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E~CUTlVE SUMMARY 

Air infiltration in buildings is defined as the uncontrolled leakage 
of air through cracks and openings in the building envelope. This mass 
transfer of air is driven by weather (in particular, indoo-r-outdoor 
temperature differences and wind velocity) and is a function of the build
ing architecture, occupant activity, and topological location (siting). 
Air infiltration accounts fo~ 20-50 percent of the heating load of 
residential structures. Commercial buildings are usually maintained at a 
positive pressure relative to the outdoors, which reduces infiltration to 
a great extent but increases energy consumption and cost. Due to the 
impact of air infiltration on building energy consumption, members of the 
International Energy Agency (lEA) have expressed interest in establishing 
research priorities in air infiltration. 

In the past 30 years, international research has been conducted 
primarily on residences to understand air infiltration, and especially to 
model or predict infiltration rates in order to improve the design of 
buildings and to properly size mechanical equipment. Although the research 
is extensive, certain phenomena "require further study: exterior wall 
leakage characteristics are very poorly understood; dynamic effects, such 
as pulsating flow, eddies, and turbulent flows through multiple cracks, 
have only recently undergone any examination; and the effect of moisture 
on crack size is not understoo~ well enough to be incorporated into any 
mathematical model. Investigations in the past have been somewhat 
restricted by measurement instrumentation, and models have been primarily 
empirical. Traditionally, models of residential buildings have take~ the 
form of: 

where Il~ is the infiltration rate, ~T is indoor-outdoor temperature 
difference, W is wind speed, A, B, and C are regression coefficients, and 
m and n are arbitrarily-selected exponents. This form of analysis rev.eals 
that specific correlations with weather variables have only been moderately 
successful. Because the regression coefficients reflect structural 
characteristics as well as shielding effects and occupant behavior, the 
respective values of A, B, and C have varied by 20:1 between similar 
residences, and the model may be inappropriate as a design tool or for 
inclusion in computer simulations for building energy analysis. Recent 
work has improved the traditional model by including an approximation of 
the crackage of the house: 

INF = So . CT ,j4.~PT + ·h·~pw 
. 

where INF = infiltration rate 

So = regression coefficient 

C
T = equivalent crack length 
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~PT = pressure difference due to stack effect or 

= A·P·h (liT. - liT) and A = constant, P= absolute pressure, 
l. 0 

h = height of the neutral zone, T. = inside temperature, 
l. 

T D outside temperature 
o 

6PW ,. pressure difference due to wind speed or 

,. B~ IT , and B .. constant. 
o 

Infiltration rates upon which these models have been based are 
determined by measurement techniques using a tracer gas. The tracer 
gas is injected into the interior of an entire structure and mixed until 
uniform gas concentration is achieved~ various methods then are used to 
monitor the concentration decay rate due to air infiltration. The decay 
rate can be related to air infiltration rates directly. 

This measurement technique has been developed and used extensively 
for residential structures, but it has been attempted for commercial 
structures on an extremely limited basis. A few commercial building 
models have been developed on a theoretical basis or as a result of 
wind-tunnel scale experiments and field studies using pressure reading 
instruments. Canadian researchers have developed complex physically
based algorithms for a restricted class of high-rise build;ngs (constant 
cross-sectional area, curtain wall construction sealed windows, office 
functions). These algorithms are attractive because they can be coupled 
to existing hour-by-hour computer simulations. At this time, however, 
the algorithms have not been field validated using tracer-gas techniques. 
Also, user judgment is required to select values for a number of variables 
in the algorithms, and the data base upon which to make the selection is 
weak. 

A limited amount of work has been conducted in the area of open 
windows in regard to user motivation, measured infiltration rates, and 
modeling of effects on energy consumption. Given the state-of-the-art 
of modeling techniques for closed windows and the lack of sufficient 
data on measured infiltration rates through open windows, a physically
based model for open window infiltration appears to be a substantial 
endeavor which may require a long-term effort. 

A great amount of research is required to address all of the 
questions surrounding the physical phenomena of air infiltration. We 
recommend beginning a number of projects immediately. These recommenda
tions are based on preliminary indications of IEA participants' interest 
and on anticipated near-term return of results: 

(1) We recommend the establishment of a centralized data 
management center to transfer data between researchers, 
and to perform in-house cross-checks of results. One 
initial ~ctivity of this center could be to look at 
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particular existing models using previously assembled data and 
assess their validity in structures other than the buildings 
upon which the models were originally calibrated. 

(2) Infiltration rates should be measured using tracer gas 
techniques at selected sites in order to validate the 
commercial building algorithms developed by Canada researchers 
and others. The selection of buildings should be compatible 
with the test cases modeled by the developers of the algorithms, 
and then move progressively toward more complex geometries, 
functions, and building materials. 

(3) Correlation of air infiltration rates with leakage rates from 
pressurization tests should be attempted in selected residences 
to improve our ability to incorporate the physical characteristics 
of structures into computer models. In addition, micro-climate 
pressure data should be gathered to determine flow patterns 
around each structure and to quantify external shielding effects 
in the field. External shielding effects are best realized 
through air-exchange measurement and correlation with building 
surroundings. The external shielding effects on air infiltration 
should be the primary research effort, not the detailed complex 
flow patterns aroUnd the building • 

(4) Measurement of air infiltration rates through open windows, as 
well as observations of occupancy behavior, should continue as 
a first step toward characterizing a probability function for 
air infiltration rates under certain weather conditions, 
structural geometries, and occupancy conditions. 
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1.0 INTRODUCTION 

England is a cosy little country, 
ExcePting for the draughts along the floor, 
And that is why you're told. 
When the passages are cold: 
Darting, you've forgot to shut the door! 

Rudyard Kipling 

Air infiltration, the uncontrolled leakage of air through cracks 
and openings in abuilding envelope,. contributes significantly to 
energy consumption required to maintain an acceptable environment wi thin 
a building. Field studies have revealed that infiltration may represent 
between 20-50 percent of the building's heating load. In commercial 
buildings, Talnura and Shaw (canada) have established that the additional 
energy consumption due to pressurization, the most common method of 
overcoming infiltration, may in fact cause a tripling of the ventilation 
heating load relative tc? uncontrolled leakage. 

Analysis of the infiltration phenomena has been attempted extensively 
over the last 30 years. .The mechanisms and driving potentials by which 
infiltration occurs are not adequately understood. with the advent of 
computerized building energy analysis techniques; accurate analytical 
modeling of infiltration has become increasingly important. Modeling is 
the weakest link in the loads' analysis portion of the simulations and 
remains a complex phenomena for which few physical models have been 
developed. In an unpublished report by Ohio State University (United 
States), 15 significant parameters required for analysis were cited with 
the disclaimer that this list is by no means definitive: 

(1) Indoor-outdoor temperature difference 

(2) Wind speed - instantaneous versus integrated, local versus 
actual at cracks 

(3) wind direction - instantaneous versus integrated, orientation 
of house 

(4) Neutral zone - location, how it changes 

(5) Chimneys - alternate path or additive 

(6) Cracks - length, width, and location 

(7) Gas versus electric - combustion air make-up 

(8) Door openings - duration, wind effects 

(9) Exhaust fan operation - duration 

(10) Interaction of temperature and wind effects 

(11) Air infiltration paths within the structure 

(12) Wind effects - broad side, wind breakers 

(13) Construction materials, craftmanship 
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(14) Porosity - exterior walls, ceilings 

(15) Steady-state assumptions versus pulsation and eddies. 

Based on a literature review of primarily North American documents, 
and upon some written notes from Bo Adamson (Sweden) and Peter Hartman 
(Switzerland), ~~e authors have found that several areas necessary for 
understanding the best means of simulating infiltration of any particular 
buildirig type remain controversial or unaddressed. 

Simulation Time Scale 

Traditionally, calculation procedures for infiltration have been 
established for estimates of design heating loads. Within the past 10 
years, algorithms_have been developed which attempt to predict hourly 
infiltration values based on a steady-state analysis. However, recent 
work conducted by Hill and Kusuda and by Malinowski suggests that the 
hourly time step and the steady-state approach do not adequately address 
the dynamic characteristics of infiltration caused by pulsating flow, 
eddies, or turbulent flows through cracks in the building envelope. The 
apparent conclusion that can be drawn from this work is that the physics 
of the infiltration phenomena would be more appropriately analyzed and 
modeled with the use of a time step significantly shorter than 1 hour. 
Researchers at Princeton University believe that the local interactive 
effects of the multiple parameters affecting air infiltration will never 
adequately be addressed, and that a much longer time step, or an average 
infiltration value for certain building geometries, will suffice. 

Weather Correlation and Driving Potentials 

The existing state-of-the-art modeling procedures utilize two 
weather parameters: indoor-outdoor dry-bulb temperature differences 
and wind velocity (speed and direction) as the sole weather-related 
driving potential for infiltration. The relative importance and 
interdependence of each of these parameters are still unclear. Variances 
of 20:1 in individual regression coefficients* have been found from 
investigations of similar structures, with the constant term having 
either a positive or negative value. 

Many authors have also suggested that the wind direction is not 
required for modeling, based upon statistical analysis of field data 
and the physical interpretation that cracks around a building envelope 

'.are uniformly distributed. More recent studies claim that improved 
correlation coefficients are obtained by including wind direction as a 
parameter, and that its inclusion also helps to explain shielding 
effects by external wind barriers. 

a ~ * Typical models have taken the form: INF = A + B ~ T + C . W ; where 
A, B, and C are regression coefficients, ~T is the temperature difference, 
and W is the wind speed. a is usually between 1 and 2; y usually 
between 1/2 and 1. 
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In addition to these parameters, other variables may necessarily be 
required in an infiltration a~gorithm based on weather. It is known 
that moisture additions can expand wood, thus reducing the crack size, 
and that solar radiation, heating the outside surfaces of a building, 
may affect the expansion of metal window frames significantly, also 
reducing crack size.* 

In addition to the weather-related variables, some authors have 
claimed tha user-influenced parameters such as door openings and 
cOmbustion-induced infiltration must be accounted for in infiltration 
models. In general, this concern has developed from attention to the 
constant term in many of the infiltration models~ many people have 
expressed skepticism about the existence of such a term in the absence 
of external driving potentials (zero indoor-outdoor temperative difference, 
zero wind velocity). The nature of this term remains unclear. One 
conclusion that can be drawn at this point is that an algorithm for 
prediction of infiltration rates can not be solely dependent on 
statistical analysis of weather-related correlations~ it must also take 
into account the physical parameters of a structure. 

