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AIRFLOW AND RADON TRANSPORT
MODELING IN FOUR LARGE BUILDINGS
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ABSTRACT

Andrew K. Pereily, Ph.D.
Member ASW7AE

solution technique baaed on the Newton-Raphaon method to

Chnputer simulations of multizone ai*w and contam-
inant transpoti were performed infour barge buildings using
the program COMMM88. This paper describes tk physical
characteristics of the buikiings and their idealizutwns as
multizone building aifiw systems. Thse buildings include
a twelve-story multifamily residential building, a jive-stmy
mechanically ventilated ojtj?ce building with an atrium, a
seven-story mechanically ventilated oflce building with an
underground parking garage, and a one-story school build-
ing. 7he air change rates and intenonal airjlows of these
buildings are predicted for a range of wind speeds,
indoor+utdoor temperature digerences, and percentages of
outdoor air intake in the supply ai~ Simulatwns of radbn
transport were also performed in the buildings to investigate
the effects of indoor-outdoor temperature difference and
wind speed on indoor radon concentrations.

INTRODUCTION

Infiltration and exfiltration of air through exterior enve-
lopes and interzonal airflow rates in buildings affect whole
building ventilation rates, outdoor airflow rates to individual
rooms, concentration levels of airborne contaminants, heat-
ing and cooling loads, and smoke movement in the case of
fire. Air movement and convective contaminant transport
within muhizone buildings are caused by pressure dMer-
ences across openings in exterior walls and in partitions
between individual wnes. These pressure differencca are
caused by wind, thermal buoyancy, and airflows from
mechanical ventilation systems. For a building with known
air leakage characteristics, ventilation system airflow rates,
weather conditions, and pollutant source strengths,
multi-zone airflow and contaminant transport models can
predict the ai.sflowrates from one zone to another (including
to and from the outdoors) and the contaminant levels in each
zone.

Several models have been developed for predicting air-
flow, contaminant dispersal, and fire-induced smoke move-
ment in multi-zone buildings. These muhizone airflow and
contaminant dispersal models were reviewed by Feustel and
Kendon (1985), Feustel and Diens (1992), Austin et al.
(1992), Haghighat (1989), and Said (1988). Tkse models
use a netsvorkapproach to obtain a set of nonlinear equations
derived from a mass balance at each node and an iterative
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solve for the pressure at each node. ‘Ilseaepressures are then
used to calculate the steady-state airflow rates to and from
eaeh zone based on the given leakage values. Using these
airflow rates and pollutant source stsengths and infomtation
on other pollutant transport mechanisms, these programs cal-
culate contaminant ccmcemationa in eaeh building zone.

Multizone airflow and contaminant dispersal models
earsbe used to investigate air movement in multistory build-
ings, to predict interzon,ti airflow patterns and zonal corttam-
irtarstconcentration Ievc:ls,and to evaluate the performance
of the building verttilatiou systems under different opemting
conditions. Fredieted air leakage rates can also be used to
assessthe effectiveness of interior doors and walls as til-
ers to contaminants or smoke flow and to dedgn contarni-
rtant or smokecontrol systems. Modeling ears also be useful
to deaignera, builders, and code enforcement offlcirslsto pre-
dict whether the performance of a building will fulfill local
fire, energy, and indoor air quality codes and standards.

Despite the potential usefulness of these models, the
validity of their predictions has not yet been established.
Model validation is critical because it is very easy to run a
large number of simulations for a given building and then
draw etmclusions about the impact of various parameters on
ventilation and indoor air quality. One of the more important
issues related to model ‘wdidationis the value of the various
model inputa since the validity of the model output is a func-
tion of the appropriateness of the input values. Multizone
airflow models require information on the building being
modeled, including phy:sicaldimensions of the building, air-
flow reaiatances of the airflow paths, the configuration of
mechanical ventilation systems, ventilation system airflow
ratea, wind pressure cocfilcients on the building facade, and
ambient weather data. Contaminant dispersal analysis
requires additional information, including contaminant
source strengths, source removal mtes from indoor sinks, fil-
ter eftlciencies, and outdoor contaminant concentrations.
However, when performing multi-zone airflow and contamin-
ant dispersal analysis for a given building, there is gener-
ally only limited information available on the required
inputs.

Another issue relateclto the validity of the model predic-
tions is how a multizcme building is idealized withi:i the
model. An idealization of a multizone building refers to its
-nation as a multizone airflow system in a manner



that captures the impmtartt features of the building and the
airflow and contaminant dispersal phenomena beiig stud-
ied. The idealization of a multizone building depends on the
building layout the ventilation system coti]guration, and
the objective of the modeling effort. A very complex b@ld-
ing need not be modeled to include every building zone and
leakage path but in some situations can be idealized as a
much simpler system with a smaller number of zones.
Building idealization for airflow modeling has not received
a great deal of attention in the litemture on airflow model-
ing, and no generaI rules are available to guide the modeler.

The objective of this paper is to introduce the reader
to the capabilities of multizone aixflowand contaminant dis-
persal modeling. In addition, four large buildings that are
available for indoor air quality analysis are presented along
with sample results of simulations of airflow and radon
transport in these buildings. The four buildings include a
twelve-story apartment building, a five-story mechanically
ventilated offke building with an atrium, a seven-story
mechanically ventilated offke building with an under-
ground parking garage, and a one-story school building.
The fti section of the paper describes the computer pro-
gram CONTAM88 (Grot 1991) and its companion program
NBSAVIS, including the assumptions employed, the inputs
requi.r@ and the outputs of the program. The physical char-
acteristics of the four buildings and their multi.zmteidealiza-
tions in the model are described in the next section. The
third section presents sample simulation results for the four
buildings. The results show the effects of wind _
indoor-outdoor temperature difference, and percent outdoor
air intake rate on the calculated building air change rates. In
addition, radon enlg and transport are modeled for each of
the buildings, and the effects of weatbcr conditions and ven-
tilation system operation on radon concentration in these
buildings is examimxi The papr also includes an appendix
containing a building component air leakage data base for
large commercial buildings. Additional details on the build-
ing airflows simulations are contained in Fang and Persily
(1994).

CONTAM88

CONTAM88 was developed to enable multiz.one air-
flow and contaminant dispersal modeling in buildirtgs (Grot
1991). ‘Ilk model assumes that a building can be idealkd
as a number of well-mixed zones that exchange air with
each other and the outdoors through air leakage paths and
ventilation systems. The computer code predicts air move-
ment and contaminant concentration levels within a multi-
zone building given the leakage characteristics of the
openings to the outdoors and between zones, ventilation
system airflows, weather conditions, contaminant sources
and sinks, and wind pressure coefficients for the building
exterior surfaces. Building surface wind pressure coeffi-
cients, if not given, can also be specified by a default algo-

rithm witiin the code. ‘I%ecode is a combination of two
previously developed programs: AJRMOV (Walton 1983,
1984), which performs network airflow analysis, and
CONTAM87 (Axley 1988), which simulates contaminant
dispersal in multizone systems.

