity (-)
o
B

0.3

0.2

) l I l )
Monthly Running Averages SEATTLE
™ A [
i |
Moisture Increment 2|
- Moisture Increment 4
Moisture Increment 6
| ] l | ) l | )
0 400 800
Oct. Time (days)

1200

BSC: Approach A

Three Loading
Conditions..
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Interior Loads (SF)

Relative Humidity (-)

0.7

o
o

o
»

o
w

0.2

|| l || l ||
Monthly Running Averages Chicago
Moisture Increment 6 |
- Moisture Increment 4
Moisture Increment 2
| ) l | ) l | )
0 400 800 1200
Oct. Time (days)

BSC: Approach A

Three Loading
Conditions..
(low-normal

mid — average
ngh — above average)

UT-BATTELLE




Real Monitored Data

Calibration S/N#276150 TEMP/RH 0007

SEATTLE:

32 100
—Temperature {"C) c:1
—RH (%) ¢:3
30 aAve: Ave: RH (%) ¢:3
Fa0
28
RH (Limits) feo
2€ _____
-
24
22 H60 £
|
‘| W m
l l ll' ||l ' ~ 50
18 |
40
16
30
14
12 T T T T T 20
01/00 03100 05100 0700 09/00 11100 01/01
01/01/00 00:00:00 01/01/01 00:00:00 P

UI-BAI IELLE

DCLU-WSU-(ORNL)



Interior Loads (SF)

BSC: Approach A

Three Loading
\ Conditions..

MI, g/kg
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Simulation Parametric -Part A

Absorptive_’CIadding

2" x 4" Framing
16" O.C.

1 Coat Latex Paint \ g

1 Coat Latex Primer

5/8" Type X GWB

Vapor Retarder w\‘
|

/— Exterior Brick

1/2" 0SB

1 Layer 60 Minute
Building Paper

R-19 Kraft-Faced
Fiberglass Batt

I

2" x 4" Kiln Dried
Hem-Fir Studs
16" O.C. \:_—_;-_-_ﬁ
Wall Cavity —/

Weep Holes

Non Absorptive Cladding

2" x 4" Framing 7 \/ s
16" O.C. 2 — '/
o5
1 Coat Latex Paint —~_ s
1 Coat Latex Primer -~ ~

_ Vinyl Siding

T
5/8" Type X GWB ~F
Vapor Retarder —~

1/2" 0SB —~

1 Layer 60 Minute
Building Paper

R-19 Kraft-Faced
Fiberglass Batt

2" x 4" Kiln Dried
Hem-Fir Studs
16" O.C. ﬂ\\*;;;-;--_.__
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Simulation Parametric — BSC/Building
America

Absorptive to Semi Absorptive Cladding

2" x 4" Framing
16" O.C.

1 Layer 60 Minute
Building Paper

1 Coat Latex Paint \’

L7 /
| A/
1 /’ '
L
./K .
3 &7 [
s ( >~ /
1 Coat Latex Primer ~L | 4
/ ;,/ // / 7/8" Stucco
o T F f
| fa £l
£ ;
/{' If g
AW
A&/ 7 £
, /
Fid

-
5/8" Type X GWB —~F
S

Acrylic Finish

(Dryvit)

Vapor Retarder —~d
1/2" OSB \\

R-19 Kraft-Faced r
Fiberglass Batt S

2" x 4" Kiln Dried
Hem-Fir Studs
16" O.C. _\\:,;-;--‘_:_,
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“Locations

Atlanta
Boston
Chicago
Kansas City
New York
Norfolk
Omaha
Seattle

St. Paul

/Interior

Loads

SPC 160 P
ASHRAE 62.2

.

Simulation Variations

/Cladding N Exterior \ (Foam
Ventilation Cladding
Unvented Brick Foam
Ventilated Vinyl No Foam
v v Y

Moisture Expert Modelling

“Retarder

. Poly

|
Simulation

Results

\\//

Analysis

|

Results

None
Kraft
SVR

Variation
Change
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Brick Veneer
Interior Coat
8-Perms

0.5

|| I | I | I ||
Seattle
1 Unvented =
OSB
0.4 — ol
<
e - -
m wjd
Gl
“6 | 0-3 e =1
wid .§ [ [ ] M A
TR -
==
8 =
o S A — —
35
" ® e
o - -
=0 /
¥
0.1 ———— Moisture Increment 2.5 Y
Moisture Increment 4
N Moisture Increment 6 g
0 | I | I || I ||
0 100 200 300 400
Oct. 1
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0.4

] l ) l ) l |
(Seattle!
entilated —— Exterior Point 1 osB | 4

Point 2 00000
Point 3
Point 4

Interior Point 5

Brick Veneer
Interior Coat
8-Perms

=
w

Exterior Brick

Moisture Content of OSB
Sheathing (Interior Location)
o
N
|

o
-
|

Moisture Increment 4

0 ! I ! ' !

