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Remaining HW releases

• HW 5 released on BB
– Due Thursday November 14, 2019

• HW 6 will be released soon
– Due Thursday November 21, 2019
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Schedule updates
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PHYSICS OF INFILTRATION AND 
NATURAL VENTILATION
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What impacts air exchange rates?

Outdoor air exchange can be divided into two main categories:

Ventilation
Intentional introduction of outdoor air into a building
Subdivided into:
– Mechanical (forced) ventilation: The intentional movement of air 

into and out of a building using fans, intake vents, and exhaust vents
– Natural ventilation: The flow of air through open windows, doors, 

grilles, and other planned envelope penetrations, driven largely by 
natural or artificially induced pressure differences

Infiltration
Flow of outdoor air into a building through cracks, leaks, and other 
unintentional openings in the envelope (includes normal use of exterior 
doors) … i.e., air leakage
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Dealing with ventilation vs. infiltration

• Mechanical ventilation is straightforward
– Fans move air through known openings
– Flow rates typically known or at least measurable

• Natural ventilation is conceptually straightforward but 
physically complex
– Known openings but highly varying wind speeds and directions

• Infiltration is complex
– Typically unknown openings and multiple driving forces

• Need to know airflows through each of these in order to 
quantify IAQ and energy impacts
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General models for air flows through openings

• Given an opening (i.e., a leak, crack, or intentional opening):

• For a combination of i openings:
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V = ACΔPn

A = area of opening, ft2 (m2)
ΔP = pressure difference between inside and outside, in WG (Pa)
C = flow coefficient, ft/(min inWGn) [m/(s Pan)]
n = exponent, between 0.5 and 1.0 (depends on opening types)

V = AiCiΔPi
ni

i
∑



Fluid mechanics: Actual flows in enclosures

• Power law relationship for any tested assembly
– Valid for single objects and/or entire enclosures

8Black 1950 Journal of Hygiene 48(1):44-51

V = ACΔPn



“Driving forces” of ventilation and infiltration: ΔP

• Three primary mechanisms generate pressure differences:
– Wind

• Caused by wind impinging on a building, creating a distribution of 
pressures on the exterior surface

• Depends on wind direction, wind speed, air density, surface orientation, 
and surrounding conditions

– Stack effect (natural buoyancy)
• Caused by the weight of a column of air located inside/outside a building
• Depends on air density and height above a neutral reference level

– Density is a function of temperature (so this is temperature driven)

– Mechanical air handling equipment (fans)
• Fans are used to supply, recirculate, exhaust, and otherwise balance 

pressures and flows in buildings
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ΔP = ΔPwind +ΔPstack +ΔPmech (“+” when causing flow to interior)



WIND FORCES

10



Wind pressures

• From velocity component of Bernoulli Equation:

• To convert velocity pressure to the difference between 
surface pressure and local atmospheric pressure:
– Multiply by local wind pressure coefficient, Cp

– Get CP (+ or -) from measurements or from ASHRAE Handbook of 
Fundamentals 2017 Chapter 24 “Airflow around buildings”

Pwind = ΔP =CpPvelocity =
1
2
CPρUh

2

Pvelocity =
1
2
ρairUh

2

Pvelocity = wind velocity pressure; Uh = air velocity at building height, h; ρair = air density



Wind pressure coefficients (Cp) vary around buildings
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Wind pressure coefficients (Cp) vary around buildings

13https://www.youtube.com/watch?v=gMkGM1D1QhY

https://www.youtube.com/watch?v=gMkGM1D1QhY


Wind pressure coefficients (Cp) vary around buildings
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https://buildingscience.com/documents/digests/bsd-109-pressures-in-buildings

http://seblog.strongtie.com/wp-content/uploads/2013/02/Wind-Pressure-Figure.jpg

https://buildingscience.com/documents/digests/bsd-109-pressures-in-buildings
http://seblog.strongtie.com/wp-content/uploads/2013/02/Wind-Pressure-Figure.jpg