A companion program to CONTAM88, called
NBSAVIS, is a menu-driven preprocessor for creating
building descriptions and data input files that are used by
CON’IAM88. These input files are used to calculate tbe air-
flow rates and contaminant concentration levels in buildings
using the CON’E4M88 program in conjunction with a
weather data file and a program parameter file. me
CONTAM88 code is capable of calculating steady-state air-
flow rates and both steady-state and tmnsient contaminant
concentrations.

Since the simulations in this study were performed, an
updated version of the CONTAM program has been
released. This new version, CONTAM93 (Walton 1994),
has essentially the same airflow and contaminant dispersal
simulation capabilities as CONTAM88. However, the new
program employs a graphical interface to describe the build-
ing, input &% and display the simulation results.

BUILDING DESCRIPTIONS

This section describes the four buildings that were
modeled, including their idealizations as multizone systems
and the leakage values used to describe the airflow paths
between the zones. While the office buildings and school
are based on real buildings, only the exterior wall leakage
value of Office Building No. 1 is basal on an actual mea-
surement. All other leakage values were based on data in
Appendix A of this paper and the ASHRAE Fundamentals
(1993). When a range of values was available for the leak-
age of a particular component a value in middle of the
range. was used. The leakage values were not selected to
represent spmific or typical buildings, but the building air-
flow simulations are expected to yield reasonable results.

Apartment Building

lle apartment building Wing modeled consists of 12
stories and abasement and is based on a simplified building
~ntion employed ptWiOUSly to model air and radon
transport in a multistory residential building (Persily 1993).
l%e apartment building has horizontal dimensions of 30 m
by 22.5 m, a ceiling height of 2.5 m on each floor, a roof
height of 30.5 m above grade, and a basement 2 m below
grade. A typical floor plan of thk building is shown in Fig-
ure 1.

Each typical story (second through twelfth floors) of
the building has four apartments, with two on each side of a
central hall. The first floor contains a large lobby with a
main entrance at the center of the west exterior wall and two
apartment units on the east side. The building has an eleva-
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Figure 1: ~picaljloorplan of aparrtnenl building.

tor shaft and a stairwell located at the ends of the hrdl. Both
the elevator and stairwell shafts extend from the basement
to the roof and have horizontal dimensions of 2.5 m by 2 m.
The hall is 26 m by 2.5 m. The basement has no interior par-
titions, except for the walls of the stair and elevator shafts.
Closed doors connect the hall to each apartment and the
halls and the basement to the elevator and stairwell shafts.
l%e shafts are modeled as a series of vertically connected
single-story zones. These shaft zones are connected by
openings with a cross-sectional area equal to the cross-sec-
tional area of the shafts. Other models are available for
shafts that account for the airflow resistance within them
(Ackakji and Tamura 1988). ‘l’heuse of these other models
is more critical when there are large airflow rates in the
shafts, such as during the operation of smoke control sys-
tems. TWOexterior doors arc located at the roof levels of the
stairwell and elevator shafts. There are four windows on the
long wall and three on the short wall of each apartment.

The leakage values used for the major building compo-
nents are as follows:

Exterior walls 3.0 cm2/m2
Entrance door 58 cmz
Apartment windows 7.5 cmz
Interior walls 2.0 cm2/m2
Interior floors 0.5 cm2/m2
Apamnent doors 75 cm2
Elevator and stairway doors 150 cm2

All leakage areas are based on a reference pressure of 4
Pa and a discharge coefficient of 1.0. All leakage paths are
characterized by a pressure exponent of 0.6. T%erepresenta-
tion of this apartment building consists of 87 zones and
1,233 openings.

CH-95-163

Offioe Buiiding No. 1

l’hc firstof two office buildings that were modeled is a
seven-story mechanically ventilated building with an
atrium. ‘Iltis building is based on an offke building located
in Owriand, Missouri, litat was tie subject of a study of
building ventilation and indoor air quality (I%sily et al.
1991, 1992). The buiiding consists of five floors above
grade and two floors, levels B1 and B2, below grade. A
schematic floor plan of level 5 is shown in Figure 2. The
main entrance of the bwHdingis located on the first floor,
and a penthouse is situated on the south comer of the roof-
top. lhe building is square in shape and has a square atrium
in its center extending fmm the fmt floor to the roof. The
building has overall dinwnsions of 74.4 m on a side, a ceil-
ing height of 3.35 m on each floor, a total floor area of about
32XI m2, and a volume of about 122,000 m3. Stairways
are located in each comer of the building, and there We six
passenger elevators and a tie@ht elevator located in the
@h corner. A detailed description of the actual building,
including floor plans for all levels, is given in Persily et do
(1991).

me building has a decentralized ventilation systcm
with two variable-air-vo;lume air-handling systems serving
eaeh floor and one additional system serving the atrium.
‘IWOtoilet fans are hx-atdl on the roof and save caeh floor
through a common exhaust duct. Return air from the occu-
pied spaces flows throu;@ a return air plenum above the
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Figure 2: Lzvel-5jloorplan of oflce building No. 1.
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suspended ceiling and back to the air handlers where it is
either recimulated into the supply air or exhausted to the
outdcxxs. The mechanical system airtlow rates used in the
simulations are given in Fang and Persily (1992).

The following air leakage values were used in airflow
calculations for the major components of the building. ‘Ihey
are all based on a reference pressure of 4 P% a discharge
coefficient of 1.0, and a pressure exponent of 0.6.

Exterior walls 5.2 cm2/m2
Entrance door 58 cm2
Interior floors 0.4 cm2/m2
Interior doom

Passenger elevator 200 cm2
Stairway 174 cm2
Freight elevator 430 cm2

The leakage value for the exterior walls is based on
the results of a whole building pressure test of the building
(Persily et al. 1991). A leakage area of 40 cm2 is specified
for cable openings at the top of the elevator shaft in the
penthouse. ‘Ihe stairway and elevator shafts are modeled by
a series of vertically connected zones, one for each floor.
These shaft zones are connected by an opening with an area
qual to the cross-sectional area of the shaft. The space on
each building floor is modeled as two zones, consisting of
one zone below the suspended ceiling and another zone
above the suspended ceilin$ The leakage area of the sus-

pended ceiling is 35 cm2/m . ‘IMs office building is repre-
sented by 66 zones and 746 openings.

Each of the 15 air-handling systems (two per floor plus
the atrium system) is modeled within CONTAM88 as two
HVAC systems, one supply and one return system. Supply
airflow rates are specified from each supply air-handling
system to the zone below the suspended ceiling. Return air-
flow rates are specified from the zone above the suspended
ceiling to each supply system in order to account for recir-
culated return air. Another return airflow rate is specified
from the zone above the ceiling to the return WAC system
to account for return air that is exhausted to the outdoors.
For the supply systems, any difference between the airflow
rate of rmirculated return air and supply air is made up with
outdoor air intake. By adjusting the airflow rates of retmrn
air to the supply and return WAC systems, one can modu-
late the outdoor airflow rate brought into the building. Three
levels of outdoor air intake were applied to Offke Building
No. 1: 100% outdoor air intake, 50% outdoor air intake, and
the minimum design level of outdoor air intake.