0 400 800 1200
Oct. 1
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Brick Veneer
Interior Coat

Asphalt-Kraft

0.4

. | | ' Y
?e?}tltec: Exterior Point 1 OSB g
- entiiatie J
Point 2 00009
Point 3 o
—~ 0.3 Point 4
3 r Interior Point 5 y
2 !
Oo -5
(P -
O
- O
C ‘-
IOFS 02 ]
cc
o= |
Oo
o £ | . '
" © { g |
0 & | A. ]
=0 s W , \ o
¥ N A Tt
Kraft Paper Moisture Increment 4
0 : | ' | '
0 400 800 1200
Oct. 1
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0.35 | I | I | I |

Exterior Point 1

Brick Veneer

0osB

Point 2
Asphalt-Kraft Point 3 s
0.3 Point 4 -
U nvented = Interior Point 5 —
9 T
? S
= 30.25 - &=
O w
w O
==
22 5 2
cCc
o=
= o £ 02 ¥
p— T L iy ol ST -
sl oo I .
-- =0
0.15 — oy

Seattle
5 Kraft Paper Unvented
: | I | | '

0 400 800 1200
Oct. 1

oisture Increment 4
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Vinyl
Asphalt-Kraft
Vented

1 Coat Latex Paint —.
1 Coat Latex Primer —.

5/8" Type X GWB —.__ |

e
~g
i,
T
14

Vapor Retarder —._|
1/2° 0SB —._
1 Layer 60 Minute —__ =3
Building Paper \\\

R-19 Kraft-Faced —.__ »
Fiberglass Batt T ’

2" x 4” Kiln Dried
Hem-Fir Studs —.__
16°0.C. T

Seattle Point 2 osB | .
<4 Ventilated Point 4 % oul
Interior Point 5 |
’g 0.3
(‘_B = Vinyl ¥
oo
Y -]
O wu
w O
=
DO 0:2 -
cc
o=
O o
o £ -
S S
W ©
o2 .
=N 01—
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Vinyl
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Vapor Retarder Recommendations

Dry (B) Moist (A) I

IECC
INTERNATIONAL
ENERGY

, CONSERVATION CODE

Marine (C)

r1 t.i'l" r 1
AL T
! Warm-Humid
- Balow White Line
Al o Alagka in Zora 7 s
Borougrs in Zone B |
Befing et F s
el Ty
st and the Wirgin lsiancs 1
March 24, 2003
Class-I.o Vapor-Fetarder:-o [ 0.1-perm-orlesss 3
Clzss- 1Tz Vzpor-Retarder: 2 L0 perm-crless-and grester-than- 0.0 perme o
Class 102 Vapor-Retarder -2 10-perm-orless-and-grezter-than- 1.0 perm? 0
Clzsz-IVz Vepor-Fatarders Grazter-than- 10 -pemc 0
Test-Procedurs-for-vaporretarders:  —+  ASTA-E-86-Testhlsthod-A-(the-desiccan tmethed-or-dry-cup-methed )]
Clzss-I:—+ - =+ Shestpolvethvlensf
Clzss-Ih—+- =+  Krsftfzemzon-fiberglzss-batts?
-+ - =+ “Membrane”-smart-vapor-barriet
-+ - =+ Typtealvapor-barrier-pamt]

Clzss- I Typtezl latex pamt’

Clazz TV Mozt buildme-papers-md-houzewraps" UT-BATTELLE




Vapor Retarder Recommendations

Allowahle-InteriorVaporResistance-Requirements-by-Clasgs
Sheathing= Climate-Zone=
Maring- 4o B G (L]
) . OS5B= Class | e Class |, = Class | = Class |, =
Exterior-Covenngy
Unventedf] Plywood= | Class | 1l Class |l Class | = Class |l
Gypsum Class | = Class |, = Class | = Class |, =
Insulating: Class-| -] Class -] Class-[-Il,-H9] Class- -]
Sheathing==| (R-2 5-orareater)’ (R-5-orgreater)®s (R-7.5-0rgreater)’s (R-10-or-greater)’=
Fiberboardz | Class| = Class |, = Class | |z Class |, =
Otherz Class | = Class |, = Class | = Class |, =

