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“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

Building Science Corporation
Joseph Lstiburek 2

Lapse Rate

Building Science Corporation

U.S. Standard Atmosphere (1976)
Termperature (K)
160 180 200 220 240 260 280
100 T T T 1
Thermosphere
(hasted by oxygen absorption

of solar UV)
use

L
10° 10¢ 107 10 107 10
Pressure (hPa)

Joseph Lstiburek 3

Lstiburek

Building Science Corporation

Joseph Lstiburek 4

© buildingscience.com

10f 68



Lstiburek

Buililding Science Experts' Seminar

Total stack effect

Opening to
outdoors

Pressure difference
across exterior walls

Pressure
/_ indoors

Pressure
outdoors

.
.
N
.
.
.
.
.
.
.
.
.

Building Science Corporation

Absolute pressure ————

d from G.O. H

Figure 11.1: Building with no internal separations with opening at the bottom
(Adap

d, 1998)

Joseph Lstiburek 5

Openings
at top and
bottom

Building Science Corporation

Figure 11.3: Building with no internal separations with openings at top and bottom
(Adapted from G.O. Handegord, 1998)

Pressure
/ indoors
.
Neutral pressure
plane
Pressure
difference
across Pressure
exterior outdoors
walls
INWArd sy ————
H
.
- 50 ™)
Ab:

Joseph Lstiburek 7

© buildingscience.com

Ventilation

December 11-12, 2013

B
. Pressure
Opening to . outdoors
outdoors ®:
.
.
. Pressure
* indoors

Building Science Corporation

;olal stack
effect

Absolute pressure ———

d from G.O. H.

Figure 11.2: Building with no internal separations with opening at the top
(Adap

gord, 1998)

Pressure difference
across exterior walls

Joseph Lstiburek 6

Pressure difference
acting outward across
celling
= —— - ——
K
.
.
.
—\  ® af—
% Pressure difference
«  acting outward across
4 exterior walls
.

Neutral pressure plane
Pressure difference

o
acting inward across ¢,
exterior walls

——

Building Science Corporation

.
B
.
.
Pressure difference %
acting inward at grade  +

Absolute pressure ———-

Figure 11.4: Basic two storey house with vented attic
(Adapted from G.O. Handegord, 1998)
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Figure 11.8: Stack effect pressures in high rise office building
(Adapted from G.O. Handegord, 1998)
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Figure 3.12
k and Air s

in Basements

« No air pressure differences result in
a house with an air handler and
ductwork located in a basement
if there are no leaks in the supply
ducts, the return ducts or the air
handler and if the amount of air
delivered to each room equals the
amount removed
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Figure 3.13

Ductwork and Air Handlers

in Vented Attics

« No air pressure differences result
in a house with an air handler and
ductwork located in a vented attic
if there are no leaks in the supply
ducts, the return ducts or the air
handler and if the amount of air
delivered to each room equals
the amount removed
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Figure 3.15

Leaky Ductwork and Air Handlers

in Vented Attics

« Supply ductwork and air handler
leakage is typically 20% or more
of the flow through the system

Loaky air handing unit

inducing infitration
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Duct Leakage Should Be Less Than 5% of Rated Flow As

Tested By Pressurization To 25 Pascals S 2 f L 4

Note: Colored shading depicts the building's thermal barrier and pressure boundary.
The thermal barrier and pressure boundary enclose the conditioned space.

Building Science Corporation Building Science Corporation
Joseph Lstiburek — Airflow 35 Joseph Lstiburek — Airflow 36

Lstiburek © buildingscience.com 9 of 68



Buililding Science Experts' Seminar Ventilation December 11-12, 2013

Ly T

uonesyur Buonpul
aoeds pauolpuod pazunssaideq

© e & e

Addng uinjey Addng

1 : 4 1

sjonp Addns pue
Jun Buypuey Jie Axes]
Building Science Corporation Building Science Corporation