Physical Structure Correlations 

Three traditional approaches have been taken toward infiltration 
rate prediction in the U.s.: 

e. Based on wind speed, a pressure difference across windows is 
determined, from which an infiltration rate per length of 
crack is established (ASHRAE crack length method). 

• A constant value of air infiltration rate is assigned to a 
room after consideration of location, and number of windows 
and doors' (ASHRAE air change method) • 

• The original or modified Achenbach-Coblentz correlation, which 
has no tie to the physical parameters of the structure. 
Hartmann has made modifications to include a factor for 
space location, and others have included "an equivalent 
orifice coefficient." 

Physically~based algorithms and field experiments have not adequately 
addressed the following questio~s: 

• Where, and how critical, is the location of the neutral 
pressure zone? How time-dependent (with occupancy involved) 
is this parameter? 

* This phenomena also points to the need for time-dependent analysis 
infiltration or at least a different model for day and night conditions. 
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• What is the effect of recessed windows, typical in commercial 
buildings, on air infiltration? 

• Is there a correlation between leakage area measured using 
pressurization/evacuation techniques and air infiltration 
values? 

• Is it possible to generate a normalization coefficient which 
accounts for differences in the surface/volume characteristics 
of various structures? 

• It is suspected that significant convection occurs through some 
insulating materials (e.g. fiberglass), thus establishing 
alternate pathways for air migration, and contributing to the 
stack effect. How can this phenomena be quantified? 

User Influences 

Easily the most important physical contribution to total air 
infiltration is .the effect of open windows, which can affect air infiltra
tion by orders of magnitude. Traditional U.s. models have not attempted 
any accounting of the user influence on air infiltration paths. European 
algorithms (Hartmann, Dick) have attempted to include this parameter, 
Canadian models (Tamura-Shaw) have shown that the effect of a single 
opening per exposure can be included for high-rise buildings, but do not 
attempt to ~redict when any numbers of windows may be open. 

The first question that must be asked is "What is the probability 
of X windows being open at any time?" In order to make any prediction, 
observations of occupancy habits must be made. However, a prior 
question remains: what parameters are important in determining the 
user's activity (temperature, season, ambient noise, location, outdoor 
pollution, etc.)? 

Other broad questions remain regarding the infiltration problem, 
such as the number of separate models needed for a variety of building 
types. The authors suggest that models must be developed for each 
broad classification of structures (e.g., residential, low-rise, high
rise) for which the air b~oyancy behavior differs·substantially. 

Many of the forementioned questions are oriented toward small 
residential buildings, but they are generally applicable to larger 
buildings, also. The few physical models available for larger buildings 
remain unvalidated. The literature survey summary in the next section 
reveals that most of the research has been in residential applications. 
Commercial buildings present special concerns and specific projects 
for validating state-of-the-art algorithms and for improving the data 
base on air infiltration needed to calibrate some of the required 
variables are described in the next section. 
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2.0 LITERATURE SURVEY SUMMARY 

This literature survey was conducted to investigate the 
research that addresses some key technical questions about air 
infiltration. These questions are the appropriate time scale, 
weather correlations and driving potentials, physical structure 
correlations, and user influence. 

Time Scale 

The appropriate time scale of measurements of infiltration has 
not been considered often in the literature. Typically, the rate of 
measuring air infiltration has been limited by the instrumentation 
used. For ~xample, the time required to determine the slope of tracer 
gas decay concentration curves places an upper bound on the rate of 
change of infiltration that can be measured using this method. 
However, one can examine the problem from another point of view --
the time scale associated with the driving mechanisms of the infiltra
tion process. 

Hill and Kusuda (1975) have examined the mechanisms of infiltra
tion due to wind and show that pulsating flow (e.g., flow through a 
single opening in a room when the rest of the room is sealed) can lead 
to a significant air exchange because of the turbulence created near 
the opening. 

Cockroft and Robertson (1976) investigated turbulent m1X1ng of 
outdoor and indoor air due to fluctuating components of the wind. 
Their model experiments suggest that one-third of the fluctuating air 
flow into an enclosure through a single opening is mixed with the 
bulk air in the volume and therefore contributes to the infiltration 
rate. Warren (1977) has investigated the mechanisms leading to 
ventilation through openings in just one wall. His results indicate 
that temperature differences and mean pressure differences across 
walls where more than one opening is present are more important for 
natural ventilation than turbulent diffusion or the interaction of a 
projecting casement window with the local air flow. 

The important frequencies of power spectrum of temperature 
differences are much lower. The dominant period, of course, is the 
24-hour period associated with daily solar insolation. Sonderegger 
(1977) has shown that the amplitude of the outside temperature cycle 
with a period of 4 hours (the sixth harmonic) is smaller than the 
amplitude of the dominant 20-hour period by a factor of 30. 
Significant outdoor temperature fluctuations with periods shorter 
than 4 hours are not easily observable. 
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Weather Correlations and Driving Potentials 

Questions of driving mechanisms for infiltration and weather 
correlations used to link infiltration measurements to existing 
conditions are clearly bound together. Modeling infiltration may be 
done by assuming simple regression formula such as: 

INF = A + BW + c·AT 

where INF is the air infiltration, W is the wind speed, ~ T is 
indoor-outdoor temperature difference, and A, B, and C are constants 
obtained from regression analysis. 

The analysis may also start by physically modeling the infiltra
tion process. The proper characterization of the properties of the 
structure (crack size and distribution of openings), which vary 
widely in different structures, and is an extremely difficult problem. 

Dick and Thomas (1951) measured infiltration in 20 homes in 
Abbots Langley and 8 in Bucknalls Close in Great Britain. The 20 
Abbots Langley sites were exposed (mean wind speed 14 km/h) and the 
effect of the wind on infiltration dominated the results. These were 
represented by: 

INF = A + B·W + C(n+ 1.4m) + D·W·(n + 1.4m), 

where m and n represent the mean number of casement windows and open 
vents, respectively. 

In the Bucknalls Close site, which was sheltered (mean wind 
speed 7 km/h), two expressions were used to represent the results: 

INF = (A + Bn)· W, . when' the value of w2 / 6T > 14 (km/h) and 
°c 

INF = (C + Dn). (~) ~, when w2 < 14 (km/h) 
~ °c 

where A, B, C, and D are constants determined by statistical analysis. 

Note that a constant term exists in the expression developed to 
represent the Abbots Langley results while it is missing from the 
Bucknalls Close results. Dick and Thomas suggest that the constant 
term is the result of the heating systems used in the houses of 
Abbots Langley. The houses of Bucknalls Close were heated with hot 
water radiators or ceiling hot water panels. The hot water boilers 
were not located in the house • 
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Bahnfleth, Mosley, and Harris (1957) measured infiltration in two 
~esearch houses in Illinois (USA). Both houses contained furnaces 
one heated water for a hot water heating system1 the second a gas
fired forced air system. Both sets of data. can be represented by: 

-INF = A + B·W,+ C·AT. 

The constants A, B, and C are determined from. graphical representa
tions, and they differ significantly for the two houses. For 
example, if one assumes a 16.1 km/h wind and a 64.4 km/h wind, 
the infiltration is 0.40 air changes per hour and 0.52, respectively. 
Bahnfleth, Mosley, and Harris suggest that the constant term in their 
expression for infiltration may be due to their measurement technique. 
They used helium as the tracer gas; they conjecture the gas may have 
diffused through the walls of the test structure. Therefore, non
zero infiltration will be indicated even .when no infiltration occurs. 

COblentz and Achenbach (1963) measured infiltration in 10 
electrically-heated houses in Indiana (USA). Their work did not 
include enough measurements to calibrate an infiltration model 
relating their measurements to weather parameters. Therefore they 
adopted the regression model of Bahnfleth, Mosley, and Harris (1957) 
to reduce the data to standard conditions of wind speed (16.1 'km/h) 
and temperature difference (22.20 C). One interesting feature of 
this paper is the comment by Harris eX the University of Illinois in 
the di.scussion following the paper. He points out that the constants 
A, B, and C in the regression analysis expression: 

INF = A + B.W + C· AT 

are structure related and are determined primarily by the quality of 
construction. Th~refore an infiltration model which is determined 
for one house cannot be used with the same constants for another 
house. 

Laschober and Healy (1964) measured infiltration in two houses 
in Illinois (USA). One was heated using a hot water distribution 
system, the other a gas- and electric-fired forced-air system. The 
authors used many different regression models to attempt to relate 
~iltration measurements to weather parameters. Statistically, 
the best fit of their data came from the expressions: 

INF 

INF 

= A + S-W
L 

+ C ~ ~T for house 1 and 

= A' + B'·W + C'· AT + O"EG for house 2. . L 

Again, A, S, C, A', S', C', and 0' are constants, INF represents the 
infiltration, and AT, the indoor-outdoor temperature difference. 
Two new terms were found to be statistically significant. W

L 
is the 
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wind component striking the long side of a rectangular house. This 
component is found by multiplying the wind speed by the cosine of 
the angle between the wind direction and normal to the wall. EG 
takes on different integer values (+1, -1) for gas or electric 
furnaces. No interpretation is given for the constant terms A and 
A'. (A', in fact, is negative and has a value of -0.2734 air 
changes per hour.) The authors comment that the two houses were not 
as airtight as those measured previously by Bahnfleth, Mosley, and 
Harris. 

Tamura and Wilson (1964) measured infiltration in two Canadian 
houses. Both were single-story houses heated with oil-fired, warm-air 
furnaces. Their measurements showed that (a) infiltration was 
proportional to wind speed, a result determined in summer measurement 
when aT was small, (b) infiltration was proportional to (aT)~, a result 
obtained when the wind speed was low, and (c) that infiltration was 
affected by furnace action. In addition, they found that infiltration 
"components" were not additive. That is, the infiltration due to the 
wind speed Wo when aT = 0 and the infiltration due to the temperature 
difference aTo when W = 0 cannot be added together to give the 
infiltration when the wind speed is Wo and the temperature difference 
is aTo • 

Howard (1966) measured natural ventilation in rooms in six single-story 
detached houses in Melbourne, Australia. Because indoor-outdoor temperature 
differences were small, this influence was not seen in the measurements. 
Ventilation rate was found to be proportional to wind speed but influenced 
by wind direction and chimney openings. Ventilators above windows were 
perceived to be of little value in accomplishing their design task of 
natural ventilation. 