Moteszy = u o c o
(23 When-insulating-sheathing-is-installed-over-other-sheathing,-requirements-forinsulating-sheathing-shall-governs

(332 Insulating-sheathing-R-values-shown-in-parenthesis-are-for-Zxd-wall- construction. - 2x6-walls-require-insulating-sheathing-R-values-to-be-
increased-50% =

(41= When-insulating-sheathing-has-a-vaporpemeance-of-greaterthan-Class I, requirements forgwpsum-sheathing-shall-govem]
When-insulating-sheathing-having-a-vapor-pemeance-of -greaterthan-Class-ll-is-installed-over-othersheathing, -requirements for
insulating-sheathing-shall-govem:

(5= Stuccof]
Brick/StoneMasonry-Veneer
Wood/Wood-Based/Fiber-Cement]]
Fang|=

UT-BATTELLE




Vapor Retarder Recommendations

Exterior-Coverngf]
Ventilated®=

Allowable-InteriorVapor-Resistance-Requirements-by-Classs

Sheathing= Climate-Zongs

Maring-4= fio G fo
O5B= Class-,l,-11= Class-,-l,-1= Class,|l= Class, |l=
Plvwoods Class: |- Class: |-l Class| = Class| =
GypsUmes Class | |l Class| -l e Class| -l = Class | =
Insulating: Class LN, 11149] Class LN, 1119 Class--, 1] Class 0,019
Sheathing®= | (R-2.5-or-greater)™ {R-5-or-greater)’s {(R-7.5-or-greater)®s {R-10-or-greater)®
Fiberboards | Class |-l -1ll= Class:| -l -1z Class:| -z Class| =
Others Class, |l Class, |l Class,|l= Class, |l=

Motes:=
(2]

(3}

(4=

%] 5] 5] I £

When-insulating-sheathing-is-installed-over-other-sheathing, -requirements-forinsulating-sheathing-shall-governs

Insulating-sheathing R-values-shown-in-parenthesis-are for-2:2d -wall-construction. - 2x6-walls-require-insulating-she athing-R-values to-be-
increased-50% o

YWhen-insulating-sheathing-has-a-vapor-pemeance-of-greaterthan-Class-ll -requirements-for-gypsum-sheathing-shal-govemf
When-insulating-sheathing-having-a-vaporpemeance-of-greaterthan-Class-llis-installed-over-other-sheathing, reguirements for
insulating-sheathing-shall-govem:

je Stucco-(3/8-inch-clear-airspace-with-3/3-inch-continuous-siot-vent-openings-atthetop-and-bottem-of-each-wall )]

I'l
Brick-{2-inch-clear-airspace-with-3/8-inch-%-2 5-inch-openings-{orequivalent natfree-area-per-opening)-every- 2 -brick-atthe-bottormn-and-
top-course-of-each-wall)

I'l
Stone/Masonry-Venser(Z-inch-clearairspace-with-1-square-inch-of vent-opening-every-24-inches-of wall-length-at the-bottom-and-top-of:
gach-wall

I'l

Wood/Wood-Based/Fiber-Cement-Siding-(1/4-inch-clear-airspace-or-alternatively- 1/4-inch-gap-between-horizontal-siding-lapsy

I'l

Fangl-Siding-(3/8-inch-clearairspace-with-3/8-inch-continucus-slotwent-openings-atthe-top-and-bottormn-of -each-wall =

UT-BATTELLE




FIELD ANALYSIS VALIDATION

"Models Need
Experimental Data
to Validate Their
Performance

“Natural Exposure
Test Facility or

NET Constructed
for this Purpose

UT-BATTELLE




MODEL VALIDATION (Cont)

Initial Efforts Focus on Stucco Claddings
“ Potential for Increased Energy Efficiency

“Overcome Negative PR Regarding Hygric
Problems of Energy Efficient Structures

W
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PANEL S8: EIFS/NO CAVITY INSULATION

Notes:

1] Ink=rior:

# Mo ireulstion in sisd
candty

* Mo vapor bamier

& OB taped & primed

# Paint

2] Exiesior

# Plpwond sheathing

* Liquid applied wesather
barmier

w dyhesive aitachment

# Yertical bbonz

# 4" EPS Insulation

# B coat, mesh and
finich

Dietails prapared:
22 Ausguist 2004

Y
Vit 7

H

I

—é
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WSU PANELS : THREE COAT PLASTER

