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Last time 

•  Exam solutions 

•  Ventilation and indoor air quality 

•  Fluid flow in buildings 
–  Didn’t get to this 
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Scheduling 

•  HW #4 due today 

•  HW #5 will be assigned today 

•  Graduate students: Final projects  
–  Maximum 8 page paper due November 25th 
–  10 minute oral presentation in class on November 25th 

•  All students attend 
•  Strict on timelines 

3 



Today’s objectives 

•  Finish IAQ/ventilation 

•  Heating load calculations 

•  Fluid flows in buildings (if there’s time) 
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Review from last time 

•  Indoor air quality: we spend most of our time indoors 

•  Outdoor air ventilation can both dilute indoor sources of 
pollutants and bring in pollutants from outdoors 

•  Key topics: 
–  Mass balances 
–  Unit conversions 
–  Air exchange rate 
–  Ventilation rates 
–  Filtration 
–  CADR 
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VENTILATION AND INFILTRATION 
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Finishing up IAQ 

•  Last class we measured CO2 concentrations in the room 
–  Along with T and RH 

7 Let’s estimate the ventilation rate in the classroom 



Air exchange: Ventilation and infiltration 

Air exchange of outdoor air with air already in a building can be 
divided into two broad classifications: 

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., leakage 8 



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 

9 



General models for air flows through leaks 

•  Given an opening: 

•  For a combination of i openings: 
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!V = AC!Pn

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 0.4 and 1.0 (usually 0.65 for buildings) 

!V = AiCi!Pi
ni

i
"



Driving forces of ventilation and infiltration: ΔP 

•  Three primary mechanisms generate pressure differences 
(driving forces) 
–  Stack effect (natural buoyancy) 

•  Caused by the weight of a column of air located inside or outside a 
building 

•  Depends on air density and height above a neutral reference level 
–  Density is also a function of temperature 

–  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 
–  Mechanical air handling equipment (fans) 

•  Fans are used to supply, recirculate, exhaust, and otherwise balance 
pressures and flows in buildings 
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!P = !Pwind +!Pstack +!Pvent (+ when causing flow to interior) 



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 out through 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 in through top 

•  Temperature differences usually lower in the summer time so the amount 
of flow is smaller 
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Stack effect: winter vs. summer 

13 Heating 
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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 from measurements or from ASHRAE Fundamentals Chapter 
16 (2005 HOF) 

Psurface = !P =CpPvelocity =
1
2
CP!Uh

2

Pvelocity =
1
2
!airUh

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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Typical air leakage sites in buildings 
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What are typical values of λ (AER)? 

•  Distribution of AERs in ~2800 homes in the U.S. 
–  Measured using PFT (perfluorocarbon tracer) in the early 1990s 
–  Nearly all infiltration 

•  What do you think this curve looks like now? 
17 

Murray and Burmaster, 1995 Risk Analysis 
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What are typical values of λ (AER)? 

•  Distribution of AERs U.S. homes: infiltration 
–  Early 1990s and revisited in 2010 (Persily et al. 2010) 
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Murray and Burmaster, 1995 Risk Analysis; Persily et al. 2010 Indoor Air 
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1990s median ~0.5/hr 
2010 median ~0.4/hr 
•  20% reduction in 20 years 



What are typical values of λ (AER)? 

•  Distribution of AERs U.S. homes: infiltration 
–  Addition of 106 new homes (Offermann et al., 2009) 
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Offermann et al. 2009 CEC PIER Report 

•  Not uncommon for new homes to have AER = 0.05-0.20 per hour 

1990s median ~0.5/hr 
2010 median ~0.4/hr 
2009 new home median ~0.26/hr 



Steady state mass balance and real AERs 

•  Assume V = 200 m3 and E = 1 µg/hr 
•  Lower AER à higher Css 
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AER (1/hr) 

E = 1 !g/hr 

C = 0.10 µg/m3 @ median  
1990 AER of 0.5/hr 

C = 0.13 µg/m3 @ median 2010 AER of 0.4/hr 

C = 0.19 µg/m3 @ median new CA home AER of 0.26/hr 



Modeling air leakage (infiltration only) 

•  There are several models for estimating infiltration rates in 
buildings 

•  One common model is the LBL Model for Air Leakage 
–  aka Sherman-Grimsrud Model 
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!Vinf = Aleak as!T + awvw
2 !!!!![L/s]!