Joseph Lstiburek — Airflow 37

Joseph Lstiburek — Airflow 38

P—
v
If Dipssastied || m—“
conditioned space . g
|| - n W
Supply ’w Supply’
Loaky supply f dhcsi f
) ouce T [ I ]
Figure 3.16 e x -2 2
Leaky Supply Ductwork in | g —TT ® —T 1- I
Vented Crawl Space Crawd space <
* Air pressurization pattem with
mechanical system ducts in the

crawl space

Building Science Corporation

Building Science Corporation
Joseph Lstiburek — Airflow 39

Joseph Lstiburek — Airflow 40

Lstiburek © buildingscience.com 10 of 68



Buililding Science Experts' Seminar

Ventilation

December 11-12, 2013

Building Science Corporation

Joseph Lstiburek — Airflow 41

Building Science Corporation
Joseph Lstiburek — Airflow 42

Building Science Corporation

Joseph Lstiburek — Airflow 43

Lstiburek

Building Science Corporation
Joseph Lstiburek — Airflow 44

© buildingscience.com

11 of 68



Buililding Science Experts' Seminar Ventilation

December 11-12, 2013

Loaky return

Pressurized
1 @ DeTOOmSs
Supply Return Supply
Tight supply [ —hf= ] F
ducts
Figure 3.14

Leaky Ductwork and Air Handlers

O mwam|. O
Depressurized |“™|
in Basements basement
Air pressurization patterns in a Tdb gt —
house with leaky ductwork in
the basement

Building Science Corporation

Joseph Lstiburek — Airflow 45

Building Science Corporation

Joseph Lstiburek — Airflow 46

Building Science Corporation

Joseph Lstiburek — Airflow 47

Building Science Corporation

Joseph Lstiburek — Airflow 48

Lstiburek © buildingscience.com

12 of 68



Buililding Science Experts' Seminar

Ventilation

December 11-12, 2013

Building Science Corporation

Joseph Lstiburek — Airflow 49

Building Science Corporation

Joseph Lstiburek — Airflow 50

Building Science Corporation

Joseph Lstiburek — Airflow 51

Lstiburek

Building Science Corporation

Joseph Lstiburek — Airflow 52

© buildingscience.com

13 of 68



Buililding Science Experts' Seminar

Ventilation

December 11-12, 2013

Building Science Corporation

Joseph Lstiburek — Airflow 53

Building Science Corporation
Joseph Lstiburek — Airflow 54

Figure 3.18

Insufficient Return Air Paths

« Pressurization of bedrooms often occurs if
insufficient return pathways are provided;
undercutting bedroom doors is usually
insufficient; transfer grilles, jump ducts or
fully ducted returns may be necessary to
prevent pressurization of bedrooms
Master bedroom suites are often the most
pressurized as they typically receive the
most supply air

When bedrooms pressurized, common
areas depressurize; this can have serious
consequences when fireplaces are located
in common areas and subsequently
backdraft
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Grrille located high in
wall on bedroom side
% to avoid blockage by
furniture
Cavity is sealed tight,
drywall glued to studs and
plates on both sides
/xi Grille located low in
wall on hallway side
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Air Barrier Metrics

Material  0.02 l/(s-m2)@75 Pa
Assembly 0.20 l/(s-m2)@75 Pa
Enclosure 2.00 l/(s-m2)@75 Pa
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Flow Through Orifices

Turbulent Flow - “inertial effects”

Flow Through Porous Media

Laminar Flow - “viscosity effects”
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Flow Through Orifices

Turbulent Flow - “inertial effects”

Flow Through Porous Media

Laminar Flow - “viscosity effects”

“true but not useful”
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Figure 2.5
Modes of Air Flow

(from Bumbaru, Jutras and Patenaude, 1988)
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Figure 2.11
Three Dimensional Multi-Layer
Multi-Cell Analogue
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Modes of Air Flow

(from Bumbaru, Jutras and Patenaude, 1988)

Building Science Corporation
Joseph Lstiburek - Airflow 86

Leakage
Flow
@

Q=f(Dp) » k (Dp)"

= air flow, volume/unit of time
pressure difference
= coefficient

= exponent in approximate B
leakage function

cggn

1 1>(>05 =05

Pressure Difference
(Ap)

Figure 2.6
Characteristic Curve of Leak Flow as a F
{from Nylund, 1980)

of Pr Diffe

Building Science Corporation
Joseph Lstiburek — Airflow 88

Lstiburek © buildingscience.com

22 of 68



Buililding Science Experts' Seminar

Ventilation

December 11-12, 2013

Q=f(Dp) » k (Op)°

= air flow, volume/unit of time
pressure difference
= coefficient

= exponent in approximate
leakage function

cggn
"