Wind pressure coefficients (Cp) vary around buildings
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https://buildingscience.com/documents/digests/bsd-109-pressures-in-buildings

https://buildingscience.com/documents/digests/bsd-109-pressures-in-buildings


STACK EFFECT
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Stack effect
• In wintertime

– Air within a building acts like a bubble of hot air in a sea of cold air
– Rises to the top
– Draws outdoor air in from cracks/gaps/openings in the bottom
– Indoor air flows out through openings in the top

• In summertime
– Air within a building acts like a bubble of cold air in a sea of hot air
– Falls to the bottom
– Drives indoor air out through cracks/gaps/openings in bottom
– Outdoor air is drawn in through openings in the top

• Temperature differences usually lower in the summer time so the amount 
of flow is smaller
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Stack effect
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https://www.cppwind.com/blogs/get-to-know-a-flow-feature-the-stack-effect

https://www.cppwind.com/blogs/get-to-know-a-flow-feature-the-stack-effect


Stack effect
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• The stack effect is magnified in taller buildings



Stack effect equations

• Assuming temperature and barometric pressure are constant 
over the height of interest, the stack pressure decreases 
linearly as the separation above the reference point 
increases

• Neglecting vertical density gradients, the stack pressure 
difference across a horizontal leak at any vertical location is 
estimated by:
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ΔPstack = (ρout − ρin )g(HNPL −H ) = ρout
Tin −Tout
Tin

⎛

⎝
⎜

⎞

⎠
⎟g HNPL −H( )

Tout = outdoor air temperature, K
Tin = indoor air temperature, K
ρout = outdoor air density, kg/m3

ρin = indoor air density, kg/m3

HNPL = height of neutral pressure level above reference plane, m
H = height of point of opening, m



Designing for stack effect in tall buildings
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https://www.youtube.com/watch?v=jz1HqL4PHVQ http://www.dougking.co.uk/videos/

https://www.youtube.com/watch?v=jz1HqL4PHVQ
http://www.dougking.co.uk/videos/


MECHANICAL FORCES
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Mechanical system driving forces

• Mostly relates to unbalanced flows
– Duct leakage (incidental)
– Unbalanced exhaust flows (intentional or incidental)
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http://www.greenbuildingadvisor.com/blogs/dept/building-science/how-duct-leakage-steals-twice

http://www.greenbuildingadvisor.com/blogs/dept/building-science/how-duct-leakage-steals-twice


AIR LEAKAGE SITES
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Typical air leakage sites in residential buildings
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http://www.opalco.com/wp-content/uploads/2014/10/House-Image.jpg

http://www.opalco.com/wp-content/uploads/2014/10/House-Image.jpg


Characterizing air leakage sites

• Q: How do we characterize air leakage sites in buildings?
• A: Blower door tests
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• Blower door test results:

• Effective leakage area:

Characterizing air leakage sites
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!V =CΔPn

AL =10000V
.
ref

ρ2ΔPref
CD

C = flow coefficient, CFM/Pan

ΔP = pressure difference between inside and outside, Pa
n = exponent, between 0.5 and 1.0 (usually around 0.65 for homes), dimensionless
AL = effective air leakage area, cm2

Vref = airflow rate at reference pressure (e.g., 4 Pa), m3/s
CD = assumed equivalent discharge area (e.g., 1 or 0.6), dimensionless
ΔPref = assumed I/O reference pressure difference (e.g., 4 Pa), Pa

.



• Blower door test results:

• Effective leakage area:

Characterizing air leakage sites
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!V =CΔPn

AL =10000V
.
ref

ρ2ΔPref
CD

If you want to learn more: http://resdb.lbl.gov/

Source: ASTM E 779 and ASHRAE Standard 119

Normalized Leakage, NL (dimensionless)

Air Changes per Hour @ 50 Pa (hr-1)

http://resdb.lbl.gov/


AIR EXCHANGE RATES: REAL DATA
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• Distribution of AERs in ~2800 homes in the U.S.
– Measured using PFT (perfluorocarbon tracer) in the early 1990s
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What are typical air exchange rates (AERs) in homes?