Aleak= building equivalent leakage area [cm2] 
!T= interior-outdoor temp difference [K]
as ! stack effect coefficient [ (L/s)2

cm4K
]!

aw ! wind coefficient [ (L/s)2

cm4 (m/s)2 ] 

vw ! wind speed [m/s]



LBL Air Leakage Model 
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LBL model example problem 

•  You measure an effective leakage area of 449 cm2 in a 
single story wood-frame building in a suburban 
neighborhood 
–  Floor area of 120 m2 and ceiling height of 3 m 

•  Estimate the air exchange rate of the building when it is 68°F 
inside and 32°F outside and a wind speed of 15 mph 

•  What if the outdoor temperature drops to 0°F? 

•  What if wind speed doubles to 30 mph (13.4 m/s)? 
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Variation in infiltration AER 
•  Air exchange rates differ both between buildings and within buildings 

–  Differences vary by driving forces and building characteristics   
•  Example research: “Continuous measurements of air change rates in an 

occupied house for 1 year: the effect of temperature, wind, fans, and 
windows” 

–  4600 AERs measured by automated SF6 system in one house for 2 years! 

24 
Wallace et al. 2002 J Expo Anal Environ Epidem 



Variation in infiltration AER 
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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 



Measured air exchange rates: Commercial buildings 

•  Recent study of ~40 commercial buildings in CA 
–  Combination of infiltration and mechanical ventilation 

26 Bennett et al. (2011) CEC Report 



ASHRAE Standard 62.1-2010 

27 



ASHRAE Standard 62.1-2010 

28 

Ventilation rate procedure 



ASHRAE Standard 62.1-2010: VRP 
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ASHRAE Standard 62.1-2010: VRP 
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ASHRAE Standard 62.1-2010 
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ASHRAE Standard 62.2-2010 (actually showing 2007) 
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ASHRAE Standard 62.2-2010 
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HEATING AND COOLING 
LOADS 
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Introducing heating and cooling loads 

•  We need to know how all of the heat gains and losses in a 
building add up to affect thermal comfort 

•  When we use HVAC systems to maintain comfortable indoor 
conditions, we need to know what the “peak” loads for both 
heating and cooling are in order to design/select equipment 
–  Load calculations 

•  How do we combine what we know about individual modes 
of heat transfer to estimate heating and cooling 
requirements? 
–  And how can we use that same information to estimate energy use 

requirements? 

35 



Heat balance 

•  For either heating or cooling loads, we can describe a “heat 
balance” on a building 

36 



Sensible heat losses and gains 
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Qcond = (UA)cond (Tin !Tout )
Conduction through envelope 

Qcond, floor = (UA) floor (Tin !Tground )
Conduction through floor 

Qair = !V!Cp(Tin !Tout )
Air exchange 

Qgains =Qsolar +Qlight +Qequip +Qocc

Heat gains (sun, lights, equipment, and occupants) 



Sensible heat balance: Total sensible load 
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Qsensible =Qcond +Qair +Qfloor !Qgains ±Qstorage

•  Qstorage accounts for thermal mass or thermal inertia of a building 
•  Static analysis neglects the storage term 

•  Q is positive when there is a heating load (cold outside) 
•  Negative when there is a cooling load (hot outside) 



Latent heat gains 

•  Mainly due to: 
–  Air exchange 
–  Equipment (kitchen/bathroom) 
–  Occupants 

39 

Qlatent =Qlatent,air +Qlatent,occ +Qlatent,equip

•  Latent gain from air exchange is usually negative in winter 



Building envelope heat transmission coefficient 
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Qsensible =Qcond +Qair +Qfloor !Qgains ±Qstorage

We’ve already defined a whole-building envelope heat 
transmission coefficient: 

Qcond = (UA)cond (Tin !Tout )

(UA)cond = (UA)windows + (UA)walls + (UA)roof



Total heat transmission coefficient: Envelope + air exchange 

•  We can also lump conduction and air exchange together to 
define a total building heat transfer coefficient: 
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(UA)total = (UA)cond + !Cp
!V = Ktotal



Heat gains 

•  Internal heat gains are heat sources on the inside of the 
building 

•  These are all always positive meaning they always add heat 
to the interior of the building 
–  Affect both heating and cooling loads 