Elkins and Wensman (1971) measured infiltration in two occupied 
houses in Ohio (USA). One used gas heat; the other, electrici'cy. 
Temperature effects were not important in the analysis of the data. 
The measured infiltration could be explained statistically with an 
expression of the form: 

INF = (A - B·e)W for house 1 and 

INF = (A' - B'·e)W for house 2. 

A, A', B, and B' are all positive constants; INF and W are.infiltration 
rates and wind speed, respectively; and e is the angle between the 
normal to the long wall of the house and the wind direction. 

Hunt and Burch (1975) measured air infiltration in a four
bedroom townhouse enclosed in an environmental chamber. Therefore, 
all wind-induced infiltration mechanisms were eliminated from the 
study. The results of their measurements could be represented in 
two ways. Either as: 

INF = A + B • 6T or as 

INF = C • (LlT)~. 
11 



The latter expression is consistent with the mode~ for temperature
driven infiltration (stack effect) presented in the ASHRAE Handbook 
of Fundamentals. The data presented in the paper include only 
measurements made when dT is greater than 5.60 C. The common 
question of whether infiltration vanishes in this house as dT go~s 
to zero was not settled. 

A Hittman Associates report (1975) models infiltration in 
houses using the same linear form as that given in many papers above: 

INF = A + B·W + C • dT. 

Coefficients A, B, and C are given for a "typical" house. This 
expression is used to model infiltration in order to determine energy 
use in the structure. The coefficients, in turn, were determined by 
modeling theoretical infiltration processes across walls of buildings. 
The constant term A, represents air infiltration when dT and W are zero. 
The report suggests that it is the result of: 

• opening and closing doors and windows, 

• operating ventilation fans in kitchens and bathrooms, 

• using hot water heater, gas clothes dryer, and furnace. 

The terms B and C were chosen by using the results of a model calcula
tion of infiltration. This model uses an estimate of the crack 
distribution for a house~ calculates the pressure distribution of 
particular cracks due to wind and temperature differences; and 
estimates the infiltration that resulta. This procedure leads to 
values of infiltration which are not linearly related to wind speed 
and temperature differences. The non-linearity, however, is not 
severe. Thus, B and C are chosen to yield a linear approximation 
for the infiltration model. 

Sinden (1976b) presents strong theoretical arguments showing 
that the effects of wind and temperature difference should not be 
additive when considering infilt~ation driven by both effects. He 
makes assumptions about airflow through a single point on a wall, 
then shows that these assumptions lead to the sub additive property 
for the entire building which is defined below. Flow through a 
point Z on a wall driven by a pressure difference dp is represented 
by a (Z, dp). Then, if the following assumptions are true: 

(1) a(Z, dP) always has the same sign as dp and 

a(Z, 0) = 0, 

(2) a(Z, dp) is monotonic with respect to dP: dPl > dP2 

implies that a (Z, dPl) > a(Z, ~P2)' and 
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(3) a(Z, ~p) is subadditive with respect to ~p: 

a(Z, ~PI + ~P2) ~ a(Z, ~PI + a(Z, ~P2) 

If a(Z, ~p) = K(~p)a where K is some constant and a is less than or 
equal to one, then a (Z, ~p) is subadditive. For air flow through 
cracks, a ranges between ~ and 1; a value of a = 2/3 is commonly used 
(Sasaki and Wilson, 1965) • 

. Sinden then shows that these assumptions lead to the conclusion 
that INF (W, AT) ~ INF (0, AT) + INF (W,O), where 1m- (w,AT) is the 
total infiltration into a building when the outside wind speed is W 
and the temperature difference is AT. 

Luck and Nelson (1977) point out another weather influence 
which becomes especially important in cold climates. They found from 
measurements on a one-story house in Minnesota (USA) that the relative 
humidity which is present in the house has a major influence on 
infiltration rate. Their results show a decrease in the infiltration 
rate in the structure by a factor of 2 to 3 as the relative humidity 
in the structure increases. They attribute this to the swelling of 
the wood parts of doors, windows, and walls, which result in a decrease 
in crack size. 

Malik (1977) describes air infiltration measurements made in two 
houses that are part of the Twin Rivers Town House.study that Princeton 
University (USA) has been engaged in for five years. Malik examines 
several ways to represent his data -- he concludes that several effects 
are statistically significant. In low wind speed regions (W < 9.7 km/h), 
his results show that for one house: 

INF = A* + B* wlcos(e-e ) 1+ C* AT + .D*.G + E* B + F*F 
o 

Where A* through F* are regression constants, 6 is the direction of the 
wind, eo is the direction of the normal to the back wall of the house, 
G is the gas consumption, B is fraction of time the basement door is 
open, and F is the fraction of time the front door. is open. Data for 
the second house are not as complete because information about door 
openings and gas consumption is needed. This house is represented 
by: 

INF = A' + B' . AT 

where A' and B' are constants appropriate for this house • 

In areas of high wind speed, the results for the first house 
are best represented by: 

INF = A* + B* • ~T . W . lcos(e - 60 ) I + C* • G + D* • B • ~T. 

Here A*, B*, C*, and D* are regression coefficients and the variables 
have been defined above. 
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Two things are particularly noteworthy about this result: It 
. represents a considerably different form than the previous linear 
relations, and it indicates a directional dependence to the effect 
of the wind. In the case of a row of townhouses, this latter effect 
is not surprising. A physical interpretation of the interaction 
time between the wind and the temPerature would, however, be useful. 

Physical Structure Correlations 

The standard techniques used to compute expected air infil~ation 
in a building are the crack length method described in Chapter 21 of 
the 1977 ASHRAE Handbook of Fundamentals and section A4 of the 1970 
IVHE Guide Book A. Many authors have compared measured values of air 
infiltration with calculated values based upon the handbook algorithms 
and the results vary widely. The reasons for the variation are well 
understood. In part, the discrepancies can be attributed to large 
variations in window flow rate (Sasaki and Wilson, 1965). In addition 
many leakage paths are difficult to identify (Tamura, 1975). Therefore, 
the problem of characterizing a standard leakage of a building is 
important and merits particular attention. 

Honma· (1976) made a large number of laboratory measurements of 
flow through craCks to examine the nature of the flow as the dimensions 
of the crack change.· His results can be sununarized by an empirical 
relationship he found for the exponent a in the flow relation: 

Q + a R. (6P)l/a 

where Q is the volume flow rate through the crack, a is a proportionality 
constant for the gap, t is the length of the crack, and ~p is the 
pressure difference causing the flow. Honma reports that a can be 
represented: 

e = 2.0 - exp (-5 a ~p) 

when top and a are expressed in metric units. If the flow through the 
crack was laminar, a = 1.Oi if full turbulence exists, B = 2.0. 

The routine of Shaw and Tamura (1977) for high-rise structures 
and that of Sepsy, Jones, McBridge, and Blancett (1977) for sing1e
family homes and low-rise apartments also rely on a structural 
leakage factor which, without better information, is a subjective 
estimate of a building's leakage. A simple measurement process is 
needed to characterize a building's leakage. Perhaps the work of 
Tamura (1975) or that of Graham and Card (1977) will point to a 
solution. 

The most extensive study of residential infiltration has 
recently been completed at Ohio State University (USA). This study 
(Sepsy, Jones, McBride, and Blancett) will be published late in 1977 

14 

v 

• 

• 



as a report of the Electric Power Research Institute (EPRI). The 
'OSU/EPRI study examined infiltration in nine homes in Ohio (USA). 
Almost 2,000 hours of infiltration data were collected, and a very 
thorough statistical analysis of the data set was performed. 

After many regression analyses were generated; several models 
based upon standard physical driving mechanisms were examined. The 
authors found that their data could be represented best by: 

INF ==13 • C (4AP
T + J2flPw) ; 

0 T 

where APT = A .. P • h (liT liT. ) 
0 J. 

and APw = BIT • w2 • 
0 

In this expression, 13 is a statistical regression coefficient 
(which essentially de~cribes the construction quality of the house); 
A and B are constants which depend upon the system of units used; P 
is the absolute pressure; h is the height of the neutral zone in the 
house; CT is the total equivalent crack length for the house; T is 
the outsJ.de temperature; T. is the inside temperature; and W isOthe 
wind speed. This represenfation is a significant improvement for it 
suggests that by determining a single regression coefficient, a in 
this case, and measuring the effective crack length of the hous~, the 
infiltration- can be modeled through an· entire heating season. 

Although the research is not as extensive as in residential units, 
commercial buildings have also been studied. Tamura and co-workers 
in Canada have made extensive studies of high-rise office buildings 
during the past 12 years (Tamura and Wilson, 1966, 1967a, 1967b, 1968; 
Shaw, Sander, and Tamura, 1973; Tamura and Shaw, 1976b). The results 
of these studies are summarized in the recent paper by Shaw and 
Tamura (1977). They present an expression for infiltration into a 
high-rise building driven by both wind pressure and temperature 
difference. These two effects are not additive, but are combined 
as shown below: 

where INFw ~T' is the total infiltration; INF is the larger of the 
two infiltra~J.on sources and INF is the smalter. . S 

Closed form expressions for infiltration as a result of wind 
and as a result of temperature difference are also given. Infiltra
tion caused by wind depends upon the direction of the wind, a flow 
coefficient for the wall leakage characteristics, the length of 
the wall, the building height, and the wind speed at the weather 
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station. Infiltration caused by the inside-outside temperature 
difference depends upon the perimeter of the building, a flow coefficient 
(same as above), the atmospheric pressure, the height of the neutral -
pressure level above the ground, .and the inside-outside temperature 
difference. Some of the papers describing the high-rise building 
algorithm are included in Appendix B. 