30

Murray and Burmaster, 1995 Risk Analysis

*Mostly due to infiltration and window opening

Median (50th %tile):
0.5 per hour



Variation in infiltration AER with driving forces
• Air exchange rates differ both between buildings and within buildings

– Differences vary by driving forces & building operation (e.g. windows/HVAC)
• 4600 AERs measured by automated SF6 system in a house for 2 years:
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Wallace et al. 2002 J Expo Anal Environ Epidem

AERs in individual buildings can vary by season
• Driving forces: temperature, wind speed

AERs can vary by I/O temperature 
within seasons



INFILTRATION MODELS
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Simplified models of air infiltration
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• Basic model for combining stack and wind driven flow

!V =
AL
1000

Cs Tin −Tout +CwU
2

V = airflow rate, m3/s
AL = effective air leakage area, cm2

Cs = stack coefficient, (L/s)2/(cm4K)
Cw = wind coefficient, (L/s)2/(cm4(m/s)2)
U = average wind speed measured at the local weather station, m/s
Tout = outdoor air temperature, K
Tin = indoor air temperature, K

.



Simplified models of air infiltration
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• Basic model for combining stack and wind driven flow



Air infiltration modeling example

• Using a blower door test, you measure the effective leakage 
area of a 360 m3 1-story suburban home in a densely 
populated neighborhood to be 450 cm2

• Estimate the air exchange rate when it is 20°C (68°F) 
indoors and 0°C (32°F) outdoors and the wind speed is 6.7 
m/s (15 mph)
– What if the outdoor temperature drops to -18°C and the wind speed 

stays constant?
– What if the outdoor temperature drops to -18°C and the wind speed 

increases to 13.4 m/s?
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NATURAL VENTILATION
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Natural ventilation

• Natural ventilation occurs through intentional openings:
– Windows, doors, skylights
– Roof ventilators
– Stacks
– Specially designed inlet or outlet openings

37
Source: CIBSE Applications Manual A10
Natural ventilation in non-domestic buildings

Passive inlets

Trickle ventilators



Natural ventilation strategies
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Natural ventilation flow dynamics (complex)
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Lo 2014 ASHRAE Conf.



NATURAL VENTILATION MODELS
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Simplified natural ventilation equations

• Airflow through large intentional openings
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!V =CDA
2ΔP
ρ

V = airflow rate, m3/s
CD = discharge coefficient for opening, dimensionless 

[CD depends on flow geometry of the opening and the Re of the flow]
A = cross-sectional area of opening, m2

ρ = air density, kg/m3

ΔP = pressure difference across opening, Pa

.



Simplified natural ventilation equations

• Airflow caused by wind only
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!V =CvAU

V = airflow rate, m3/s
Cv = effectiveness of openings, dimensionless 

[Cv = ~0.5-0.6 for perpendicular winds and ~0.25-0.35 for diagonal winds]
A = free area of inlet openings, m2

U = wind speed, m/s

.



Simplified natural ventilation equations

• Airflow caused by thermal forces (buoyancy) only
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!V =CDA 2g HNPL −H( ) Tin −Tout
Tin

⎛

⎝
⎜

⎞

⎠
⎟

V = airflow rate, m3/s
CD = discharge coefficient for opening, dimensionless 
A = cross-sectional area of opening, m2

HNPL = height of neutral pressure level above reference plane, m
H = height of point of opening, m
Tout = outdoor air temperature, K
Tin = indoor air temperature, K
g = acceleration due to gravity, 9.81 m/s2

Note: If Tin < Tout, replace Tin with Tout and vice versa

.