Figure 2.6

Characteristic Curve of Leakage Flow as a Fi

{from Nylund, 1980)

gl 1>(>05 =05
Pressure Difference
Ap)
tion of Pr Diff

- Leakage opening
(72in%)
Total “measured” Total “measured™
loakage Neutral pressure leakage Neutral pressure
144 In* plane 144 in?* plane
Leakge openings
(each 72 in%)
V\
Leakge opening
@2in%)

Leakage area

Building Science Corporation

Joseph Lstiburek — Airflow 89

Building Science Corporation
Joseph Lstiburek 90

Lstiburek

© buildingscience.com

23 of 68



Buililding Science Experts' Seminar Ventilation

December 11-12, 2013

Building Science Corporation

Joseph Lstiburek 1

Building Science Corporation

Joseph Lstiburek 2

Building Science Corporation

Joseph Lstiburek 3

Lstiburek

Building Science Corporation

Joseph Lstiburek 4

© buildingscience.com

24 of 68



Buililding Science Experts' Seminar

Ventilation

December 11-12, 2013

Building Science Corporation

Joseph Lstiburek 5

Building Science Corporation

Joseph Lstiburek 6

Extract damper  Outdoor air damper
(closed) (open)

P 4

Supply fan
(on)

Return fan
(otn)

Return damper
(closed)

~\—

Floor return Floor supply
dampers dampers
(closed) (open)

o

}
///l//

}
//T//

Building Science Corporation

Joseph Lstiburek 7

Building Science Corporation

Joseph Lstiburek 8

Lstiburek

© buildingscience.com

25 of 68



Buililding Science Experts' Seminar

Ventilation

December 11-12, 2013

Building Science Corporation

Joseph Lstiburek 9

Joseph Lstiburek 10

Building Science Corporation

Joseph Lstiburek 11

Lstiburek

Joseph Lstiburek 12

© buildingscience.com

26 of 68



Buililding Science Experts' Seminar

Building Science Corporation

Joseph Lstiburek 13

Building Science Corporation

Joseph Lstiburek 15

Lstiburek

© buildingscience.com

Ventilation

December 11-12, 2013

Building Science Corporation

Joseph Lstiburek 14

l l b

X

o
l »‘»‘\il
Il.\ | |

|

{

\
\

Building Science Corporation

Joseph Lstiburek 16

27 of 68



Buililding Science Experts' Seminar

Building Science Corporation

Joseph Lstiburek 17

Build Tight - Ventilate Right
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Build Tight - Ventilate Right
How Tight?
What's Right?
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Air Barrier Metrics Getting rid of big holes 3 ach@50
Getting rid of smaller holes 1.5 ach@50

Material 0.02 l/(s-m2) @ 75 Pa Getting German 0.6 ach@50
Assembly 0.20 l/(s-m2) @ 75 Pa
Enclosure 2.00 l/(s-m2) @ 75 Pa

0.35 cfm/ft2 @ 50 Pa

0.25 cfm/ft2 @ 50 Pa

0.15 cfm/ft2 @ 50 Pa
Best Worst

As Tight as Possible - with -

Balanced Ventilation

Energy Recovery

Distribution

Source Control - Spot exhaust ventilation
Filtration
Material selection

Building Science Corporation
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Spot Ventilation in Bathroom/Kitchen
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Three Types of Controlled Ventilation
Systems

Exhaust Ventilation Induced
Supply Ventilation MIttEtion
Balanced Ventilation

v
4 4
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Cost Exhaust $150
Exhaust + Dist $200
Supply + Dist $200
Spot + Ex/Sup + Dist  $500
Balanced/HRV $1,250
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The Cult of The Blower Door
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Blower Door Can't Get You The True ACH
On A Short Term Basis — Hour, Day, Week
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Good For Long Term Average If No Big
Pressures
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Don't Know Where The Holes Are
Don’t Know The Type of Holes
Don’t Know The Pressure Across The Holes
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Good For Long Term Average If No Big
Pressures

Good For Average Annual Energy Prediction
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Good For Long Term Average If No Big Cost of Addressing the Problems Are Less
Pressures Than The Cost of Testing To See If You
Good For Average Annual Energy Prediction Have Problems