Office Building No. 2

This mechanically ventilated offke building has seven
stories above grade, one story below grade, and a two-story
under~ound parking garage. It is based on an office build-
ing in Portland, Oregon, that was the subject of a study of
ventilation and indoor air quality (Grot et al. 1989; DOIS and

Persily 1992). A schematic elevation of the building is
shown in F@re 3. The building has a main entrance and
rewqt.ion area on the first floor and a Ioading dock on the
first below-grade level. Art underground parking garage is
located on tie next two below-grade levels. The building
mechanical equipment is located in a rooftop penthouse.

The building has a conditioned flwr area of about
42,900 m2and a buiiding volume of approximately 183,600
m3. Eight passenger elevators and a Wlght elevator are
located on the east side of the building. Stairways that pro-
vide access to all ten building floors are located on both the
east and weat sides of the building. Another stairway is
located on the west side of the building and links only the
seven levels above grade. T$ese stairways are connected to
the occupied areas of the buiiding by closed doors. The
two-story parking garage is connected to the occupied
spaces by two stairways and four passenger elevators.

There are three variable-sir-volume air handlers in the
penthouse mechanical room that serve all seven
above-grade flmrs These air handlers serve the east, west,
and center of the building. l%ere are several separate tur-
handling units located on and -g the B 1 level Two toi-
let fans are located on the roof and serve each floor through
a common duct. The underground garage has four exhaust
fans The mechanical system airflow rates used in the simu-
kitiOIIS are @tZIl in Fang artdPeraily (1994)

The leakage values for the major building components
m Office Building No.2 am as follows:

Exterior walls
Entrance door
Lading dock door
Garage door
Irk&or floors
Interior doors

Passenger elevator
Stairway
Freight elevator

2.0 cm2hn2
31 em2
58 Cm*
150,000 cm2
0.4 cm2hn2

200 Cm*
200 Cm*
300 em2

Figure 3: Schematic elevarion of ofilce building No.2.
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These leakage areas are all based on a reference pres-
sure of 4 P% a discharge coefficient of 1.0, and a pressure
exponent of 0.6.

The stairway and elevator shafts are modeled by a
series of vertically connected zones, one for each floor.
‘lkse shaft zones are connected by an opening with an area
equal to the cross-sectional ama of the ahafL Tlte space on
each building floor is modeled as two zones, consisting of
one zone below the suspended ceiling aud attothrx zone
above the suspended ceiling. ‘Ilte parking garage is modeled
as two zonea, one for each level, which are horimntally
divided by a floor. The upper level of the garage has a large
door open to the exterior and is connected to the lower level
through a 7.6 m by 3.1 m opening in the floor. l%e represen-
tation of this o~~ce building contains 77 zones and 660
openings.

Each of the three main air-handling systems is modeled
as two HVAC systems, one supply and one return system.
All of the air handlers serving level B1 are modeled with
another supply and return system. Supply airflow rates are
specified from each supply air-handling system to the zone
below the suspended ceiling. Return airflow rates are speci-
fied from the zone above the suspended ceiling to each sup-
ply system in order to auount for recimulated return air.
Another return airflow rate is specified from the zone above
the ceiling to the return HVAC system to account for return
air that is exhausted to the outdoors. For the supply systems,
any difference between the airtlow rate of recirculated
return air and supply air is made up with outdoor air intdce.
By adjusting the airflow rates of return air to the supply and
return HVAC systems, one can modulate the outdoor air-
flow rate brought into the building. Three levels of outdoor
air intake were applied to Office Building No. 2: 100% out-
door air intake, 50% outdoor air intake, and the minimum
design level of outdoor air intake.

School Building

The school building is a one-story, mechanically venti-
lattxl building consisting of classrooms, conference rooms,
offices, storage rooms, corridors, toilets, a kitchen, an all-
purpose room, and a boiler room. A floor plan of the school
is shown in Figure 4. The numbers in the figure refer to the
zone numbers. The building hasa 12.5 m x 32.8 m central
courtyard and overall dimensions of approximately 66 m x
72 m. me total floor area of the building is about 3,990 m2,
and the building volume is approximately 15,050 m3.

The ventilation system in this building consists of a
combination of unit ventilators, supply air handlers, and
exhaust fans. Fotty-three individual unit ventilators are
mounted in the exterior walls of the classrooms and several
offk and storage rooms. An individual supply air handler
serves the general office space. The building also has nine
ducted exhaust systems that serve various combinations of
rooms in the building. There are 16 local exhaust fans that
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Figww 4: Floor@utt of school building.

serve the kitchen, general IDfl%x space, artd conferencektor-
age rooms. The total supply airflow capacity of the building
is 17.5 tn3/s, which correqxmds to an air change rate of 3,92
ACH. The outdoor aitflow rate is 4.38 m3/s, cxxmsponding
to 25’%outdoor air intake, The total exhaust airflow capac-
ity is 12.5 m3/s. Therefore, there is an excess of mechanical
exhaust over outdoor air intake in this building. Additional
information on the mechamicsl system “airflowrates used in
the simuhstions is given in Fang and Perdy (1994).

The leakage values fbr the major building components
in the school building are at follows

Exterior walls
Masonry 2,9 cm2hn2
Window 2.0 cm2/rn2

Exterior doors 29 cm2
Windows 3.8 cm2
Interior walls 2.0 cm2/rn2
Interior doors 75 Cmz

These leakage areas ue aIl based on a referezw pres-
sure of 4 Pa a discharge coefllcient of 1.0, and a pr=sure
exponent of 0.6.

In the cmmputix simulations, the unit ventilators are
modeled as a fixed outdoor flow rate to each indi~idual
room. The supply airflow to general offke space is also
modeled as a fwed flow. The nine ductcd exhaust sySIcms
are modeled as HVAC systems within the CONTAM88 pro-
gram, with return vents located in each room served by tbe
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individual systems. The local exhaust fans serving the
kitchen and other rooms are modeled as freed exhaust air-
flows. The representation of this school building contains
63 zones and 629 openings.

Radon Modeling

This section describes how radon enw and transport
were modeled in the four buildings. While there has been
significant research and other activity related to radon in
single-family residential buildings, relatively little work has
been done in large buildings. The phenomena of radon enny
into and transport within these buildings may be quite dif-
ferent than in houses due to their greater heights, the exist-
cace of mechanical ventilation systems and vertical shafw
and the multizone nature of the airflows. In order to model
radon in large buildings, a vexy simple source model was
used to model radon entry through the foundation. This
model is based on the assumption that the radon entq rate is
dependent on the pressure difference between the basement
floor and the outdoors Specifkally, the radon entry rate is
equal to a radon entry coefficient multiplied by this pressure
difference raised to the power n. This model is described in
more detail in Persily (1993). The value of the radon enay
coei%cient used in these simulations is 0.02 Bc@Pa per m2
of basement floor area and the pressure exponent is
assumed to equal 1.0. This radon source term was deter-
mined from CONTAM88 simulations of a two-story house
with typical airtightness values in which the source tan
was vaned until the indoor radon concentration was roughly
100 Bq/m3. The radon source model also requires an air
leakage codlicient for the airflow path from the basement
floor through the soil and to the outdoors. A 4 Pa leakage
area of 0.0085 cmz per m2 of basement floor area, with a
pnxsure exponent of 1.0, is used in these simulations. This
radon entq model is obviously an.oversimplified represen-
tation of an extremely complex phenomenon. It does not
include such important parameters as soil radium content
and permeability, temporal and spatial variations in these
parameters, and the nature and extent of the cracks in tie
building-soil boundary. Therefore, the predicted radon con-”
certtrations should not be considered in absolute terms as ~
indicative of expected concentrations in real buildings. :
Rather they should be considered relative to each other as a
means of examining the impact of various parameters
afkdng radon in large buildings, such as weather condi-
tions, building features, and ventilation system operation.