Infiltration in low-rise apartment buildings is the. topic of 
a recent paper by Hunt, Porterfield, and Ondris (1977). This work, 
done in Chicago (USA), compares infiltration measured using SF 
tracer gas with air leakage determinations made using a fan- 6 
pressurization technique. The results show significant differences 
in leakage measurements for apartments which are not reflected in 
corresponding infiltration data. Projections of pressure differences 
required to produce observed .infiltration rates are much lower than 
those which were actually present during the measurements. Clearly, 
this complex problem merits further examination. 

The National Bureau of Standards (USA) has described an 
infiltration algorithm based upon a model developed by Sander and 
Tamura (1973). This approach is described in Appendix B. Researchers 
at the Construction Engineering Research Laboratory (USA) have 
decided"to extend the residential-based models to commercial buildings 
by adopting the formulae: INF = INF (Design) 0 SCHEDULE 0 (A + B· IlT + CoW) op. 
Infiltration rate at design conditions is a required input. SCHEDULE 
is either 1 or 0 depending on whether the building is pressurized at 
the time tJ.T and W are measured. 

User Influences 

Variations in personal behavior cause a significant difference 
in infiltration rates in buildings. At present there is no theoretical 
model for predicting confidently the amount of infiltration within a 
building, as the numerous significant variables are both physical 
and behavioral and are difficult to measure and predict (Harrje and 
Grot, 1977). As Sonderegger has shown (1977), this is a problem 
that pervades energy conservation modeling in general. Princeton 
University studies of similar townhouses in Twin Rivers, N. J. (USA), 
has shown that 46 percent of the variation in energy usage for 
residential space heating could only be explained by occupant 
behavior, not by structural differences. 

Two things are apparent about behavioral variables: (1) 
people influence air infiltration rates directly by opening and 
closing windows and doors, by using ventilating fans, and through 
furnace operation and (2) they influence rates indirect+y through 
a complex interaction of living habits. Stricker (1975) used 
comprehensive questionnaires to determine "living habits" (including 
occupancy patterns and tobacco consumption) before measuring leakage 
rates of houses. However, little information exists concerning these 
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indirect psychological aspects. Extensive work has been done, on 
the other hand, to determine the parameters that directly influence 
occupants to modify air infiltration rates of the~r homes. 

In a British study, Dick and Thomas (1951) recorded window 
positions and vent openings in 15 houses over a period of 26 weeks. 
They found that the outside temperature alone accounted for 70 
percent of the window openings, and that 10 percent of the variance 
could be attributed to wind speed (although there was difficulty in 
determining the correlation of opening of windows due to effects of 
temperature and wind speed simultaneously). 

Far more erratic behavior was observed by Baird (1969) in a 
study of air infiltration in hospital ward rooms •. Here the frequency 
and duration of both window and door movement was recorded. Other 
infiltration tests were carried out in Minnesota (USA) and a record 
was kept of the number of times doors were opened and closed during 
three winters (Jordan, Erickson, and Leonard, 1963). A correlation 
was expected between opening the basement door and observed increases 
in stack effect but the data were inconclusive. Malik (1977) did 
observe significant effects on infiltration rates in townhouses when 
basement doors were opened and when window opening habits changed. 
Closing tightly and locking a window in winter reduced infiltration 
compared to loose closure during mild weather. 

The traffic rate through mechanical and automatic opening doors 
in office buildings has been measured and correlated with air 
infiltration rates by Min·(1958). An earlier study observed air 
infiltration through a window when it was closed, locked, weather
stripped, and sealed for a full range of wind speeds (Houghton 
and Schroder, 1924). Included in this study were measurements of 
the porosity of plaster walls when layers of paint were added. 
Single coats of paint brought about significant changes in air 
infiltration rates. 

After windows and doors, the most important user-influenced 
parameter is furnace operation. In the Twin Rivers townhouse project 
considerable variation was noted in temperature preference (thermo
stat setting) among residents, with corresponding differences in 
furnace operation. Janssen, Torborg, and Bonne (1977) have reported 
several studies of seasonal furnace efficiency. Changes in 
infiltration rates because of furnace operation are important 
considerations in calculating seasonal efficiency. Furnace 
operation affects:infiltration rates in two ways. The need for 
combustion air causes an increase in infiltration. On the other 
hand, the air flow up the flue during combustion decreases 
exfiltration. The combination of the two effects results ina net 
increase in infiltration; however, the average increase is only 
70 percent of the expected infiltration value due to combustion 
requirements. 
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A third behavior variable is the use of ventilators and 
humidifiers. An Australian study determined the effect of ventilators -
required by the building codes in providing minimum air exchanger 
rates (Howard, 1966). The ventilators were found to be insignificant 
in modifying the atmosphere of occupied homes because their area 
was small relative to the total area of the crackage around the . 
windows. In experiments on the operation of the shower fan,.clothes 
dryer, and range fan together, a striking increase in infiltration 
rates was recOrded (Jordan, Erickson, and Leonard, 1963). In a 
canadian study, smoking was found to increase demand for ventilation 
(Stricker, 1975): In the same study, humidity level effects were 
examined1 the addition of moisture into the living space swelled 
the wood in window frames and sealed or reduced the size of the 
cracks, thus reducing air infiltration. 
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3.0 PROPOSED REsEARcH AGENDA 

The literature survey reveals an abundance of research conducted 
over the past 30 years in the field of air infiltration in buildings, 
and an extensive list of applied research projects can be generated. 

A telephone survey of some of the IEA representatives was conducted 
in order to determine specific areas of interest in infiltration research. 
Most partiCipants desired a validated algorithm for computer programs 
which presently analyze building energy consumption in I-hour steps for 
a l-year period. Because these computer programs are usually applied 
to designs of new large buildings, an adequate algorithm for large 
buildings is of highest priority. 

All participants also expressed interest in an algorithm or improved 
design data fpr small residential building infiltration loads. As can be 
seen in the summary of the literature survey, most of the past infiltration 
research has been in this area. Also, as previously noted, little success 
has been achieved to date in establishing a mathematical model which is 
adequately based upon the physical parameters of a small structure. Based 
upon the participants' expressed interests, the authors have considered 
separately these two main issues: (1) the need for a validated algorithm 
which is of adequate accuracy (relative to other calculation prQcedures) 
to be incorporated easily into the logic structure of existing·hour-by-hour 
computer simulations; and (2) the need for applied research to understand 
the physics of air infiltration (the dynamic effects and the local 
boundary layer, physical phenomena in particular). 

Members of the'IEA also expressed an interest in determining in 
infiltration through open windows. This subject is presented later in 
this·section. 

Modeling Air Infiltration in Commercial Buildings 

A few physical models have been developed for commercial buildings; 
the recent one developed by Tamura and Shaw appears to be the most 
advanced and deserves further consideration. The Tamura-Shaw algorithm 
described in Appendix B has been applied to eight multi-story buildings 
in Canada whose commonality includes age (all built in the sixties and 
early seventies), envelope architecture (rectangular geometry, curtain 
wall construction, fixed glazing), function (offices), and climatological 
location (Ottawa, Canada). The algorithm employs three basic equations 
which respectively account for the stack effect, the wind pressure effect, 
and a correlation (sub-additive summation) between these two driving 
potentials. The stack effect equation was developed based upon data 
obtained in field studies in the eight high-rise buildings. The wind 
equation is based upon data obtained from boundary layer wind tunnel 
tests with a 400:1 scale model. The data base has been established in 
both cases utilizing pressure measurements only. This experimental 
procedure yields only an approximate correlation to actual infiltration 
rates. The next step is to use tracer gas techniques to measure actual 
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infiltration rates in a large building of simple geometry. State-of-the
art tracer-gas techniques demand the use of a large building site with a 
simple heating, ventilating, and air-conditioning (HVAC) system serving 
the entire structure in order to yeild direct, reliable results. 
Appendix E describes the United States field tests in two multi-story 
buildings using tracer gas. More tests should be performed over a 
much longer period of time, in a variety of temperature and wind conditions, 
with the HVAC system operating with 100 percent recirculated air and then 
with different increments in the amount of controlled outside air entry. 
In order to conduct these tests, it is necessary to: 

(1) Survey and select building sites which have the following 
criteria: * 

• Constant, rectangular, cross-sectional area 

• Hi-rise (more than five stories) 

• Office functions 

• Single HVAC system (constant volume system with supply and 
return fans) 

• Glass curtain wall construction 

• Fixed glazing 

• Recent construction 

• Cold climate (to ensure substantial stack-driving 
potential) • 

(2) Install pressure taps, continuous flow tracer gas equipment, 
and a weather station, if possible. The pressure taps can be excluded 
if cost is excessive.* 

(3) Design and conduct infiltration measurement procedures for 
the following cases, sequentially:* 

• 100 percent air recirculation (polyethylene covers over 
the outside air- dampers, relief air dampers, and toilet 
exhaust air outlets) 

• Same as above, with exhaust air outlets open 

• Minimum outside air entry (5-10 percent), toilet exhaust 
fans off, no pressurization of building 

* Research activities recommended for early implementation. 
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• Same as above, but exhaust air through toilet exhaust fan 

• Pressurize building (through greater outside air entry) 
for a range of 0.1-1.0 inch of water across exterior walls, 
in increments of 0.1 inch of water. 

The design of this step may be technically difficult and may require 
considerable planning. If the data analysis reveals reasonable validation 
of the Tamura-Shaw algorithm, the test procedure may be repeated to verify 
the algorithm for other building types and functions. The following 
sequence of experiments could be used: 

• Same criteria as in (1) above, but the building should be multi
family residential (probably restricted to new construction)* 

• Some criteria and building type, but the construction should be 
masonry, same criteria and building type, but the operable 

• Same criteria and building type, but the operable windows are 
closed, 

• Same criteria, but the building should be low-rise multi-family, 
residential building, and, finally, 

• Same criteria as above, but the operable windows are closed. 

This process could be repeated for other simple geometries. This experi
mentation would adequately validate the Tamura-Shaw algorithm for a 
variety of buildings. 

In addition to the tracer-gas experiments, air-leakage tests similar 
to those performed by the Canadians should be initiated to improve the 
data base on wall exposure air-leakage characteristics. These tests can 
be performed in actual buildings (preferably the same as those used for 
the tracer gas tests) and in a wind tunnel, as outlined by the papers in 
Appendix B. 