Not Good For IAQ Unless You Accept
Average Annual Exposure As A Metric

Building Science Corporation Building Science Corporation
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Combustion Safety Bring Combustion Appliances Up To Code
Indoor Contaminants Control Pressures
Comfort Install Controlled Ventilation
Energy Get Rid of Big Holes

Insulate
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Sealed Combustion Appliances
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Control Pressures

Building Science Corporation

Leaky air handling unit
and supply ducts

2 '+ 1

Supply Return Supply

© © © 6

Depressurized conditioned space
inducing infiltration

Note: Colored shading depicts the building's thermal barrier and pressure boundary.
The thermal barrier and pressure boundary enclose the conditioned space.
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Note: Colored shading depicts the building's thermal barrier and pressure boundary.
The thermal barrier and pressure boundary enclose the conditioned space.

December 11-12, 2013
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F

Al ductwork
Sugply Suppy|| 508 ooty
H TR =
ks
&
.l -
i i Suv*y
|II‘|'

ch [

Note: Colored shading depicts the buliding’s thermal barier and pressure boundary.
The thermal barrier and pressure boundary enclose the condiioned space.

Building Science
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Rotum sy B g Roturm
T ki
- Al ductwork
and alr handiing
- * Retum units completely
contained within
Supply Suppy] the conditioned
‘ i =
Floor supply and
At celling return on
both ficors
Supply rhandiing €= Return
unit

Note: Colored shading depicts the building’s thermal barrier and prassure boundary
The thermal barrier and pressure boundary enclose the conditioned space

Building Science
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Return == mm @e= Return

All ductwork
3 and air handling
Supply Suppiyl| i completely
contained within
the conditioned
| .l space
| 1 B ]| Froor supply and
H g
Supply handling Supply

anit .
u Ceiling supply
and floor return
on lower floor

b’\

« Return

Note: Colored shading depicts the building's thermal barrier and pressure boundary.
The thermal barrier and pressure boundary enclose the conditioned space.

Lstiburek

Building Science
Joseph Lstiburek 64

© buildingscience.com

39 of 68



Buililding Science Experts' Seminar Ventilation December 11-12, 2013

]

pi Air handling

Supply ¥ unit . -’SUPPW
Return at
ceiling in

central Transfer grilles
hallway. (to “bleed”
and highin | [ pressure from
master secondary
bedroom wall| | bedrooms)

Note: Colored shading depicts the building’s thermal barrier and pressure boundary.
The thermal barrier and pressure boundary enclose the conditioned space.

Building Science Corporation Building Science Corporation
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=

Air handling

SUPW)’« I unit I

=P supply

Return at
ng:?‘?alln Transfer grilles
hallway (to‘ Plcedf
and high in pressure from
haStar secondary
bed:oomn wall bedrooms)

Note: Colored shading depicts the building’s thermal barrier and pressure boundary.
The thermal barrier and pressure boundary enclose the conditioned space.

Building Science Corporation Building Science Corporation
Joseph Lstiburek 67 Joseph Lstiburek 68
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Dropped ceiling with continuous

bead of caulk at perimeter and
all joints
t o=y
é
o= = N
7 - Transter grille into
dropped plenum
Pressure
refief grille
in hallway = Gypsum wall board

<t Stud cavity; build
“short* wall first and
cap with dropped
ceiling plenum

{3

- Subfloor

Building Science
Joseph Lstiburek 71
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Joseph Lstiburek - HVAC 2
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Joseph Lstiburek — HVAC 4
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Joseph Lstiburek — HVAC 6
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Building Science Corporation

Joseph Lstiburek — HVAC 18

Joseph Lstiburek — HVAC 19
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Joseph Lstiburek — HVAC 20
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W
.
Pressure
reliet grille
10 "bleed”
pressure
fiold from
fioor cavity
Expandable
filter siot T
£
/3
Ful height 748
louvered closet H
for access and to supply I
overflow pan
Building Science Corporation Building Science Corporation
Joseph Lstiburek 22 Joseph Lstiburek — HVAC 23