Computer simulations of radon transport in these four
large buildings were performed using CONlXM88 by add-
ing a so-called “soil zone” IMneaththe lowest building zone.
Thii soil zone is comeeted to the lowest building zone by a
minimal airflow resistance and connected to the outdoors by
an airflow resistance qual to the basement floor area multi-
plied by 0.0085 cm2/m2. The outdoor radon concentration
was assumed to equal 10 Bq/m3 in all of the simulations.

Steady-state indoor radon eoncentdons were calculated in
each of the btdldhtg zones based on the airflow rates crdcu-
lated for a gives set of weather conditions and ventilation
system airllow ratea. CONTAM88 also calculates the pres-
avuedifference from the bottom of the basement floor to the
outdoots aod the airfiow rate from the outdoors to the base-
ment through the basement floor. This last parameter can be
combined with the predicted radon concentration in the soil
zone to determine the radon entry rate into the building.

SIMULATION RESULTS

This section presents the results of selected calculations
of airflow rate and radon ccxtcentrations in the four build-
ings using CON’IAM88. l%e effects of weather cxmdltions
and the operation of exhaust fans in the individual apart-
ments were examined for the apartment budding. Building
air change ratea were calculated for three levels of outdoor
air intake and a range of outdoor temperatures and wind
speeds for the two office buildings. Air change rates were
calculated for a rauge of weather conditions in the school
building. The results of the airflow simuhttions are airflow
rates through every opening in the exterior envelope and the
interior partitions. CONZ4.M88 summarizes these airflow
rates as infiltration, exfiltration, and intake and exhaust
rates for the building. l%e infiltration and extlltration rates
are totals of the airtlow rates into and out of the exterior
envelope openings. The total intake rate is the sum of the
infiltration rate through the building envelope and the out-
door airflow rate into the btdlding through the ventilation
systems. llte total exhaust rate is the sum of the exfiluation
rate through the envelope and & airflow rate out of the
building through mechanical exhaust systems and other air
handlers. CONTAM88 also calculates the airflow rate to
and from any pair of zones for which such an interzonal air-
flow exists. ‘l%eresults are presented in this section prima-
rily as whole building infiltration and intake rates. In large
buildings, there are many interzonal airflow rates, and it is
difficult to present them in either graphical or tabular form.
All these airflow rates, however, are given in the
CONX4M88 output files. The results of the radon modeling
are presented for the four buildings for a limited number of
cases. The results of the radon simulations that are pre-
sented include the pressure difference across the basement
floor, the rate of radon entry into the building, and the radon
concentrations in selected building zones.

Apartment Building

Airflow rate calculations were performed in the 12-
story apartment building for a range of weather conditions.
Calculations were also performed with a 47 L/s exhaust fan
operating in each apartment.

Figure 5 shows the crdcuiated airflow rates between
each zone and the outdoors for the apartment building at a

I
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Figure 5: Ai@ow rates in apartment building.

temperature difference of 20”C and a w&d speed of Om/s.
Figure 6 shows the results with the exhaust fm operating in
each apartment.In both figures, the flow rates between each
type of zone (shaft, hall, and apartment) and between each
wne type and the outdoors are given in kgls. The symmetry
of these buildings-and the fact that the elevator and slair
shaft leakage is identical-allows the results to be depicted
in graphical form. As seen in Figure 5, the upward flow of
air in the stair and elevator shafts due to the stack effect is a
dominant mechanism for air movement within the building.
Air flows into the shafts from the outdoors, basemen~ hall-
ways, and apartments for floors 1 through 6 and out of the
shafts into the apartments and hallways on floors 7 and
higher. Outdoor air infiltrates into the apartments on levels 1
through 10 (indicated by the outdoor-to-indoor arrows on
the right side of Figure 5), and air etilltratea from the apart-
ments on levels 3 through 12 (indicated by the indoor-to-
outdoor mows in the figure). Note that the existence of
both inilltration and etilltration in the apartment on floors 3
through 10 indicates that there is a Iocd neutral pressure
level between the ceiling and floor of these apartments. The
existence of multiple neutral pressure levels in a building
depends on the relative &-tightness of the exterior walls,
floors, and vertical shaft waI1sand is discussd in Tamura
and Wilson (1967).

CH-95-16-3

Comparing Figures 5 and 6, it can be seen that the
exhaust fans result in an overall reduction in the interior
pressure of the I@ding, which leads to increased infiltra-
tion of outdoor air, decreased exfikration, and the shifting
upward of neutral pmasurc levels. ‘l%elocation of the neu-
tral pressure level for the shafts is indicated by a change in
direction of the mows on the left side of F- 5 and 6.
Aa indicated in Figure 5, without the exhaust fana, the neu-
tral pressure level of the shafts is between floors 6 and7, but
with the fms (Figure 6), it is raised to an elevation between
floors 7 and 8.

WM the exhaust fans operating, the indoor-to-outdoor
SKOWSon the right,.side alfFigure 6 indicate airflow out of
the apattmenta on fk%rs 1 through 12. For floors 1 through
7, tbk airflow is exclusively the specified exhaust airflow
rate of 0.057 kg/a, but on floors 8 through 12, additional
outflow due to leakage is indicated by the fact that the air-
flow rates are greater than 0.057 kg/s. For example, on floor
11 the total airflow rate @utof the apartmentsof 0.067 kg/s
includes the exhaust component and an exfihration compo-
nent of 0.010 kgh. The outdoor-@4ndoor arrows on the
right side of Figure 6 indicate that there is infiltration into
the apartments on all flooIrs of the building.

Figure 6: Aiflow rates in apartment building with
exhaust fans.
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For a temperature difference of 20°C and a wind speed
of O m/s, the whole building air change rate is 0.16 air
changes per hour (ACH) without the exhaust fans opemting
and 0.38 ACH with the exhaust fans. In both cases, thcae air
change rates are due to outdoor air flowing into the building
through leaks in the exterior envelope.

Whole building air change rates were predicted as a
function of weather conditions in the apartment building,
both with and without the exhaust fans operating. l%e range
of weather conditions included indoor-outdoor temperature
differences from -10”C to 30”C in 5’%2increments and wind
speeds from Oto 10 rnls in 2 rrds increments. The calculated
air infiltration rates of the building with exhaust fans off is
plotted against the indoor-outdoor temperature difference
for a variety of wind speeds in Figure 7. For a wind speed of
O m/s, there is a significant dependence of infiltration on
temperature difference for the case with no exhaust fans. At
higher wind speeds, or with the exhaust fans operating, tem-
perature dfierence has little influence on the infNration
rate.