Modeling Air Infiltration in Residential Structures 

Despite the large number of studies which have been completed, 
significant questions about residential structures remain. Modeling 
the infiltration process have progressed from an approach using a 
statistical regression analysis (e.g., INF = A + B'W + C'AT; where Wand 
~T are the wind velocity and indoor-outdoor temperature difference, 
respectively; and A, B, and C are regression constants) to an approach 
which first considers appropriate physical models relating weather 
measurements to infiltration, then uses regression analysis to fit the 
physical model to. measurements from a particular site. Any technique 
which uses a regression analysis demands a large data base which is 
obtained only through long-term measurements. 

* Research activities recommended for early implementation. 
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What is required is a procedure which will bypass the need for long
term infiltration measurements .at a site. A technique is needed to 
measure the quantity that various authors call "building quality" of a 
house. This may be practical using a technique employed by Tamura (1975), 
Kronvall (1977), and others. A large fan or blower is mounted in a 
window or doorway of a house, and the speed of the fan is adjusted to 
produce a standard pressure di~ference across the walls of the house. 
The resulting air flow rate through the fan is the leakage rate through 
openings in the shell of the structure. Kronvall (1977) presents results 
of air leakage measurements in 13 houses. He suggests that an appropriate 
unit for air leakage standards is the unit of volume flow rate of leakage 
air (m3/h) divided by the surface area of the house (m2), measured at an 
arbitrary pressure difference of 50 Pa across the building envelope. It 
may be that the air leakage rate measured in this fashion can be 
quantitatively identified with the building quality of the house. 

A problem arises at this point. Pressurization imposes a rather 
uniform pressure gradient on the walls of the house. Natural infilrat
t.ion is driven by wind and indoor-outdoor temperature differences which 
do not impose uniform pressure gradients on the building shell.There
fore, we are left with the interesting possibility that pressurization 
measurements may determine a "building quality" parameter which does not 
accurate~y assess the leakage of the flow paths actually used by natural 
infiltration. Comparisons must be made among leakage measurements using 
pressurization, infiltration measurements using a tracer gas, and the 
weather variables that drive the infiltration process. 

Additional uncertainties must be examined before models of infiltra
tion in residences can be used with confidence. Infiltration modeling 
relies on weather data from a local weather station, and infiltration is' 
driven by the microclimate conditions in the boundary layers of a house. 
These are not the same conditions. Can the microclimate be predicted if 
one knows the weather station conditions? Can the microclimate be 
predicted if both the weather station conditions are known and if simple 
on-site measurements similar in complexity to pressurization measurements 
can be made? 

Finally, the modeler must deal with the effects of buiiding occupancy. 
Building occupants, be they owners or tenants, change the building 
properties and therefore the infiltration. Therefore, adequate modeling 
must also consider average occupant behavior. Little is known about 
behavior causing changes in building properties. 

The research agenda needed for improved models of infiltration in 
residences seeks to achieve several objectives: 

• Develop a better way to determine.building quality 

• Improve our understanding of the relationship between local 
climate and a structure's microclimate 

• Examine the effect of a building's occupant on the infiltration 
of that structure. 
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To these ends, specific projects can be suggested: 

Pressurization/infiltration correlations. Measurements in individual 
houses of the leakage characteristics using pressurization/evacuation 
techniques, followed by tracer gas measurements of air infiltration rates, 

. should be performed. A direct correlation between the two parameters could 
result from the investigation. It may also be possible that improved 
information for detennining the equivalent crack length of a structure 
may result from the pressurization tests. Sites should include new 
structures; older, leaky structures; and newly retrofitted structures.* 

Multi-chamber tracer gas measurements. Additional multi-chamber 
tracer-gas measurements are needed. Development and use of the tracer-
gas measurement instrumentation will yield information about air exchange 
with the outdoors for different portions of a residence. The results of 
this investigation will provide valuable information about the stack effect 
and, in conjunction with boundary layer pressure measurements, will yield 
insight into exterior shielding effects. The effect of open interior 
doors on infiltration rates will also be determined. 

Boundary layer (microclimate) investigations. Pressure measurements 
along the surface of real structures should be performed to yield valuable 
information indicating the accuracy of wind tunnel tests, as well as data 
on exterior shielding effects and dynamic responses to variable wind 
velocities. 

Determining Infiltration Through. Open Windows 

Members of the IEA have expressed considerable interest in the effects 
on air infiltration of open windows in commercial and residential establish
ments. Expressed interest and prior research can be divided into three 
categories: 

• OCcupant motivation for opening windows 

• Measurement of the amount of air infiltration through open 
windows 

• Mathematical models to predict reliably the infiltration rate 
through an open window and the expected window opening behavior 
of occupants. 

Dick and Thomas (Great Britain) and Brundrett (Great Britain) carried 
out investigations to correlate outdoor air temperatures and the frequency 
of the opening of windows in residences in the winter. As is expected, 
direct proportionality was found: lower temperatures resulted in a low 
frequency of window openings and high temperatures resulted in more openings. 

* Research activities recommended for early implementation. 
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Brundrett has also suggested the latter case holds true because the 
occupant is motivated to open the window to reduce the indoor relative 
humidity. Adamson (Sweden) states, based on Swedish studies, that indoor 
temperatures are probably too high, even in winter, so that the occupant 
is motivated to seek cool incoming air. In the United States, the 
National Bureau of Standards has performed some investigations in 
determining the frequency of window openings through observations of 
an office building. Adamson suggests that studies be conducted to 
determine the dependence of total ventilation Cboth passive and mechanical) 
on indoor temperature, indoor relative humidity, indoor activities 
(cooking, smoking, etc.) and outdoor temperatures. Other factors should 
be added to this list, particularly those representing constraints: 
outside ambient noise levels, outside ambient pollution levels, and 
rainfall. 

In any case, it is evident that a data base needs to be developed 
to predict the probability of the Fumber of window openings at any time. 
We recommend that the work of Brundrett and Adamson be supported further 
and be repeated in a variety of climates.* Until window openings can be 
predicted, the accuracy of infiltration algorithms to predict air change 
volumes will be inadequate. 

Some attempts have been made to quantify the amount of ·air infiltra
tion through open windows. Bergetzi, Hartmann, et al obtained the 
following average values for casement windows: 

closed windows 0.15 air changes per hour 

1 window, open 100 mm 2.5 air changes per hour 

1 window, open 4s~ 6.0 air changes per hour 

1 window, completely open 7.5 air changes per hour 

Because no modeling techniques adequately handle air infiltration 
rate prediction for open windows, it is vital that a much larger data 
base be established for buildings other than residential structures. 
In particular, commercial buildings"which are usually slightly pressurized 
by the HVAC system need to be investigated for those periods when the 
wind velocity pressure overcomes the exfiltration imposed by the HVAC 
system pressurization and when buildings are unpressurized.* 

Few mathematical models have even considered open windows. 
Hartmann (Switzerland) has a "Z" factor, a coefficient multiplier to 
increase the infiltration rate predicted by the traditional tA + B~T + CW) 
model, used primarily for residential applications. Tamura has stated 

* Research activities recommended for early implementation. 
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~~t the Tamura-Shaw algorithm is capable of handling one opening per 
wall exposure. * 

The literature survey shows that physically-based models for.multiple 
window openings in buildings are a long way off. In the near future, 
predictions, as far as computer simulations are concerned, may be addressed 
by increasing the data base previously mentioned and through the develop
ment of good "average" values for different weather conditions.** 

Improving Measurement Techniques 

In order to examine the entire infiltration question, a brief treatise 
of measurement procedures is required. Hitchen and Wilson U967) present 
an excellent review of air infiltration measurement techniques reported in 
the literature through 1966. Advantages and disadvantages of various 
techniques and computational traps to avoid when analyzing data are dis
cussed. In most residential applications, tracer-gas techniques are 
utilized to determine directly air infiltration rates. These techniques 
include rate-of-decay method, equilibrium concentration methods, transfer 
index method, and the steady concentration method (also referred to as 
continuous flow method). These techniques are generally limited to 
relatively small structures due to the requirements for uniform concentra
tion·of tracer gas within the structure, and they yield reliable estimates 
of infiltration rate at a minimum time step of 10-15 minutes. Even with 
these constraints, tracer gas techniques provide a viable mechanism to 
understand how air flows within a building structure. 

Two other important problems are of current research interest in the 
field'of measurement methods: the problems associated with multi-room 
buildings where different flow rates occur between different rooms; and 
the question of intercomparison tests between several tracer gases. 

Dick (19s0a) considers the problem of measuring the flow of tracer 
gas into another chamber (room) when the source and detector are in the 
same room. Baird (1969) treats the problem of multi-chamber ventilation 
rates in the context of his measurements of natural ventilation in 
hospital ward units. In this report, N20 is used as the tracer gas in 

* The effect of. open windows on the Tamura-Shaw algorithm is to increase 
the equivalent wall orifice area, which reduces the value of the thermal 
draft coefficient, a. (The building acts more like a stack of single
story structures.) The flow coefficient, CW, will be increased substan
tially, more than overcoming the reduced stack effect, and will predict 
the expected trend, that is, increased infiltration rate. 

** It is crucial when developing the data base to establish the external 
shielding effects of surrounding structures. Variances of 500 to 600 
percent have been established for shielded vs. unshielded structures. 

25 



a continuous flow procedure. To observe transfer between adjoining rooms, 
he measures the steady-state concentrations in each room. Honma (1975) 
developed an iterative procedure to calculate air flows between rooms in 
two tall blocks of flats in Sweden. His procedure allows calculation of 
total ventilation between rooms; of ventilation due to both supply and 
exhaust fans; and of ventilation due to infiltration through structural 
cracks and cracks around doors and windows. Known aJlX)unts of a tracer 
gas (C02) are inj ected into selected rooms in the flats; measurements of 
changes in concentration of· tracer as a function of time allow 
calculation of air flows. The ability to map air flow horizontally and 
vertically within a structure would add substantially to the knowledge of 
physical phenomena related to infiltration, as well as contribute to the 
validation of an infiltration algorithm. To this end, it is suggested 
that two specific research and development projects be conducted: 

• Multi-chamber continuous flow air infiltration instrumentation 
should be developed. T.qe rate of change (addition) of tracer 
gas in each of several chambers of an individual structure 
will provide new knowledge of air exchange with the outdoors 
for multiple chambers simultaneously. Sinden (l976a) presents 
a theoretical model for multichamber measurements and considers 
how one might obtain values for inter-chamber .. flow rates •. In 
addition he examines the Qperational advantages of continuous 
flow measurement techniques. 