Building Science Corporation
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Grille located high in
wall on bedroom side

to avoid blockage by
furniture

Cavity is sealed tight,
drywall glued to studs and
plates on both sides

Grille located low in
wall on hallway side

Building Science Corporation
Joseph Lstiburek — HVAC 27

Building Science Corporation
Joseph Lstiburek — HVAC 26

Outside
air
Exhaust
air

Kitchen

Building Science Corporation
Joseph Lstiburek 29

Building Science Corporation
Joseph Lstiburek 28
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Outside
air

* Exhaust
‘Return air

“air Exhaust
air
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Exhaust
air
Outside
air

Bedroom Bedroom Heat exchange
ventilator
Bath Bath
Exhaust
air
Radiant heat

35345541

Kitchen

[ C—

Building Science Corporation
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Outside
air
Exhaust
air
Exhaust
air

Return
air

-
Dehumidifier

Building Science Corporation
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Exhaust
air
Outside
air

Bedroom Bedroom Heat exchange
ventilator

Bath Bath
Exhaust
air
Kitchen
PTHP

Building Science Corporation
Joseph Lstiburek 33
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Outside
air
Exhaust
air
Outside
air

Heat exchange
ventilator

Supply Bedroom

air Bath

Exhaust
air
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Outside
air
Exhaust
air

Outside
air

Supply
air Bedroom j Heat exchange

Exhaust
air
Kitchen

Dohumldlﬂcrw

Building Science Corporation
Joseph Lstiburek 35

u
o
i
o
)
i ¥
)
‘W
' W
o
L
L
¥
¥
Hl
b
b
3

Building Science Corporation
Joseph Lstiburek 37

50 of 68



Buililding Science Experts' Seminar

Ventilation

December 11-12, 2013

Building Science Corporation

Joseph Lstiburek 38

Building Science Corporation

Joseph Lstiburek 39

Building Science Corporation

Joseph Lstiburek 40

Lstiburek

Building Science Corporation

Joseph Lstiburek 41

© buildingscience.com

51 of 68



Buililding Science Experts' Seminar Ventilation December 11-12, 2013

Building Science Corporation
Joseph Lstiburek — HVAC 43

Building Science Corporation
Joseph Lstiburek 42

Trash chute L—,
(gt Gamper
3 Covator | Elevator H
suie Comidor § Vestibule g’ Comaor staie
Elovator | Elevater I l
Uy
chase

Joseph Lstiburek — HVAC 45

Building Science Corporation

Building Science Corporation
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| TR ——

Building Science Corporaton

Building Science Corporation
Joseph Lstiburek — HVAC 46 Joseph Lstiburek — HVAC 47

Matorized damper — typically Constant airflow reguiator
chosed (connected to fre
control system)

Smoke and hot gas vent

(3Y,% of shaft or 3 fr ‘—

por elevator car) _]

@ Exnaust trom esevator shat

DY

Building Science Corporation Building Science Corporation
Joseph Lstiburek — HVAC 49

Joseph Lstiburek — HVAC 48
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Bedroom y From
Bedroom

Exhaust
to Outside

From
Bathroom

Building Science Corporation
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Ventilation Rates Are Based on Odor Control

Joseph Lstiburek 2

Ventilation Rates Are Based on Odor Control

Health Science Basis for Ventilation Rates is
Extremely Limited

Almost Nothing Cited Applies to Housing

Building Science Corporation
Joseph Lstiburek 4
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Ventilation Rates Are Based on Odor Control

Health Science Basis for Ventilation Rates is
Extremely Limited

Joseph Lstiburek 3

Ventilation Rates Are Based on Odor Control

Health Science Basis for Ventilation Rates is
Extremely Limited

Almost Nothing Cited Applies to Housing
The Applicable Studies Focus on Dampness

Building Science Corporation
Joseph Lstiburek 5
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“or Flugge (1905)
Billngs (1 / - ASHVE (1914)
s ASHVE / /
Requirement [
\ J .

. ¥ »° 22 Stete Codes (1922)
§ I s
|
g2 !
E ‘| Smoking, Std
o 1 62-1981
£ 1 )
& | ASHRAE | !
< ' 62:73 H

\ I .