Office Building No. 1

Airflow rates were calculated for Offke Building No. 1
for three cases of outdoor air intake and a range of weather
conditions. At an indoor-outdoor temperature difference of
20”C and a wind speed of Ornls, the total outdoor air change
rate was calculated to be 3.34, 1.68, and 0.66 ACH, respec-
tively, for outdoor air intake rates of 1(M)%,50%, and mini-
mum. These building air change rates are dominated by the
outdoor air intake through the mechanical ventilation sys-
tems. The air infiltration rate through the exterior envelope
is only 0.03 ACH in all three cases. l’he infiltration rate is
small because the airflow rate of outdoor air into the build-
ing through the air handlers is significantly larger than the
airflow rate out of the building through mechanical exhaust.
This difference between the total outdoor air intake and
exhaust airflow rates for the building causes the building to
beat a positive pressure relative to the outdoors and limits
the amount of envelope inilltration. The various mechanical
ventilation airflow rates were input into the model such that
the difference between the outdoor air intake and exhaust

I 1

lnsideoukide Teqemhue Oiffame (%3
Wd *
—ad. —2./. —*./l —bmh —,* —*~.

Figure 7: Air change rates of apartment building.

airflow mtes for the bukiing were the same for all levels of
outdoor air intake. III a real building, the airflow rates may
not be controlled so precisely. i:

The bsdding airflow rates were calculated at all three
levels of outdoor air intake for the same values of wind
speed and temperature difference as were applied to the
p~t building. l%e predicted envelope infiltration rates
of the whole building for the 100% intake case are plotted
against the inside-outside temperature difference for six dif-
ferent wind spmxls in Figure 8. In all cases, the envelope
inflkration rates are very small, on the order of 0.1 air
changes per hour. For low wind speeds, the infiltration mtes
inmease with an increaae in temperature dMference. For
high values of wind speeds, the strength of the stack effect
diminishes relative to the wind pressures acting across the
exterior surfaces. As mentioned above, the predicted enve-
lope infiltration rates are essentially independent of the
level of outdoor air intake.

Figure 9 shows the crdculated values of the total out-
door air change rate of the building, infiltration plus air han-
dler intake. The air change rates are plotted against indoor-
outdoor temperature difference for wind speeds of O and 8
m/s for all three levels of outdoor air intake. As seen in the
figure, the air change rate decreases slightly as the tempera-
ture difference in~ (outdoor temperature decreases)
because the specific volume of the outdoor air depends on

I 44* s w s m s v

Figure 8: Air i&iltration rates of oflce building No. 1..
with 100% outdoor atk

s, 1

Figure 9: Total air intake rates of ofice building No. 1.
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ternperatme. Othcnvise, the air change rates vary iittle with.
weather.

‘Ilic actual building on which Office Building No. 1 is
based was sub@ted to tracer gas decay measurementsof
whole building air change ratea (Persily et al. 1992). The
rnults of these measurementswere air change rates of
about 0.3 ACH at minimum outdoor air intake and 2.6 ACH
at maximum outdoor air. me values predicted using
CONTAM88 with no wind and a 2(PC ternpemturediffer-
ence were 0.66 and 3.34 ACH for minimum and 100%
intake, mapectively. However, the predictions assume ideal
cmmol of the ventilation system airflow rates and are based
on assumed wducs for many air leakage parameters. Also, it
is not clear whether the maximum Ievei of outdoor air
intake for the real building’s ventilation systems actually
corresponds to 100% outdoor air intake.

Office Building No. 2

Airflow rates were calculated for Of& Building No. 2
for three cases of outdoor air intake and the same range of
weather conditions that was applied to the other buildings.
At an indoor-outdoor temperature difference of 2&’C and a
wind speed Ore/s, the total outdoor air change rate was cal-
culated to be 3.12, 1.56, and 0.15 ACH, respectively, for
outdoor air intdce rates of 100%, 50%, and minimum. ‘I%e
envelope infiltration rate is leas than 0.01 ACH for 50% and
100% outdoor air intake and 0.05 ACH for minimum out-
door air intake. The infiltration rate is higher at the mini-
mum condition because of differences in the balance of the
outdoor air intake and the mechanical exhaust airflow rates
at minimum intake compared to the balance at the other two
intake values.

The predicted envelope infiltration rates of the whole
building for the 100% intake case are plotted against the
indoor-outdoor temperature difference in Figure 10. ‘Iltere
is almost no dependence of the infiltration rate on tempera-
ture differences because the outdoor air change rate is dom-

. . . . . .
natal by the mechatwat system M@ke.

u I 1

,~
.10 +Osta mm s m

Wkd5pd — 4 ./. ‘6./, —#w* —low.

Figure 11 is a plot of circulated total air intake rates as
a function of the indoor-outdoor temperature difference.
‘Ihe total air intake rate is equal to the flow rate of outdoor
air brought into the building by mechanical ventilation plus
the air infiltration rate through building enve!ope. The air
change rates at three levels of outdoor air intake are plotted
against indoor-outdoor temperature difference for wind
speeds of Oand 10 m/s. As seen in the fig- the air change
rate decreases as the temperature difference increases (out-
door temperature decrease@ because the specific volume of
the outdoor air depends on temperature.

‘Ilw actual building on which Offke Building No. 2 is
based was also su~jected tcl tracer gas decay measurements
of whole building w change ratea (Grot et al. 1989). The
results of these measurements were air change rates of
about 0.2 ACH at minimum outdoor air intake and 2.6 ACH
at maximum outdoor air. ‘I%epredicted values for OffIce
Building No. 2 with no wind and a 20”C tempaature differ-
ence were 0.15 and 3.12 ACH for minimum and 100%
intake. As in the case of Office Buildlng No, 1, these predic-
tions assume ideal control of the ventilation system airflow
rates and are based on assumed vakea for many air leakage
parameters. Also, the maximum outdoor air intake in the
real building may not be 100% outdoor air intake.

School Building

Airflow rates were calculated for the school building
for the same range of weather conditions that was applied to
the other buildings. Figure 12 is plot of the building infiltra-
tion and intake rates against indoor-outdoor temperature
difference for a wind speed of Om/s. These infiltration rates
vary only slightly witJttemperature difference, from 1.76 to
2.02 ACH, because the pmasure differences caused by the
operation of the mechanical ventilation system dominate the
pressures fkom stack and ‘wind.The total air intake rate is
also relatively constant, but it decreases with increasing
indoor-outdoor temperature difference due to the change in
air density with air temperature. ‘Ibe total air intake rate of

r--- ‘
I

Figure 10: Air injihration rates of ofice building No. 2.

CH-95-I6-3

Figure 11: Total air intake rates of ofice building No. 2.
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Figure 12: Air infiltration and total air intake rates of
school building.

the building is constant because the outdoor air intake
through the mechanical system dominates over stack- and
wind-induced infiltration. Although it is not shown in the
figure, neither the infiltration nor the intake rates vary with

wind speed.