• The feasibility of multiple tracer-gas usage should be studied. 
One gas for each. of several chambers serves the same purpose as 
stated above as well as determining. specific patterns of air flow 
within and through the structure. Technical problems related 
to sedimentation and mixing as well as the expected high cost 
of instrumentation may be prohibitive for a field demonstration. 

Comparison measurements of infiltration rates using different trace 
gases have been reported by Howard (1966) and by Hunt and Burch (1975). 
Howard compared N20 and H2; and N20 and 02' N20 and 02 gave similar 
results; H2 gave significantly large infiltration values than N20. 

Hunt and Burch made comparisons between SF6 and He. Differences in 
infiltration rates of about 18 percent were seen; the differences were 
not systematic. In the U. S., a standard test procedure for tracer-gas 
techniques is being developed by American Society for Testing and 
Materials. One criteria of the standard is the selection of the actual 
tracer gas. A multi-gas comparison for a determination of air 
infiltration rates in a simple structure should be conducted. Installa
tion of equipment to disperse and measure three or four tracer gases 
(N20, CH4' SF6 , and C02 are likely. candidates) should be performed to 
see if the infiltration rate is the same. 

One final measurement problem exists and may be difficult to solve. 
As previously stated, it is highly desirable to measure actual air 
infiltration rates in large buildings through the use of a tracer gas. 
Technical problems in mixing (for uniform concentration), settling, and 
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dispersing large amounts of gas may occur. These problems must be 
addressed before the actual tests suggested to verify the Tamura-Shaw 
algorithm can be initiated. 

Kelnhofer, Hunt, and Didion (1976) have reported measurements of 
infiltration into a nine-story offic"e building using an SF6 tracer gas 
technique. They investigated a building in which all floors were sealed 
except the ground floor and the mechnical equipment room at the top of 
the, building. A central air distribution system allowed whole-building 
injection via the air supply system and whole-building sampling using 
the return air ducts. To verify their infiltration results a second 
independent calculation was performed which involved direct measurement 
of ventilation air-flow rates. Their paper is included in Appendix E. 
Hunt (1977) also has performed SF6 experiments for a one-week period 
in a seven-story building, and attempts were made to quantify a stack 
effect through injection of SF6 on the lower three floors only. The 
results were inconclusive, possibly due to a lack of detailed information 
about exhaust conditions during the data collection period. The two u.s. 
field tests used the rate-of-decay method. It is preferable to use the 
automated, continuous flow method to gather more hours of data with 
greater ease. 

Centralized Data Management Center 

'In addition to these research activities, it is recommended that a 
high priority be given to the establishment of a centralized data 
repository for air infiltration data. Four primary functions which the 
Center could undertake are: 

1. Catalog and transfer information. Published and unpublished 
papers, as well as unprocessed data from infiltration studies, will be 
available-at a single-location. In addition, the center will provide 
bibliographic services and reproductions of documents or computer tapes 
on request and translate important works into English at the request of 
IEA participants. Finally, the center will publish the results of 
infiltration research undertaken by the participants. The data manage
ment center will provide these services to all IEA participants, and 
possibly to non-participants engaged in serious research on air 
infiltration. 

2. Standardize procedures for reporting experimental results. 
Standardized formats will be prepared for reporting the results of air
infiltration research. Particular emphasis will be placed on documenting 
test-building characteristics and data-collection procedures (e.g., 
number of hours, instrumentation, gas used, calibration techniques). 

3. Collect additional information on completed test from researchers. 
The center will collect additional documentation and test data (e.g., 
copies of computerized data bases, photographs) from previous air
infiltration tests. This information will permit the use of a larger 
data base to validate air-infiltration models developed on limited test 
data. 

27 



4. Calibrate and validate air-infiltration models using existing 
data. The center will use available, high-quality air-infiltration test 
data to calibrate and validate·infiltration models that are of special 
interest to the participants'. The center will recalculate coefficients 
for infiltration models as needed and compare the ability of alternative 
models to represent air infiltration accurately and efficiently. The t 
results of such comparisons will be made available to all participants~ 

An extensive list of infiltration research projects have been 
suggested but the list should ce narrowed by lEA members. A chart on 
the next page tentatively lists those projects Which appear to have 
either high interest by lEA members or near-texm return. 

For immediate consideration by the lEA, the following projects are 
proposed: 

• Establishment of a centralized data management center 

• Design and conduct of tracer gas measurement in a large 
commercial building; model infiltration for the building using 
the Tamura-Shaw algorithm and others that may be of interest 

• Measurements to correlate pressurization leakage ratio with 
infiltration in selected residences 

• Open window infiltration measurements and determination of 
occupant motivation for opening of windows. 
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* Based on the authors' .own opJ.nJ.on and upon limited informal written 
and telephone communications with IEA participants. 

** A project rated 5 could.probaQly return significant results within 1 
year. A project rate 1 might take 5 or more years for completion. 
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1.0 REVIEW ARTICLES 

1.0.1 
• INF IL T PAT ION ANtJ NATJRAl \lENT IlAT [ON' CHAPTER 21 
-ASHRAf HANCBOtK Of FJNCAMENTALS tlq77) 
THE STANrARD REFERENCE FCR NORTH AMERICAN ARCHITECTS 
AND ENGINEERS, WITH EXTENSIVE BIBLIOGRAPHY. 

1.0.2 
'REVIEW OF EXPERIMENTAL TEC~NICUES FOR THF INVESTIGATION 
'OF NATURAL VENTIlATIJN I~ eUILDINGS • 
-HITCrEN, ~ILSCN (1967) 
KEVIE~S TRACER GAS TECHNIQUES, MEASUREMENTS OF lO~ AIRSPEEDS, 
AND THE USE OF MODELS IN VENTIlATICN STUDIES. 

BUlLe. SCI. 1<;61; 2::: 59-82 

1.e.3 
'AIR INFILTRATION· SE~rIUN A4 
-IrVE GUIDE 8LCK A (1970) 
STANCARC BRITISH REFE~ENCE eN AIR INFILTRATION. 

1.0.4 
'VENTILATICN THEURY AND PRACTICE' 
-JENNINGS, A~~STRCNG 'lg71) 



A REviEW ARTICLE EXAMlNING CNE OF THE FUNCTIONS OF INFILTRATION, 
MAINTAlf\ING INDOOR All{ QUALITV. 

ASHRAf TRANS. 1971, 77= 50-60 

1.0.5 
'A REV I EW 0 F THE II TErC.ATU~E C N THE STRUCTURE Of WIND 
'TURBULENCE, WITrl SPECIAL REGARD TO ITS EFFECT ON BUILDINGS • 
-JONE S U 966) 
AVAILABLE METHODS OF INVESTIGATING WIND STRUCTURE IN THE FIELD ARE 
REVIEWEC, AND COMMENTS ARE MACE ON. THE NEED TO STUDY CONDITIONS 
IN URBAN AREAS. 

BUILD. SCI. 196d; 3= 41-50 
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2.1 TRACER GAS 

2.1.1 
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-BAHNFlETH, MOSELEY, HARRIS (1951' 
CORRELATES INFILTRATI~N RATES ~ITH WIND VELOCITV AND DIRECTION 
USING HELIUM AS TRACE~ GAS, MEASURED WITH A KATHAROMETER. 

ASHRAE TRANS. 1951; b3= 43S-452 

2.1.2 
tAlk CHANGE AND AIR T~ANSFER IN A ~OSPITAL WARD UNIT' 
-BAIRD <lq6~) 

INFILTRATION RATES MEASUREO USING NITROUS OXIDE U~DER 
VARYING VENTILATING CuNDITICNS IN HOSPITAL ROOMS. 

BUILO. SCI. 1969; 3= 113-123 

2.1.3 
tMESSUNG DES NATURLICHEN LLFTWECHSELS IN NICHTKLIMATISIERTEN 
'WOHNRAUMEN • 
-BARGETll, ~ARTMANN, PFIFFNER (1977' GERMAN 
EXAMINES T~E EFFECT OF OCCUPANCY HABITS ON THE INFILTRATION 
RATE INTO A STRUCTURE, USING NITRCUS OXIDE AS THE TRACER GAS. 
SCH~EIZ. BAUlTG. 1971; 95~ HEFT 14= 3-7 

2.1.4 
·OESIGN AND PERFORMANCE CF A PORTABLE INFILTRATION METER' 
-COBLENTZ. ACHENBACH '1~57) 
A OESCHIPTION OF THE DEVELOPMENT OF THE NBS HELIUM TRACER 
SYSTEM ~HICH WAS USED I~ MOST SUBSEQUENT WORK IN THIS FIELD 
UNTIL THE INTRODUCTION OF SULfUR HEXAFLOURIDE INSTRUMENTATION. 

ASHRAE TRANS. 1957; 63~ 477-482 

2.1.5 
'MEASUREMENT OF V~NTllATION RATES USING A RADIOACTIVE TRACER' 
-CCllINS, SMITH' 1<;55) 
USE OF RADIOACTVE ARG~N TO MEASURE VENTILATION, WITH RESULTS 
SUCCESSFULLY CORRELATEC TO hELIUM TRACER MEASUREMENTS. 