2 Yaglou (1936) | ASHRAE
515 \ H (1689)
£ \
2 Wl

10

ASA Standard
(1546
ASHRAE o

5[ Jiredgond (18%) Standard (1961)

0 L ! L | L )

1825 1850 1875 1900 1925 1950 1978 2000

Year
Figure 1: Minimum ventilating rate history.
Building Science Corporation
Joseph Lstiburek 6

House
2,000 ft2
3 bedrooms
8 ft. ceiling
Volume: 16,000 ft3

.35ach 93 cfm
.30 ach 80 cfm
.25ach 67 cfm
.20 ach 53 cfm
.15ach 40 cfm

Building Science Corporation

Joseph Lstiburek 7

House
2,000 ft2
3 bedrooms
8 ft. ceiling
Volume: 16,000 ft3

Ventilation Rates

.35ach 93 cfm 62-73 5 cfm/person 20 cfm
.30ach 80cfm 10 cfm/person 40 cfm
.25ach 67 cfm 62 - 89 15 cfm/person 60 cfm
.20ach 53 cfm .35 ach 90 cfm
.15ach 40 cfm 62.2 - 2010 7.5 cfm/person 50 cfm
+0.01
62.2 - 2013 7.5 cfm/person 90 cfm
+0.03

Building Science Corporation

Office

Occupant Density
15/1000 ft? (67 ft2/person)

5/1000 ft2 (200 ft2/person)
cfm/person

Correctional Facility Cell
Occupant Density

20/1000 ft? (48 ft2/person)
cfm/person

62 -89 15 cfm/person
62.1 - 2007 17
62.1 — 2007 10

Joseph Lstiburek 8

Lstiburek
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C.P. Yaglou
Harvard School of Public Health
1936
1955

150 ft3 20 cfm/person approx 4x4x8
—_—

300 ft3 12 cfm/person approx 6x6x8
—

December 11-12, 2013

C.P. Yaglou

Harvard School of Public Health

1936
1955

150 ft3

300 ft3

Experiment

470 ft3
200 ft3
100 ft3

|

—

—

—

20 cfm/person 18.75 ft2 106 occupants

12 cfm/person 37.5 ft? 53 occupants

59 ft2
25 ft?
12 ft?

Building Science Corporation

Aubin, D., Won, D.Y., Schieibinger, H., 2010

Joseph Lstiburek 12

Building Science Corporation

Joseph Lstiburek 13
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Formaldehyde sample concentration versus
PFT measured outside air exchange rate over the testday

140
.
.
@ 120
£
= )
2 100 %
= H
2 1
i .0
= ¢
i .
8 60 2'
- o
- By
z B
= 40 =
e ’
5 L LN
< 20 . . A, .
}..‘n T =
.
o
00 05 10 15 20 25 30 35 40

Outside air exchange rate over 24 h test day {ach)
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* DOAw/lc
DOAwoffc

® DOA non-oper
HRV

* No vent

45

Building Science Corporation

Dilution is Not The Solution To Indoor
Pollution

Joseph Lstiburek 14

Building Science Corporation

Joseph Lstiburek 15

Building Science Corporation

Joseph Lstiburek — Airflow 16

Lstiburek

Building Science Corporation

Joseph Lstiburek 17

© buildingscience.com

62 of 68



Buililding Science Experts' Seminar

ASHRAE Standard 62.2 calls for 7.5 cfm per
person plus 0.03 cfm per square foot of
conditioned area

Occupancy is deemed to be the number of
bedrooms plus one

Building Science Corporation
Joseph Lstiburek 18

Target Range

>

Summer —»

—— Winter

Uncomfortably |
Dry* |

20 75

Relative Humidity (RH) %

Building Science Corporation
Joseph Lstiburek 20

Lstiburek

© buildingscience.com

Ventilation

December 11-12, 2013

ASHRAE Standard 62.2 calls for 7.5 cfm per
person plus 0.03 cfm per square foot of
conditioned area

Occupancy is deemed to be the number of
bedrooms plus one

Outcome is often bad — part load humidity
problems, dryness problems, energy
problems

Building Science Corporation
Joseph Lstiburek 19

Recommended Range of Relative Humidity
Above 25 percent during winter
Below 70 percent during summer
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Tracer Gas Testing
January 2006

/__‘ ‘\\\_ﬂ——‘\
m iomed .

il

« Tracer gas test of a production house in Sacramento
* 2-story, 4 bedrooms, ~2500 square feet

« Ventilation systems tested: supply and exhaust ventilation, with
and without mixing via central air handler