Resutts of Radon Simulations

‘Ibis section presents the results of the radon simula-
tions in the four buildings for a limited number of cases of
weather conditions and other parametexx.Tables 1 through 5
contain results for the apartment building. In each table, the

second column is the predicted whole building air change
rate and the third column is the predicted pressure differ-
sttce between &e basement floor and the outdoors. The
fourth column is the radon enay rate into the basement. The
last four columns contain the radon concentration for the
given conditions in the basement the average radon concen-
tration for the second and twelfth floor apartments, and the
average concentration for all of the apartments in the t@d-
ing. Table 1 shows the results with no wind for
indoor-outdoor temperatures differences of -lO°C, OeC,
10”C,20eC, and 30”C. For temperature differences less than
or equal to zero, no radon enters the basement from the soil
zone. For a positive temperature diffemmx, the basement
depreasurization and the radon entxyrate increase with tem-
perature difference due to the stack effect. These increases
result in increased radon concentrations for the
twelfth-story apartments and the building average. No radon
ever reaches the second floor apwt.rnents due to
stack-driven flow from the basement and lower floors into
the elevator and stair shafts and out of these shafts into the
upper floors. The second-floor radon concentrations are
greater than the outdcor concentration of 10 13q/m3 for a

temperature difkence of _10’C and leas than 10 Bq/m3 for
positive temperature differences because of the density dif-
ferences between the indoor and outdoor air.

Tables 2 through 4 contain the predicted radon concen-
trations for the apamttent building as a function of wind

TABLE 1
Radon Simulation Results for Apartment Building, Wind Spssd = OIWs

RadonConcentmtion,Bq/m3
Tk-Twt, Building Base- Radon Entry Basement 2nd Floor 12th Floor

“c Air ment Rate, Bq/s Apatienta Apart-
Change Pressure, ments
fi@ h-l Pa

-10 0.10 4.5 0 10.3 10.3 10.3

0 0.0 0.0 0 10.0 10.0 10.0

10 0.10 4.8 69 874 9.7 141

20 0.16 -9.8 140 1130 9.3 180

30 0.20 -15.0 215 1320 9.0 209

Wind
speed,
nds

o

2

4

6

8

10

Building Air
Change

Rate, K1

0.10

0.16

0.31

0.49

0.69

0.90

TABLE 2

Radon Simulation Results for Apsttment Building, Tin-TO@=-lO°C

Radon Concentrati~ Bq/n#
Basement Radon Entry Basement 2nd Floor 12th Floor
pressure, Pa Rate, Bq/s Apartments Apartments

4.5 0 10.3 10.3 10.3

4.3 0 10.3 10.3 10.3

3.3 0 10.3 10.3 10.3
1.3 0 10.3 10.3 10.3
-1.4 21 235 11.1 10.3
-5.1 73 705 12.2 10.3

Average
of AU
Apartments

10.3

10.0

63.9

78.0

89.9

Average
of All
Apartment

10.3

10.3

10.3

10.3

11.8

14.5
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speed for indoor-outdoor temperature diffkmnees of -10’C,
O“C, and IO*C,As illustrated in Table 2, no radon enters
into the building for a temperature difference of -10”C until
the wind speed reaches 8 mh. At lower wind speeds, the
stack effect tends to pressurize the basemen~ keeping the
basement at a positive pressure relative to the soil mne. The
wind tends to &pressurize the buildings, and at higher wind
speeds, the wind-induced depreaaurization dominates the
downward airflow from the stack effkct and the basement
becomes depessuxized. For a temperature difference of
O“C, as shown in Table 3, radon enters the baaatent for
wind speed greater than O mls due to the wind-induced

depreamnizstion. Baaemenlt depreasurization, the radon
enby rate, the radon eoncattrations in the basement and
acoond-story apartments, and the overall building average
concentration all increase with wind speed. However, radon
does not reaeh the twelfth floor at artywind speed.

At a teutperature difference of 10”C, radon enters the
basement at all wind $pee& and the entq rate inereaaes
with wind speed, as shown in Table 4. Radon fhrn the soil
appearaonthe aeccmdfloor atawindapeed of8tisduto
wind-induced dea~on of that floor Twe~-floor
radon concentrations and the average of all apartments
&crease with incmsed wind speed due to increased dilu-

Wind
Speed,
In/s

0

2

4

6

8

10

Wind
S@,
In/s

0

2

4

6

8

10

Building Air
Change

Rate, h-l

0.0

0.12

0.29

0.48

0.69

0.90

Building Ah
Change

Rate, hl
0.10

0.15

0.30

0.48

0.68

0.89

TABLE 3

Radon Simulation Reeutte for Apartment Bulkflng,Th-Tti =100C
RadonCmeentnation, Bq/m3

Basement Radon Entry Basement 24 IWor 12th Floor
Pressure, Ratej Bq/s Apartments Apartments
Pa

0.0 0 10.0 10.0 10.0

-0.4 6 643 11.2 10.0

-1.7 24 1020 12.3 10.0

-3.8 54 1350 13.5 10.0

-6.7 95 1650 14.7 10.0

-10.4 149 1950 15.7 10.0

TABLE 4

Redon Simulation Results for Apartrnsnt Building, Tln-TOti::10°C
ltatkm Cooeentration, Bq/m3

Basement Radon Entry Basement 2nd Ploor 12tb Ploor
pressure, Rate, Bq/s Apartments Apartments
Pa

-4.8 69 874 9.7 141

-5.1 74 979 9.7 120

-6.6 95 1530 9.7 108

-9.2 132 9.7 91.5

-12.3 176 2970 1s.0 43.1

-16.1 231 2920 30.4 18.9

Average
of All
Apartments

10.0

13.3

14.8

16.1

17.5

18.8

Average
of AU
Apartments

63.9

52.7

51.0

45.6

35.9

33.3

TABLE 5

Radon Simulation Resutta for Apartment Building with Exhaust Fens, Wind spead = Onds
Radon CoocentrattorhBq/m3

Tin-Twt, Building Air Basement Radon Entry Basement 2nd Floor 12th PIoor Average
“c Change Pressure, Rste, Bq/s Apstients Apartments of All

Rate, WI Pa Apartments

-lo 0.39 3.4 0 103 10.3 10.3 10.3

0 0.36 -1.1 15 804 10.0 10.0 17.1

10 0.36 -6.0 87 1070 9.7 116 42.7

20 0.38 -11.2 160 1280 9.3 164 61.2

30 0.41 -16.6 238 1440 9.0 196 74.2
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tion with outdoor air. At low wind spee& the srnd stack
effect drives radon up to the twelfth floor. At higher wind
speeds, the outdoor air change rate increases the dilution of
the radon that reaehes the upper floors.