J.INST.HEAT.VENT.ENG. 1949; 17= 42{)-466 

2.1.6 
'MEASUREMENTS OF VENT{lATICN USING TRACER GAS TECHNIQUES' 
-DICK (1950) 
DISCUSSES TRACER GAS fECHNI~UES, USING HYDROGEN OR HELIUM 
WITH A KATHARCMETER A~ A DETECTOR. ONE OF FOUR GERMINAL 
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PAPERS PUBLISHED BY DICK BETWEEN 1949 AND 1951. 
HfAT.PIPING AIR COND. 195C: 22= 131-131 

2.1.7 
'AIR CHANGE ~EASUREMENTS USING A TRACER GAS TECHNIQUE' 
-DOEFFINGER {1~76) 
SULFUR HEXAFlOURIDE U~ED TO MEASURE THE INFILTRATION RATE 
INTO A CNE-STORY OFFICE BUILDING. 
PE~N.STATE U. REPORT-DEPT. OF ARCH.ENG. MARCH 1976 

2.1.8 
'EXPERIMENTAL CHARACTERIZATION Of VENTILATION SYSTEMS 
'IN BUILDINGS' 
-DRIVAS, SIMMONDS, SHAIR (1972) 
THE TECHNOLOGY OF OUTuOOR AIR POLLUTION APPLIED TO INDOOR 
AIR QUALITY. STUL>Y Of VENTILATION EXHAUST-REENTRY PROBLEMS 
USING SLLFUR HEXAflOURIDE AS A TRACER GAS. 

EfWIRCN. SCI. TECHNOl. 1972; 6= 609-614 

2.1.9 
'NATURAL VENTILATICN ~F MODERN TIGHTLY CONSTRUCTED HOUSES' 
-ELKINS. WENSMAN ~1911' 
DESCRIBES T~E USE Of ETHA~f TO MfASURE INFILTRATION RATES 
IN TWO (CCUPIED rlOUSES. 

AGA COf..FERENCE CN NAfURAL GAS RESEARCH AND TECHNOLOGY.CHICAGO 2/28-3/3, I' 

2.i.1e 
'USE OF GAS AND PARTICLE TRACERS IN THE STUDY OF INFECTION 
'lRAf..SMISSICN' 
-FOCRD 0973t 
FRELN 12, FREON 114, AN[ B.C.F. USED WITH ELECTRON CAPTURE DETECTOR 
FOLLOWING GAS CHROMATuGRAPH, USING CONTINUOUS FLO~ TECHNIQUE. 
INVESTIGATED RELATION~HIP BET~EEN PARTICLE MIGRATION AND AIR FLOW. 

PROCEEDINGS OF FOURTrl INTERNATIONAL SYMPOSIUM ON AEROBIOLOGY 
HELD AT TECHNICAL UNiVERSITY AT ENSCHEOE, THE NETHERLANDS 
OOSTHOEK PUB. CJ. UTRfCHT 1973 450-454 
ED. J.F. PH. HERS 1\ ;{.C. WINKLER 

2.1.11 
'DIE TECHNIK DER LUFT~ECHSflBESTIMMUNG MIT RAOIOAKTIV KRYPTON-85 
'UNO IHRE ANWENDUNG AJf U~TERSUCHUNGEN IN STALLEN' 
-GOTTLI~Gt DCMBERG, HILLEGER t VOGG (1912' GERMAN 
RADIOACTIVE TRACER GAS USED TO MEASURE AIR INFILTRATION 
IN A STABLE. 
GESUND. ING. 1<;72; 93= 16-20 

2.1.12 
'BACTERIAL CCNTA~INATIUN IN A MODERN OPERATING SUITE. PART ONf~ 
'EFFECT OF VENTILATILN CN AIRBORNE PARTICLES' 
-HAMBRAEUS, SENGT SSCN. LAURELL (1<;71) 
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J. HYG. CAMB. 1917; 19:: 121-132 

2.1.13 
'AUTGMATED AIR INFllTKATICf.. MEASUREMENTS AND IMPLICATIONS 
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-HARRJE, GPor t 1917) 
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PROCEECINGS OF THE l~TERNATIONAL CONFERENCE ON ENERGY USE MANAGEMENT 



(TUCSON, AZ. OCT. 1977) ~EW YORK; PERGAMON 457-464 
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CARBON CIOXIDE U~ED A~ A TRACER GAS TO EVALUATE EXPERIMENTAllV 
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ASHRAE TRANS. 1115; 81~ 168-185 

2.1.15 
'VE~TllATIUN OF dUllD1NGS AND ITS DISTURBANCES' 
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2.1.16 
'VE"TILATICN MEASUREMENTS IN HOUSES AND THE INFLUENCE OF 
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INFiLTRATION RATES IN SUBURBAN HOUSES. 
BUILD. SCI. 1966; 1~ 251-257 

2.1.17 
'MEASUREMENTS OF AIR ~OVEMENTS IN A HOUSE USING A 
'RADIOACTIVE TRACER GAS' 
-HOWLANC, KIMBER, lITTLEJC~N (1960) 
EXPERIMENTS USING RADIOACTIVE KRYPTON TO MEASURE AIR 
MOVEMENTS IN A TYPICAL SUBURBAN HOUSE. 
J.INST.HfAT.VENT.ENG. 1960; 28~ 51-71 

2.1.18 
'AIR EXCHANGE AND VENfILATION SYSTEM MEASUREMENTS IN THE 
'NOPRIS COTTON fEDERAl OffICE BUILDING IN MANCHESTER 
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-HUfI.4T (1977) 
AIR EXCHANGE RATES WE~E MEASURED USING SULFUR HEXAFLOURIOE 
IN AN ENERGY-SA~ING OESIG~fD OFFICE BUILDING. 

REPORT OF TEST TO ERJA lq71; 

2.1.19 
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'USING SULFUR ~EXAFlOJRIDE AS A TRACER GAS' 
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-KELNHOFER, HUNT, DIDtON (1916) 
USE OF SULFUR tEXAFlOURICE ASh TRACER GAS IN AN OFFICE 
BUILDING WITH SEALED ~INDOWS THROUGHOUT. THE MAIN TRUNK OF 
THE AIR SUPPLY WAS USED FCR INJECTION, WITH SAMPLING AT THE 
RETURN AIR LINE. 

PROCEECINGS CF CGNFE~ENCE CN IMPROVING EFFICIENCY AND PERFORMANCE 
OF HVAC EQUIPMENT AND SYSTEMS FOR COMMERCIAL AND INDUSTRIAL BUILDINGS 
PURDUE UNIV., APRIL 1.2"':14, (1916) 322-328 

2.1.22 
'THE EVALUATION OF VENIILATICN' 
-llDWELL (1960) 
A DISCUSSICN ON THE USE OF NITROUS OXIDE AND ACETONE 
VAPOR AS TRACER GASES TO STUDY VENTILATION. 

J.HYG. 1960; 58= 291-305 

2.1.23 
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ANAL. CrEM. 1~63; 35= 414-481 

2.1.14 
'UEBEk (EN LUFTWECHSEL INkOHNGEBAUDEN' 
-PETTENKOFER (1858) 
MEASUREC VENTILATION ~N ROOMS USING CARBON DIOXIDE PROOUCED 
BY BURNING CHARCOL AS THE TRACER GAS. CONCENTRATION DETERMINED 
BY ABSORBING THE GAS IN LIME WATER. 

MUNICH, 1858 

2.1.25 
'THE VARIATION OF INFILTRATICN RATE WITH RELATIVE 
'HU~IDITYIN A FRAME dUILDING' 
-LUCK, ~ELSCN (1977' 
USE OF CHLOROTHENE GA~ TO MEASURE INFILTRATION RATE, WITH 
TH~ RESULTS CORRELATED TG INSIDE RELATIVE HUMIDITY. 

ASHRAE TRANS. 1971; d3-I~ 

2.1.26 
·OSU/EPRI FINAL REPORf--CHAPTER 9, AIR INFILTRATION' 
-SEPSV,JONES, MCBRIDE, BLANCETT (1977) 
MEASUR E ~ENT S MADE U 51 ;~G AUTOMATED SUl FUR HEXAFLOUR I DE 
TRACER GAS SYSTE~ aEVElOPEO ey NBS/PRINCETON. 
OSU/EPRI FINAL REPORT 1971; ENVIRONMENTAL CONTROL GROUP 
DEPT. CF MECHANiCAL ENGINEERING, COLUMBUS, OHIO 43210 

2.1.27 
'THEORETICAL BASIS FOR TRACER GAS MEASUREMENTS OF 
'AIR INfILTRATION' 
-SINDEN (1916' 
A THEORETICAL TREATMEiT GF ThE PROBLEM OF CONCENTRATION 
MEASUREMENTS IN A MULTI-CHAMBER STRUCTURE. DEVELOPS A 
TECrNICUE FOR THE ANALYSIS OF STEADY-STATE CONCENTRATIONS 
IN THIS SITUATION. 
PRINCETCN GNIV; TwIN RIVERS PROJECT, NOTE 5, MARCH 1916 

2.1.28 
'THE THERfI,Al FERFORMAj'~CE CF A TWO BEDROOM MOBILE HOUSE' 
-TEITSMA, PEAVEY {1977. 



TRAC ER GAS EXP ER I MENf!) US I NG SULFUR HEXAFLOURIDE SHOWED HI GHER 
AIR INFILTRATION RATE~ WhEN THE HOUSE HEATER WAS IN OPERATION. 
PRESSURIZATION AND THER~CGRAPH(C MAPPING ALSO USED. 

NBSIR 16-1182; JAN 1917 

2.1.29 
'CUNTAMINANT OISPERSIUN ANC DILUTION IN A VENTILATED SPACE' 
-WEST (1<;71) 
METHANE USEe AS A TRACER GAS. GeOD MIXING OF GAS, ALTHOUGH 
CONCENTRATION SPIKES wERE (BSERVED. 

ASHRAE TRANS. 1911; d3-1= 125-140 

2.2 PRESSURIZATION 

2.2.1 
'STANDARD TEST METHOD FOR RATE OF AIR LEAKAGE THROUGH 
'EXTERIGR WINDOWS, CU~TAIN WALLS, AND DOORS' 
-ANSI/ASTM (1S76) 
GIVES BASIC OUTLINE FuR APPARATUS, PROCEDURE, AND CALCULATIONS 
FOR PRESSURIZATION TECHNIQUE. 

ASTM STANDARD 1:283-73 

2.2.2 
'RESIDENTIAL AIR INFllTRATICN' 
-c A F F E v (1 S 76 ) 
THIRTY HOUSES WERE CEPRESSURIZED TO MEASURE OVERALL AIR LEAKAGE 
AND TG lOCATE INDIVIDJAL SOURCES OF LEAKAGE. 