Building Science Corporation
Joseph Lstiburek 24

Lstiburek
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Barriers — Technology Dehumidification

Barriers — Cost

Exhaust $150

Exhaust + Dist $200

Supply + Dist $200

Spot + Ex/Sup + Dist $500
Balanced/ER $1,250
Dehumidification $250 to $1,250

Building Science Corporation

Joseph Lstiburek 23

Floor Plan - 2 Story House
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Example Results of Tracer Gas Testing

Laundry Exhaust, 100% of 62.2 Rate, Doors Closed, No Mixing

Zone Measured Reciproca\
Age of Air (1/hr)
BR1 0.18
Living 0.16
Kitchen 0.16
BR2 0.11
BR3 0.13
MBR 0.14

Building Science Corporation

Joseph Lstiburek 26

Example Results of Tracer Gas Testing

CFI, 100% of 62.2 Rate, Doors Closed, 33% Mixing

Measured Reciprocal
Zone Age of Air (1/hr)
BR1 0.20
Living 0.19
Kitchen 0.20
BR2 0.20
BR3 0.20
MBR 0.19

Ventilation

December 11-12, 2013

Example Results of Tracer Gas Testing

Laundry Exhaust, 100% of 62.2 Rate, Doors Closed, 33% Mixing

80
e BR1
70 e Living
© Kitchen
_. 60 ® BR2
)
E BR3
>
E 50 . ® MBR
c Ve
S P
g 40 Pe s
= 1]
@
S
& 30
5 Tise
= Measured Reciprocal se
20 Zone Age of Air (1/hr)
BR1 0.15
10 Living 0.16
Kitchen 0.16
o BR2 0.15
11:30 AM BR3 015 3:30 PM 5:30 PM
MBR 0.14

Building Science Corporation
Joseph Lstiburek 27

Conclusions From Tracer Gas Testing

« Mixing is very important to whole-house and individual zone
pollutant decay rate

« Supply ventilation is slightly more effective than exhaust
ventilation, even with mixing

* The location of a single-point ventilation system affects the
performance

Simple Exhaust vs Central Fan Integrated
Supply with Lower Ventilation Rates

0.25
100% Well
ASHRAE Mixed
0.20 i ‘50% )
ASHRAE 33% *
0.15 - g 3% X
’ ASHRAE 0%

ASHRAE

Reciprocal Age-of-Air (1/hr)

Building Science Corporation

Exhaust in laundry room, no
mixing, 100% ASHRAE, doors
closed

Central supply, Natural
mixing @ 33% duty infiltration,
cycle, doors closed  doors open

Joseph Lstiburek 28
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Tuned CONTAM Model Example Results of Tuned CONTAM Model
Laundry Exhaust, 100% of 62.2 Rate, Doors Closed, No Mixing
T e Ll
o —BR1 (simulated) + BR1 (measured)
l De (8 fee Lo lom Gee geste Jeisen —Living (simulated) # Living (measured)
& 2lw|a) 5[ vim] wirs \l 1Z) win) 60 < Kitchen
! —BR2 (simulated) = BR2 (measured)
o 50 § Mg Ty BR3 (simulated)- -~ ----- -BR3 (measured)-------
e % —MBR (simulated) s MBR (measured)
£
= 40
2
g
€
g 30
2
1
o
©
% 207~ Reciprocal Age of Air (1/hr)
Measured Simulation
PP 0.18 019
1 P W s S e T 141 Living 0.16 018
Kitchen 0.16 018
) . ) . 0+— BRrR2 011 0.11
Computer modeling used to replicate field testing (tune the model) and 6:00 PM [ o3 o1 200AM  400AM  G00AM  800AM  10:00 AM
predict performance of systems not tested in the field py one o
Building Science Corporation Building Science Corporation
Joseph Lstiburek 30 Joseph Lstiburek 31
Example Results of Tuned CONTAM Model Example Results of Tuned CONTAM Model
Laundry Exhaust, 100% of 62.2 Rate, Doors Closed, 33% Mixing CFI, 100% of 62.2 Rate, Doors Closed, 33% Mixing
B0 . 50 141
BR1 (measured) 4515
704- . Living (measured). ... ...
Kitchen (measured) 40 4----
60---
= & 35
g
2 50 E 30
=~ c
s ]
T 40 g
2 g
§ g 20
g % o
© B 1 e g B gl
& Reciprocal Age of Air (1/hr) a Reciprocal Age of Air (1/hr)
201~ L S e EE Zone
Measured Simulation 104---- Measured Simulation
BR1 0.15 0.15 BR1 0.20 0.23
109 Living 0.16 015 T 5 Living 019 022
Kitchen 0.16 015 o Kitchen 020 021
0 +—— BR2 0.15 015 BR2 0.20 022
. 11:30 PM 5:30 AM 7:30 AM 9:30 AM 11:30 AM
11:30 A [gos o 015 3:30 PM 5:30 PM e 020 02
MBR 014 015 MBR 0.19 021
Building Science Corporation Building Science Corporation
Joseph Lstiburek 32 Joseph Lstiburek 33
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Tuned CONTAM Model Applied to Other Systems