7,

B

-l

be

Hotes:

1] Int=rize:
# F-11 Unfaosd batiz
# Mo vapar bamier
= GWE taped & primed
# FPaint

2| Exdericr:
# 2 x4 wood frame
# Criented Strand Board
{CEE sheathing
# 1 layers Gede DVED
minute papsr
#5350 galvanized,
ecpandsd natal, sdlf-
furing, 2.4 &4, lath
mech aniclly Fastened
#3 mat Porilsnd csmem
L
# Teatured acnylic coating
{white]

Dietails prapared:
22 Bogust 004
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WSU PANELS: ONE COAT STUCCO

Motes:

o 1] Inkagiar:

# B-11 Unfaced baitz
* # Mo vapor bar rier
# GNE taped & primed

= Paint

=5y,

2] Exterion:
# 2 x4 weood Trame
# Orienied Strand Board

{C6E) sheathing

& | bwyer Grade DED

i ninub= papsr

= Woven-wirs, galvanized,
120 ga Master base
nechanicaly fatened

# e Coat Fortland
cement plater

# Teaturedd acndic coating
{whib=i

Dietails prapared:
2 August 3004




PANELS : FIBER CEMENT SIDING

=

Noteas:

1 Intericr:

# F-11 Unfaced batiz
# Mo vapor hamier

* GWE baped & primed
#Faint

2| Extericr:

# 2w waod frame

# Criented Sirard Board
{CGE) sheathing

= 1 layeg Grade [ 6O
minute papEr

+ 1" EFS nsulation

# Hardie Plank Siding

Details prapared:
2 Agust 204

UT-BATTELLE,




Limitation of Experimental Study

1)

2)
3)
4)

9)
6)

Reliability of Moisture Content Sensors
(+/-5 % MC)

Reliability of MC sensing - (& ¢ +/- 20 % of MC)
No calibration data ¥ \‘s\e,, Plywood used

Reliability of P’ O%rs ( +/- 7 %) or higher if
exposed to’ \@,\ .1Zones

Reliak 6‘\\\ . (+/-1.8 C)

Wetting variation large (Unknown liquid
distribution), free water dripping unknown.

UT-BATTELLE




Sensor Location ¥
Droplets

Not Possible to describe the exact location for MC measurement
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1 Year Results

e Period Oct. 2003 — Oct. 2004
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YEAR 1

Test Wall Matrix 2003-2004
WSU Matural Exposure Test Facility, First year testing.

Wall# Ext Finish Siding Ext. Venting WREB Sheathing ExtInsulation Cavity Insulation Frame WVapor Retarder Int Board Int Paint Location

1 Cement Stucco 778" Unwventad  2x 80 min Q58 R-21 2¥8 Paly Diryweall Latex Saouth 1
2 Cement Stucco 7/8" Unvented  2x 80 min OEB8 R-21 2x8 MemBrain® Dirywall Latex South 2
3 Cement Stucco 778" Wented 2 80 min 058 R-21 X8 Paly Diryweall Latex South 3
e Cement Stucco 7/8"  Ventilated  2x 80 min Q58 R-21 2X0 Paly Diryweall Latex South 4
5 Cement Stuceco 778" Unvented  2¢ 30 min Phywood R-11 X4 kraft Diryweall il South &
g Cement Stucco 758" Unvented 2% 80 min Phywood R-21 2¥8 Paly Diryweall Latex South 8
T Cement Stucco 778" Unwentaed  2x 80 min Q58 R-21 X8 Mone Diryweall Latex South 7
g Cement Stucco 778" Unwventad  2x 80 min Q58 Foam - 1" R-13 2¥a MemBrain® Diryweall Latex South 8
e Latex ap Unvented 2% 80 min  Plywood R-21 X8 Paly Diryweall Latex South 8
10 Latex ap Wented 2 80 min Q58 R-21 2X0 Paly Diryweall Latex  South 10
11 Latex ap Ventilated 2 80 min Q58 R-21 2¥8 Paly Diryweall Latex  South 11
12 Latex ap Unvented 2 80 min Q58 R-21 X8 Paly Diryweall Latex  Souh 12

OEB Fial: Aspen

Plywood 1532 4 Ply Doug Fir

Unvented Siding direct applied over sheathing and weather resistive barrier.

Wented 24 Cavity behind exterior sheathing cpen at the bottom of the pansl only

Ventilated 24 Cavity behind exterior sheathing cpen at the top and bottom of the pamel

WRE Weather Resistive Barrier

2 80 mim 2 layer 80 minute building paper.