Table 5 shows the results for the apartment bukling
with a 47 IA exhaust fan operating in each apartment for a

range of indoor-outdoor temperatures and with no wind. No

radon from the soil zone enters the btdding at the negative
temperature difference. For positive temperature differ-
ences, the basement depressuriration and the radon entry
rate increase with temperature difference due to the stack
effect. These increases result in increased radon concentra-
tions for the twelfth-story apartments and the average of all
apartments. However, no radon from the soil zone reaches
the second-story apartments at any temperature difference
due to the stack-driven airflow patterns. Radon entry rate is
higher than corresponding cases with no exhaust fan (see
Table 1), but the operation of the exhaust fans increasea the
outdoor air change rates, resulting in lower radon concentra-
tions in the building.

Tables 6 and 7 show the predicted radon concentrations
for ~lce Building No. 1 at minimum outdoor intake for no
wind under a range of temperature differences and for wind
speeds varying from Oto 10 mls with a temperature differ-
ence of 10“C.These tables show the radon concentrations in

the lowest basement level, in the first and fifth floor occu-
pied space+and for the whole building average. As seen in
Table 6, no radon enters from the soil zone for temperature
differences less than or equal to izro. For positive tempera-
ture differences, basement &pressurization and radon entry
increase with temperature difference due to the stack effect.
These increasca result in higher radon concentrations on the
fifth floor end the average of all occupied spacea. No radon
km the soil zone ever reaches the first-floor occupied
apace at any temperature difference. As seen in ‘hble 7,
radon enters the buildlng at all wind speeds at this positive
temperature dfierence, but the radon en&y rate and the
radon concentrations decrease witi wind speed as basement
deprcssurization demmes in absolute value.

Tables 8 and 9 shows the predictions for Office Build-
ing No. 2 with minimum outdoor air intake and the garage
exhaust fans operating. Table 8 presents the results with no
wind as a function of temperature difference. Radon from
the soil zone enters the underground garage at ail tempera-
ture differences due to the garage depressurization induced
by tie exhaust fans. The radon entry rate and the garage
concentration increase with temperature difference due to
the stack effect. Radon from the soil zone does not reach
the first and seventh floors until the temperature difference
is greater than 10°C. Table 9 shows the predictions as a

TABLE6
Radon Simulation Results for Office 13tdiding No. 1, Wind speed= O ntk, Minimum Outdoor Air

Radon Concentration, Bqlm3
Tti-Tmt, Building Air Base- Rsdon Entry Basement 1st Floor 5th Floor Ayerage

‘c Change ment Ratey Bq/s of All

Rate, h-l Pressure, FIoors
Pa

-lo 0.71 8.0 0 10.3 10.3 10.3 10.3

0 0.67 1.7 0 10.0 10.0 10.0 10.0

10 0.66 -4.1 369 209 9.7 14.4 39.4

20 0.66 -10.1 921 500 9.3 21.6 82.5

30 0.65 -16.8 1525 811 9.0 30.0 129

TABLE 7
Radon Simulation Rasults for Oft!oe Building No. 1, Th-Tm = 10°C, Minimum Outdoor Air

Radon Concentrattow Bq/m3
Wind Building Air Basement Radon Entry Bssement 1st Floor 5tlI Floor Ayerage
speed, Change Pressure, Rste, Bq/s of Au
rrlls Rate, h-* Pa Floors

o 0.66 -4.1 369 209 9.7 14.4 39.4
2 0.66 -4.0 368 209 9.7 14.4 39.4
4 0.68 -3.5 322 185 9.8 13.5 35.7
6 0.72 -2.3 212 125 9.8 11.7 26.7
8 0.77 -1.3 116 73.7 9.7 10.5 19.0
10 0.83 -0.4 34 28.2 9.7 9.9 12.4

)’
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TABLS 8
FtedonSlmutation Results for Office Building No. a Wind speed= Omls, Minimum Outdoor Air

RadotICosseenhados4Bq/m3
Tk-Tmt, Building Air Basement Radon Enfxy Garage Levd B1 7tb Floor Average

‘c Change Pressure, Rae Bq/s of All
~~, Ml Pa Fk)ors

-lo 0.19 -8.5 1358 35.0 10.4 10.3 10.3

0 0.17 -10.3 1655 40!1 10.0 10 10.0

10 0.16 -12.5 46.6 9.7 9.7 9.7

20 0.15 -10.8 2368 51.7 10.8 16.0 14.8

30 0.15 -10.2 2736 57.6 10.2 18.7 16.9

TABLE 9

Radon Simutetion Resutts for Office Building No. 2, Tim-T~t= WC, Minhum Otidoor Air

Wind

Speed,
So/s

o
2

4

6

8

10

Building Air
Change

Rate, K1

0.15

0.16

0.18

0.22

0.27

0.33

Basement
Pressure,
Pa

-17.0

-18.1

-21.2

-26.5

-33.8

-43.2

Radon Entry
Ram Bq/s

2736

3414
4258
5425
6944

Radon Concentretiom Bqh3
Garage I.AveiB1 7tb Floor Average

of All
Floors

57.6 10.2 18.7 16.9

60.7 10.3 18.6 16.8

70.0 10.6 17.8 16.0

85.6 10.7 15.3 14.0

109 9.0 9.0 9.0

137 9.0 9.0 9.0

function of wind speeds at a temperature difference of 30”C.
As indicated in the table, radon from the soil zone enters the
garage at all wind speeds and its entry rate increases with
wind sped. Radon reaches the B 1 level and seventh floor
for wind spds less than 6 rds, but at higher wind speeds,
the occupied portion of the building is pressurized, prevent-
ing radon from flowing from the garage into the rest of the
building.

‘he results for the school building are shown in Figure
13 at 50% outdoor air intake and no temperature difference
or wind speed. ‘his figure shows the radon concentration in
each zone and the pressure difference between the floor of
each zone and the outdoors. All but one of the building
zones are repressurized by the ventilation system. At larger
outdoor air intake rates, severrd of the building zones are
positively pressurized, although several of the zones with
exhaust vents only remain at a negative pressure relative to
the outdoors. As the outdoor air intake percentage of the
building ventilation system increases, the radon entry rate
into each zone decreases or goes to zero and the radon con-
centrations in the building decrease. Wind tends to depres-
surizc the building, pulling soil gas into the building and
increasing radon entry rates and indoor radon concentra-
tions.

Building physical characteristics are described for a
twelve-story multifamily residential building, two multi-
story oftkc buildings with mechanical ventilation, and a
one-story mechanically ventilated school building. Each of
these buildings is idcidizod as a multizone building airflow
system for calculations with CONTAM88, Selected com-
puter simulations were performed to study the effects of
various parameters, such as operations of building ventila-
tion systems, wind speed, and indoor-outdoor temperature
diffezencc on building sir&lowrates and radon concentra-
tions. It is acknowledged that the results of these simula-
tions are based on many assumed input values and a simple
model of radon entry. l%e reader is cautioned against gener-
alizing these results to other situations pending additional
model validation. Although experimental studies are needed
to verify these predicted results, muhizone models will play
an increasing role in eviihating ventilation and indoor air
quality in buildings.