Ventilation Rate

Qv)

Systems Evaluated & Compared:

Exhaust ventilation, without central duct system
Supply ventilation, without central duct system Q (fan)
Exhaust ventilation, with central ducts, standard Tstat
Exhaust ventilation, with central ducts, Tstat with timer C(S)
Supply ventilation, with central ducts, Tstat with timer

Fully ducted balanced ventilation system, without central duct system

Q(v) * C(s)

System Coefficient

LN N

Building Science Corporation Building Science Corporation
Joseph Lstiburek 34 Joseph Lstiburek 35

Airflow Ratios—All Simulations
System Type Range Apﬂ::i'::?te
Fully ducted balanced ventilation system, with or without central 1.0 1.0 BSC 01 - 2013 Ca"s fOr 75 Cfm per person
duct system
S— plus 0.01 cfm per square foot of

Non-fully ducted balanced ventilation, with central duct system, 0.9to 1.0 ..
and central air handler unit controlled to a minimum runtime of at 11 Cond|t|0ned area
least 10 minutes per hour
Supply ventilation, with central duct system, and central air 11to 1.25 OCCupanCy IS deemed tO be the num bel’ Of
handler unit controlled to a minimum runtime of at least 10 17
minutes per hour bedrooms plus one
Exhaust ventilation, with central duct system, and central air 1.1to 1.25
handler unit controlled to a minimum runtime of at least 10 1.9
minutes per hour g
Exhaust ventilation, with central duct system, and central air 1.0to 15 Occupant Rate + Bu”dlng Ra’te
handler unit not controlled to a minimum runtime of at least 10 18
minutes per hour
Supply ventilation, without central duct system 14to 1.75

19
Exhaust ventilation, without central duct system 13to 2.0

2.6

Building Science Corporation Building Science Corporation
Joseph Lstiburek 36 Joseph Lstiburek 37
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Ventilation

= Fan Flow Rate

Qv)

Q(fan)
C(s)

=Q(v) * C(s)

= System Coefficient

December 11-12, 2013

Building Science Corporation

Table4.1

System Coefficient based on system type!

System Type Distributed Not Distributed
Balanced | 1.0 | 125
NotBalanced | 1.25 | 15

! Where there is whole-building air mixing of at least 70% recirculation turnover each
hour, the system coefficient may be reduced by 0.25.

Joseph Lstiburek 38

Building Science Corporation

Joseph Lstiburek 39

BSC 01-2013

Ventilation for New Low-Rise Residential Building
2,000 ft2
3 bedrooms

20 cfm + 30 cfm = 50 cfm

Mixed, Distributed, Balanced (MDB)
37.5 cfm

Not Mixed, Not Distributed, Not Balanced
75 cfm

House
2,000 ft2
3 bedrooms
8 ft. ceiling
Volume: 16,000 ft3

Ventilation Rates

35ach 93 cfm 62-73 5 cfm/person 20 cfm
30ach 80 cfm 10 cfm/person 40 cfm
25ach 67 cfm 62 - 89 - 15hcfm/persgg f 60 cfm
20ach 83 cfm 62.2 - 2610 6;05 cfm/personc . 50 cfm
.15ach 40 cfm ' )
+0.01
62.2 - 2013 7.5 cfm/person 90 cfm
+0.03
BSC 01 - 2013 7.5 cfm/person 37 cfm
+0.01 (MBD) 75 cfm

Lstiburek
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Joseph Lstiburek 41
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