MezmEBrain® CerainTeed smar vapor retarder

Dingweall 112 Standard drywall taped and finished

Foam 1" Expanded Paoly Styrene R-5

UT-BATTELLE




MCc 1 Top Plate
T1

RHc 4 Inside

T 10

MCc 2 Sheathing
T2

RHc 3 Outside
T9

MCc 3 Sheathing / Out
T3

MCc 4 Sheathing

T4

T11 Inside
MCc 5 Stud
T5

MCc 6 Bottom Plate
T6
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Results: Exterior & Interior Loads

23 j j
-D-T[n_1 Interior Climate

6 == Tin_2
o 22
5 . s @L = O e e ®
E O—1—" ©
2 99 = —
£ —
2 L o]

20

70 x
3? = =RHcin_1
; RHcin_2

M —

g 0] N
T =N SO0 TN
S 50 O . O \D_FD%=”__D
T
Q
(14

40

2003 2004 Time (Month)
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Wall 1: Stucco, Poly, Unvented, OSB

1-top pl, 2-0SB, 3-OSB_out, 4-OSB, 5-Stud, 6-bot pl

26

Wall 1

o= = w1_MCc1
22 = wi1_MCc2
w1_MCc3
w1_MCc4
=== w1_MCc5
18 e=== w1_MCc6

14

10 ., .
e A Tu——-c T M R —
6

Moisture Content (%)

I
1
/
{
\
\
/
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Wall 3: Stucco, Poly, Vented, OSB

1-top pl, 2-0SB, 3-OSB_out, 4-OSB, 5-Stud, 6-bot pl

26
Wall 3
= = w3_MCc1
22 == Ww3_MCc2
—_— w3_MCc3
) w3_MCc4
= == w3_MCc5
o =j= w3_MCc6 pn Oy ol L
o /D/
2 - \j\
S 14 el . ]
% /3 — 0 ~o—t
'© ia 5
= ﬁ_ J J
10 %%W \F_ﬁo-___ﬁ.—?' oyl I —
;J—_K\ . ~
. |
o) N D J F M A M J J A S
2003 2004
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Wall 5: Stucco,Kraft,Unvented,
Plywood, R-11(2x4), Oil Paint

1-top pl, 2-Ply, 3-Ply_out, 4-Ply, 5-Stud, 6-bot pl

26
Wall 5
= = w5_MCc
22 == Ww5_MCc2
—_— w5_MCc3
) i W5_MCc4
- == w5_MCc5
S 18 = jm= w5_MCc6
c M
8 \-.._D\
§ \ N N
2 14 N aE——n
o _ﬂ
10 4= W
6
(o} N D J F M A M J J A S
2003 2004

Time (Month)
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Wall 7: Stucco,No VR, Unvented,OSB

1-top pl, 2-0SB, 3-OSB_out, 4-OSB, 5-Stud, 6-bot pl

Moisture Content (%)

46

[+
[=-]

w
o

N
N

-
£-S

Wall 7

w={J= w7_MCc1
== W7_MCc2

w7_MCc3

w7_MCc4 ’
-<>-w7:Mczs O/'/ \\O
=f= w7_MCc6 /i A
L\
/ TN
b ma ‘D\
<= \ C
Aupunn S\
7 S~ A
2) ] =) <
(0] N D J F M A M J J S

2003

Time (Month)
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Wall 4: Stucco, Poly, Ventilated, OSB

1-top pl, 2-0SB, 3-OSB_out, 4-OSB, 5-Stud, 6-bot pl

Moisture Content (%)

26

N
N

-
(=]

-
F -9

-
o

Wall 4

o= = w4_MCc1
== w4_MCc2
wé4_MCc3
wé4_MCc4
== w4_MCc5
== w4_MCc6

F M A

UT-BATTELLE




More investigations...