Typical gains: 
•  Solar gains through windows 
•  Heat gains from occupants, lights, and equipment 

–  Motors, copiers, computers, appliances, etc. 
•  We need to know their scheduling (when they are off and on) 

as well as their magnitude 
42 

Qgains =Qsolar +Qlight +Qequip +Qocc



Heat gains from people 

•  Representative heat gains for people in different activities 
are listed in the ASHRAE Handbook of Fundamentals 

•  Keep the latent load separate from the sensible load 
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Heat gains from lighting 

•  Lights are often a major internal heat load component 
–  This is changing as lighting efficiency increases 

•  Lights contribute to heat gain through convection and 
radiation 
–  Function of total wattage and how much they are used 
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Heat gains from electric motors 

•  For an electric motor used inside a conditioned space: 
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Qmotor =
P
Em
FlFu

P =motor power rating [W]
!m =motor efficiency (0 <!m <1)
Fu =motor use factor (fraction of time on)

Fl =motor load factor = fraction of load delivered

during the conditions for the load estimate

Typical motor efficiencies range from 20 to 80% 



Load calculations 

•  Heating load calculations are based on steady state, 
instantaneous loads 
–  Highest heating load is in late night or early mornings 

•  For cooling load calculations things are more difficult 
–  Peak cooling loads will be during the day when solar radiation is 

present 
–  Solar radiation varies during the day and building thermal mass 

affects radiative heating and cooling so calculations must be dynamic 
–  People and equipment are usually present and these too can be 

variable 

•  Both utilize a concept of “design conditions” 

46 



Design conditions 

•  When sizing a system to provide a heating or cooling load we 
need to size it for worst case conditions (or nearly worst case 
conditions) 
–  If equipment is too large it may run at very low efficiency  

•  We choose extreme (or nearly extreme) design conditions on 
which to base heating and cooling load calculations 
–  Based on different levels of probability of occurrence 

•  Indoor design conditions are typically in the middle of the ASHRAE 
comfort zone  
–  70°F (21°C) and 30% RH 

•  Outdoor design conditions are not usually the coldest and/or 
warmest conditions ever measured, but are usually related to 
statistical measures obtained from long term (10+ years) 
measurements of temperature, humidity, and wind 
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Outdoor design conditions: Winter 

•  ASHRAE has compiled decades of weather data for many 
cities  
–  Available in the ASHRAE Fundamentals Handbook 

•  ASHRAE lists the 99% and 99.6% cold temperatures 
–  Also mean wind speed and prevailing direction 

•  Summer design conditions: Top 2%, 1%, or 0.4% in DBT 

•  The idea is that the air temperature is colder than the 99% 
value for about 88 hours per year and colder than the 99.6% 
for about 35 hours per year 
–  For Chicago, the winter 99% dry bulb temperature is 0.8°F and the 

99.6% DB temp is -5.0°F 
–  Annual extreme is -11.5°F (with 7.5°F standard deviation), 5 year 

extreme is -16.5°F, 50 year extreme is -30.9°F 
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ASHRAE Chicago O’Hare design conditions 

•  Design conditions are somewhat subjective (which percentile?) 
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City of Chicago requirements for design conditions 

•  The City of Chicago Building code has required design 
conditions that differ slightly from ASHRAE 

•  Winter Design Condition: Tdb = -10°F 

•  Summer Design: Tdb = 92°F, Twb = 74°F 

•  The maximum allowable interior design temperature is 72°F 
for heating and 75°F for cooling 

50 



Heating load calculations 
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The peak heating load is simple and relies on two modes: 
Overall envelope transmission and infiltration 

•  Transmission load 
(enclosure losses) is the 
heat lost to the outside 
through the building 
enclosure   

•  Infiltration load 
(ventilation losses) is the 
heat required to warm up 
the cold outside air that 
leaks into the building 
through cracks or is 
brought in via ventilation 