The radon modeling reported in this paper was sup-
ported by the U.S. Environmental Rotection Agency under
Interagency Agreement No. DW13935777-01-0.
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Figure 13: Radon concentrations and zone pressures in the school building.
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APPENDIX A

Building Component Air Leakage Data Base

surementa on similar components can be used in airflow
modeling, However, only limited measurements have been
made in [arge buildings. ‘Iltis appendix presents air leakage
values relevant to large buildings from the published litera-
ture.

The leakage characteristics of a building component
cart be measured by imposing a series of pressure differ-
ences acrossthe component and measuring the airflow rate
required to maintain each pressure dif%-erm. So-called
component pmasurization techniques are discussed in
ASTM Standards E-283(A1J and E-783ffi) for measure-
ments in the laboratory and fiel& respectively. Whole build-
ing pressurization testing involves ~g att entire
building and measurin g the airflow rate required to do so.
The results of the measurements give the leakage character-
istics for all the building leakage in combination. Whole
buildin pmsmrization is desctibed in ASTM Standard

hE-774 ?

Over the years, a number of component and whole
building pressurization tests have been conducted in large
commercial buildings. This appendix is the result of a litera-
ture search of leakage data in large public and comrnercml
buildings published after 1970, There is a significant
amount of leakage data on single-family resi&ntial build-
ings, for example in Chapter 23 of ASH.. Fwuhmen-

tofs(A4). This appendix is limited to data from larger
commercial buildings.

The appendix presents the leakage data in tabular form,
organized by building component and building type, The
first column in the table is the effective leakage area at a ref-
erence pressure of 4 Pa and a discharge coefficient of 1.0.
The next column contains a brief description of the compo-
nent. The third column states whether the leakage area is
based on a component leakage test (C)or is derived from a
whole building pressurization test (WB). The last column is
the reference for the data.

l%e air kakage data in the literature is reported in a
variety of different forms includktg leakage areas and leak-
age coefficients of a variety of reference pressures and dis-
charge coefficients. In the table, all air leakage values are
presented as effective leakage areas using a reference pres-
sure difference of 4 Pa and a discharge caf!cient of 1.0.
The effective leakage areas in the table were converted from
the reported fomn ttsin the formulas in Chapter 23 of

?ASHRAE Funobtentols ‘4).

Muhizone airflow modeling requires air leakage values TABLE Al
for every significant opening in the exterior envelope and in Effective Leakage Area (in cm2/m2) of Building
interior partitions. Determining tJtese air leakage values is Components
difficult since the air leakage of an individual building ele-
ment depends on its design, installation, and deterioration Component
over time. ‘J%eonly way to know the air leakage character- ELAat4Pa Deacr@tion

Basis Reference No.

istics of an element is to measure it. However, it is impracti-
cal to measure all the leakage characteristics of all openings ExteriorWatts - Otl%c Buikliogs

in a building. In many cases, air leakage values tlom mea- 3.M Recastconcraepanel WB A5
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ELAat4Pa

2.-M

1.63

1.02

0.5s
1.91

1.08

1.36

1.36

1.30

1.60

1.87

1.35

0.50

2.10

1.30

1.90

0.60

2.30

1.10

2.90

5.20

4.97

2.53

1.60

1.00

cOmpOnertt
Deamiption

F%ecasteonmecepsrrel
wattsretrofitted witlr rigid
irrsutsrionaftersbnut20
yearsWB

PrecasIconcruepanel

Precasteoneruepanel
wem retrofittedwithall
windowsandvertiealcOl-
Urnrtsmxulkcdafter
ab0ut20yem

precastmncretepslrel

Mctslpanel

M&d pad wallsretrofit-
tedby repking rnctst

panel Wirb a curtain WSII

elndding system atler

rrborrt20years

Metalpanel

Metalpanelwallstctrofrt-
tedwirhalljoints in the
Curtaiowailnmudked
after about 20yeJars

PrelxsteOnc&epaoel

precast rxrnerew pad
watls afterabout20yesrs

Pmcasr Wncl’ete prlrd

PrecsS corK’@e panel
wallsretrofittedbyinstalk
inga newroof

Metalpaml

Preeastemeretepane!

Tirevensu, mncrete
rnrrsonrybsckup

Stonepanel

Brickveneer,mrcrete
~ -P

Brick VM=, al stud
backup

Brickveneer,brick
beckup

Preeestmna—etepanel

GISSS sod metalewtairr
wall

Gisssandrneorlcurtain
Watl

Precssrconcretepsnel

PEAc panel

Glassandmetalcurtain
well

WB

WB

WB

WB

WB

WB

WB

WB

WB

WB

WB

WB

WB

WB

WB

WB

WB

WB

WB

WB

WB

WB

WB

WB

WB

RefemnceNo.

A6

As

A6

AS

AS

A6

AS

A6

AS

A6

AS

A6

A7

A7

A7

A7

A7

A8

A9

A9

A1O

AlO

ELAat4Pa
Component
Ikeription

0.53 PrecastCaraue panel

ExteriorWalls- AprmmentBuildings

450 Brie&V-, mnc.mte

~ *P
2.70 BrickV=, moerete

~ *P

3.12 Mssuruy panel

1.13 Masonrypanel

ExteriwWalls- ScIwelBuildings

6.7 Bri& VCJWX$, COIWr?te

~ -P
4.8 Brickve=ar, rxrncmk

~ -P

2.9 BrickVUICCG cciMc@

~-

WB

c

c

WB

WB

WB

WB

WB

ExteriorWalk- Supemnukm andShoppingMalls

15.7 Conc?cteblock W%

9.20 BrickVCJIML COW- WB

~ ~P

2.60 Canrxeteblock+steelsrud WB
backup

Floors- GfticeBoitdings

0.39 Reinforcedeomrctc c

0.26 RcinfmeedcnnemtE c

022 Reinforced~ c

Firms - ApartmmtBuildings

0.32 Notwailabk c

0.26 Not●ailable c

0.20 Notavailable c

0.12 Nti wailabk c

InteriorPardtionWslis- Ap8rtrmntBuildings

4.30 Gypsunrboardonctud
wall

1.90 Gypmnbrrardonstud
wall

0.53 Gypsurnbuardonstud
wall

Bkvator Slraft Walls- Gf6eeBrdlditrgs

7.50 HolIowcIeytile.blockor
crmueteblock

3.50 CaSt-in-plawCalCrw

0.75 Cast-in-place oOoexe@

Stairwell Walls- GfficeBuildings

1.50 Cast-in-* eonerete

0.46 Cast-in-placecmcrcte

0.06 Cast-in-plU concrete

c

c

c

c

c
c

c
c
c

ReferenceNo.

A1O

All

All

A12

A12

A13

A13

A13

A14

A14

A14

A15

A15

A15

All

All

All

All

All

All

All

A16

A16

A16

A16

A16

A16

J ‘

16

I
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.

ELA8t4Pa
component
Deaeription

Baais ReferaneeNo.

Ekxatm Doors- 0f6u Buildings

174 1.07mwidcx2.13m C A16
high,witha crackwidth
of 6.8mm

145 1.07mwidcx2.13m C A16
high,witha crackwidth
of S.8mm

62 l.07mwidex2.13m C A16
high,witha crackwidth
of S.3mmC
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