Two classes of Claddings

100 — —

7

| nvente &y —
~ , | 3 . ’-u 1
— C B’ L tbS Ol ptlwe C'31

615@%__ ~ ‘ 4 \ 7N i rI 1 >
- | S 4-. .:. Y ‘ .
\ /' A\
& N

e | L e T _RHT

S
>
/H —— == 4
= P ot NN " =O=w2_RHc_1 * T
§ ' _ w3_RHc_1 Afﬁ;:e-
T w4_RHc_1 Y
3 == w5_RHc_1 |
e = w6_RHc_1
& — | —< w x c_ Q"‘M >
& == w8_RHc_1 ladd' |
= W9 RHC_1 |
20 == w10_RHc_1 J ngs
=te=w11_RHc_1
RH_1 === w12_RHc_1
0
o N D J F M A M J J A S
2003 2004

Time (Month)

UT-BATTELLE




RH... iInterior

Notice- High RH at inner surface of insulation
55 % to 85 % (5 months/year May to Oct)

100
. 80
X
a i
S 60 == w1_RHc_4 e
= [ == w2_RHc_4 _ % —
S == [l Jm— ; : -
e & wi o Wh_RHC_4 | Y
Y == w5_RHc_4 M~
2 40 == w6_RHC_4 1
T w= = w7_RHc_4 7
& == w8_RHc_4
==/a= w9 RHc_4
20 =(=w10_RHc_4
o= fe=w11_RHc_4
RH_4 === w12_RHc_4
0 I
0] N D J F M A M J J A S
2003 2004 Time (Month)
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Conclusion- 1 Year Results

e Ventilation increases drying potential by a factor
of 3 (drying rate using stucco loading in Seattle)

e Venting increases drying performance by 33 %

e Foam insulation keeps wall warm and increases
drying performance

e Seattle requires an interior vapor retarder (at least
kraft coating unless cladding ventilated), Membrain
outperforms poly and no vapor retarder

e Old constructions also prone to moisture
problems if use similar stucco

e No Vapor Retarder (60-perms or 10 as thought of
when built)

UT-BATTELLE




Conclusion- 1 Year Results

o0de'®

“ee%egdht of
when built) WY mO

S
no®
o FIP"“Ot us© ode G‘Q’%e used together to

o o0 d“ce 9..anges
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Future

WUFI-plus

Whole Simulation Model
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What Is next?

Construction Data Material
Climate Data l Data
Hygro-

Whole thermal Damage &
Building Envelope Aging
Simulation Simulation Models

(WUFI l
Energy Service Performance Durability,
Consumption, (biological, chemical Rentability
Comfort mechanical resistance)|
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WUFI-Family 2006

Hygrothermal Hygrothermal Postprocessing
Building Envelope Models (Result
Simulation Simulation Evaluation)

WUFI-1D
(ORNL/IBP,
Pro) 3.2

WUFI-Bio
1.0
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COMBINING THERMAL BUILDING
SIMULATION AND HYGROTHERMAL
ENVELOPE CALCULATION

ive \::__ _ ..
@ SN Ten®eratur
d b b sssessts
b, Ob b
Envelope Y
p Conditioning
Solar Natural Ventilation Relative Temperature
Radiation . Humidity
Moisture g&
Production % Mide
Heating ﬁ;e
aN o¢g .
—-— =div{D,grad(¢)+ o,grad
» Heat 5 o ~avD,grad(@) + 5,grad (4 p..)
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COMBINING THERMAL BUILDING SIMULATION
AND HYGROTHERMAL ENVELOPE
CALCULATION

Precipitation

L0

;?DE I I I N ecscsces

DD
2 ®
° ®e
e °
§> Air °
Conditioning PY
Solar Natural Ventilati Reftive Temperature
Radiationy a ur-a entilation Humidity p
Moisture g&
® Production 7% ° . _
0. ' % e Inside Outside
P Heatlng | [ ]
Whole Building °, e
®ooo0®
do, i . i
* Heat p-C'V~E =Z:Aiwi(ei —0)+ Qo+ Q, + n'V'p'C'(ea_ai)'l‘Qvent
i
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MODEL VALIDATION

foil faced test room reference room
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MODEL VALIDATION

100

jus
L=

12
o

iY
o

Relative Humidity [%]

N
(=

0
00 04 08 12 16 20 24
Time [h]

— Measurement
= Simulation
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Future Modeling

e |t was always considered: indoor humidity is of small
Importance for a successful design because
temperature is easier to sense, gquantify and
comprehend.

e Indoor relative humidity (RH) is important and has
significantly impact.

e New model for : Transient behavior for the whole
building, its indoor climate AND the envelope

e With the model it is possible to make more and more
accurate predictions of the indoor humidity vapations:




Conclusions

e Models are as experienced as the operator who
uses them (Training is hecessary)

e There are many limitations to models
e There are even more limitations for testing
e Field and Modeling should be used for CODES

e In the near future WUFI-PLUS will assist in
Whole Building Design

e Work is proceeding with a 3-D CFD WUFI model
with CAD interfaces

UT-BATTELLE
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