Ceiling 
Loss 

Wall 
Loss 

Floor 
Loss 

Window 
Infiltration Door 

Infiltration 



Heating load calculations 

Example:  
•  Find the design heat load for a 12 m x 12 m x 2.5 m (39.4 ft x 

39.4 ft x 8.2 ft) building with 0.25 m (10 in) of fiberglass 
insulation (k = 0.06 W/mK) in a flat roof and 0.15 m (6 in) of 
fiberglass insulation in the walls 
–  Double glazed windows (U = 3 W/m2K) cover 20% of the sides 
–  The air exchange rate is 0.5 per hour 
–  Ignore floor heat transfer 
–  Design conditions of -10°C (14°F) out and 22°C (71.6°F) in 
–  Internal gains = 1 kW (3.4 kBTU/hr) 
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Qh,max = (UA)total (Tin !Tout )!Qgain



A note on thermal zones 
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•  We’ve relied on single zone assumptions so far 

•  Larger buildings will be divided into multiple zones 
–  Need to calculate loads separately 

•  Need to consider the number of zones to control in selection 
HVAC equipment 

•  Perimeter versus core 



Heating equipment selection 

Questions to ask in choosing a heating system: 
•  What fuel is it going to burn? 
•  What medium is it going to heat? 
•  How much is it going to heat it? 
•  Where are you going to put it?  
•  What else do you need to make it work? 
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Heating: Choosing a fuel type 

•  How to choose between gas furnaces, water boilers, or 
electric heaters? 

•  Availability 
–  Emergencies, back-up power, peak demand 

•  Storage 
–  Space requirements, aesthetic impacts, safety 

•  Cost 
–  Capital, operating, maintenance 

•  Code restrictions 
–  Safety, emissions 
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Heating: Selecting a heat transfer medium 

•  Air  
–  Inefficient heat transfer medium (low density and low Cp) 

•  Needs electricity to move air with fans 
–  But can be combined with cooling, has low maintenance, and 

equipment is simple 

•  Steam 
–  Necessary for steam loads, little/no pumping 
–  But: lower heat transfer, condensate return, bigger pipes 

•  Water 
–  Better heat transfer, smaller pipes, simpler 
–  But: requires pumps, lower velocities, can require complex systems 
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Typical gas furnace 
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Gas 
furnace 
efficiency 
is 
typically 
80-90% 
 
Electric 
furnace 
is ~100% 



Moving conditioned air around: Air Handling Units (AHU) 
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Control of air systems 

•  Vary temperature, constant flow 

•  Constant temperature, vary flow 

•  Vary temperature, vary flow 
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How does a residential thermostat work? 

•  On-off systems 
–  Residential and small commercial 

•  Vary volume by turning system on and off 
•  Thermostat operates within a certain range 
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Constant volume: Temperature control 

•  Proportional control or Proportional  Integral control  
–  Thermostat measures:   ΔT  = T set point – T zone air   
–  Sends signal to the valve of cooling/heating coil  
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Multizone constant air volume with reheat 
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Variable air volume 
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Water systems 
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Fan coil units 

Baseboard heaters 

Radiant panels  



FLUID FLOWS 
In buildings 
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Fluid flows in buildings 

•  We use liquids and gases to deliver heating or cooling 
energy in building mechanical systems 
–  Water, refrigerants, and air 

•  We often need to understand fluid motion, pressure loses, 
and pressure rises by pumps and fans in order to size 
systems 

•  We can use the Bernoulli equation to describe fluid flows in 
HVAC systems 
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p1 +
1
2
!1v1

2 + !1gh1 = p2 +
1
2
!2v2

2 + !2gh2 +K
v2

2
Static  
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Velocity  
pressure 

Pressure 
head Friction 



Pressure losses 

•  We often need to find the pressure drop in pipes and ducts 
•  Most flows in HVAC systems are turbulent 
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Friction factor 
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Reynolds number 

•  Reynolds number relates inertial forces to viscous forces: 

•  Kinematic viscosity 
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! =
µ
"
=1.5!10"5 m2

s
 (for air at T=25!C)

Re = VL
!

L = Dh in a pipe or duct 



Pressure losses and rises 
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Energy input into system by fan 

Supply side: Positive pressure 

Return side: Negative pressure 



Duct friction charts 
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Fan and system pressures 

•  Fan curves 
•  System curves 
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Fan and system curves: Ideal 
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Wfan =
!P " !V
! fan



Fan and system curves: Real 
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Wfan =
!P " !V
! fan



Next time 

•  Cooling load methods (various) 

•  Energy estimation methods 

•  HW #5 due 
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