TEXAS POWER AND LIGHT REPORT, DALLAS, TEXAS; 1976 

2.2.3 
'INFRASCNIC IMPEDANCE MEASUREMENTS OF BUILDINGS FOR AIR 
'LEAKAGE DETERMINATIUN' 
-GRAHAM (1971) MASTER'S THESIS 
AN INNOVATIVE TECHNIQJE USING INFRASONIC IMPEDANCE CHARACTERISTICS 
TG MEASLRE THE AIR LEAKAGE PPOPERTY GF A BUILDING. DESCRIBES 
THE DIAPHRAM-TVPE, MOTOR-DRIVEN SOURCE, AND THE PRESSURE SENSOR 
USED FOR MEASUR ING THE IMPE[ANCE. 

M.S. THESIS, SYRACUSE UNIV. 1971 

2.2.4 
'AIR LEAKAGE ThRQUGH rHE OPENINGS IN BUILDINGS' 
-HGUGHTEN, SCHRADER (Lq24) 
BLOWER APP~RATUS DESIGNED TO MEASURE AIR FLOW THOUGH 
EXPERIMENTAL WINDOWS dUlLT IN A SECTION OF WALL. 

ASHRAE TRANS. 1924; 30= 105-120 

2.2.5 
'AIR LEAKAGE MEASUREMENTS IN THREE APARTMENT HOUSES IN THE 
• CtHCAGO AREA' 
-HLNT, PCRTERFIElD, GNDRIS (1977) 
FAN PRESSURIZATION USED TO DETERMINE AIR LEAKAGE IN LOW RISE 
APARTMENTS. 

NATICNAL eU~EAU CF STAND~RDS REPORT 1q77 

2.2.6 
'TESTING Cf HOUSES FOR AIR-LEAKAGE USING A PRESSURE METHOO' 
-KRCNVALL (1<177. 
DESCRIBES AN INEXPENSIVE AND EASILY ADAPTABLE TECHNIQUE FOR 
MEASURING AIR LEAKAGE IN S"EDISH HOUSES. INCLUDES STUDIES 
OF AIR LEAKAG E DE TEC TE D BY TN ERMOGRAPHV, AND THE NEW STANDARDS 
FOR AIR TIGHTNESS IN SWEDISH HOUSES. 

LUND INSTITUTE JF TECHNCLOGY, DIV. OF BUILD. TECH. 1977; 

.. , 
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2.2.7 
'THE TESTING OF WHOLE HOUSE FOR AIR LEAKAGE' 
-MCINTYRE, NEWMAN (1975) 
PORT~BlE AI~ LEAKAGE APPARATUS FOR MEASURING AIR INFILTRATION 
IN DWELLINGS DEVELOPED AND DESCRIBED. 
BRE, DEPT. OF ENVIRON. NOTE N 21/75 

2.2.8 
'AIR LEAKAGE VALUES FuR RESIDENTIAL WINDOWS' 
-SASAKI, WILSLN (19651 
THIRTY NINE RESIDENTIAL WINDO~S WERE TESTED IN A PRESSURE 
CHAMBER FOR AIR LEAKAuE RATES. 

ASHRAE TRANS. 19t 5; 1 E: 81-88 

2.2.9 
'AIR INFILTRATION THRuUGH REVOLVING DOORS' 
-SCHUTRUM, OZISIK, 8Ai\.ER, ~UMPHREYS (1961) 
EXPERIMENTS CARRIED OuT UNDER HEATING AND COOLING CONDITIONS 
TO MEASURE AIR INFILTRATIG~ IN BOTH MANUAL AND AUTOMATIC 
REVOLVI~G DOORS. 

ASHRAf TRANS. lQ61. b7~ ~8e-506 

2.2.10 
'MEASUREMENT Of AIR-TIG~TNESS OF HOUSES' 
-STRICKER U<;75) 
PRESSURIZATION TECHNlI,lUE USED TO DETERMINE LEAKAGE AREA OF 
A HOUSE. EXHAUST FAN INST~LLED IN WINDOW WITH MEASUREMENTS 
TAKEN OF PRESS~RE DROP ACROSS FAN TO DETERMINE AIR FLOW. 

ASHRAE TRANS. 1915; 81~ 148-167 

2.2.11 
'MEASUREMENTS OF AIR LEAKACE CHARACTERISTICS OF HOUSE 
'ENClOSLRES· 
- T AMUR A (1 C; 15' 
PRESSURIZATION TECHNIJUE USED ON SIX HOUSES TO ESTABLISH 
OVERALL AIR LEAKAGE, AND COMPGNENT LEAKAGE THROUGH 
WIf\OCWS, DOORS, WALLS, AND CEILINGS. 

ASHRAE TRANS. 1915; 81= 202-211 

2.3 WIND TUNNEL AND OTHER TECHNIQUES 

2.3.1 
'WIND PRESSURE ON BUILDINGS INCLUDING EFFECTS OF ADJACENT 
'BUILDIf\GS' 
-BAILEY, VINCENT (l94") 
THF RELATICNSHIP BETWEEN WINO .SPEED AND THE DISTRIBUTION OF 
WIND PRESSURE OVER BU1LDINGS IS DETERMINED THROUGH STUDYING 
MODELS IN A ~lNC TUNNEL. 
J.(NST.CIV.ENG. 1943. 2C= 243-275 

2.3.2 
'MODEL VERIFICATION OF ANAlCGUE INFILTRATION PREDICTIONS' 
-BILSBORROW, FRICKE (1915. 
SCALE M(DEl BUltJINGS USED TO VERIFY NATURAL VENTILATION 
RATE CALCULATICNS BASED Of\ DIGITAL ANALOGUE STUDIES. 

BUlle. SCI. 1915i 10= 217-230 

2.3.3 



'(C~BINED T~ERMAl AND AIR lEAKAGE PERfORMANCES Of 
'DOUBLE WINDOwS' 
-BURSEY, GREEN (lQ70) 
MEASU~EMENTS TAKEN OF AIR LEAKAGE RATES ACROSS WINDOWS 
IN A GUARDED HOT BOX CALORIMETER WITH A SYSTEM FOR CREATING 
A PRESSURE DIFFERENCE ACROSS T~E WINDOW. 

ASHRAE TRANS. 1910: 7(:;= 215-226 

2.3.4 
'ADVENTITIOUS VE~T(LATIGN CF HOUSES' 
-HARRIS-BASS, KAVARANA, LAWRENCE (1914) 
A MODEL SCALE APPROACH TO NATURAL VENTILATICN AIMED AT 
PRECler ING ~OGM AIR MJVEMENTS AND VENTILATION RATES, 
COMPAREO WITH FULL SCALE RESULTS AND THEORETICAL MOOELS. 

BUlle. SERVe ENG. 1974: 42='106-111 

2.3.5 
'WIND AND TREES--AIR INFILTRATION EFFECTS ON ENERGY IN 
'HOUSING' 
-MATTINGLY, PETERS (1~75) 

SMOKE AND WINO TUNNEL MODELING OF AIR FLOW OVER HOUSES, 
INCLUDING THE EFFECTS Of THE LOCAL TERRAIN. 
PRI~CETON UNIV. CENTER FCR ENVIRONMENTAL STUDIES, REPORT 

2.3.6 • 
THE CALCULATION OF AIR l~fILTRATION RATES CAUSED BY 
wINe ANC STACK ACTION fOR TALL BUILDINGS' 
-SHAW, TAMURA (1977) 
INFILTRATION RATES CAUSED BY WINO ACTION ALONE, A~D IN 
C(~JUNCTICN WITH STAC~ ACTION WERE MEASURED WITH PLEXIGLAS 
MODELS IN A BGUNDARY lAYER WIND TUNNEL. 

ASHRAE TRANS. 1911; d3-II=' 

3.0 INVESTIGATIO~ Of STRUCTURES 

3.1 RESIDENCES 

3.1.1 
'MEASUREMENT OF INFILTRATION IN TWO RESIDENCES. PART ONE 
'TECHNICUE AND MEASURED INFilTRATION' 
-BAHNFlETH, MOSELEY, HARRIS (lq57) 

~20. MAY 1975 

INFILTRATICN RATES MEASURED AND CORRELATED WITH WINO VELOCITY 
AND DIRECTION, AND WITH .INSIDE/OUTSIDE PRESSURE DIFFERENCES. 
(2.i.1) 

3.1.2 
'MESSUNG DAS NATURllCrtEN lUfTWECHSELS IN NICHTKLI~ATISIERTEN 
'WCHNRAUMEN' 
-BARGETlI, HARTMANN, PfIFfNER (1977) GERMAN 
EXAMINES OCCUPANCY EFfECTS ON INFILTRATION RATES. 

(2.1.3) 

3.1.3 
'RETROFITTING AN EXISTING WOOD-FRAME RESIDENCE TO REDUCE ITS HEATING 
'A~C LOOLING ENERGY REQUIREMENTS' 
-BURCH, rUNT (lq78) 
ENERGY SAVINGS AND A'~ INfILTRATION RATES MEASURED AFTER ADDING 
INSULATION, STORM ~INOO~S, WEATHERSTRIPPING AND OTHER RETROfITS 

-. -
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TO n"E t-OUSE. 
ASHRAE TRANS. 1q78: 84-I~ 

3.1.4 
'FIELD ~EASUREME'~TS OF AIR INFILTRATION IN TEN ELECTRICALLY 
'HEATED HOUSES' 
-COBLENTZ. ACHEN~ACH '19f3' 
AIR INFILTRATION RATES MEASURED TO ASSIST IN CORRELATING 
COMPUTED HEATING LOADS WITN OBSERVED USE OF ELECTRICAL 
ENERGY FOR t-EATI~G. STUDY CAR~IED OUT IN TEN TYPICAL ONE 
AND fwe STORY eRICK AND FRA~E HOUSES. 

ASHRAE TRANS. 1963; D9~ 358-365 

3.1.5 
'EXPERIMENTAL STUDIES IN NATURAL VENTILATION OF HOUSES' 
-DICK (1949) 
INFILTRATICN CORRELATED TO WIND SPEED AND TEMPERATURE DIFFERENCES 
IN FOUR SIMILAR HOUSEi. MEASUREMENTS WERE MADE OF THE AIR FLOW 
BEThEEN ROOMS AND THE AIR Ct-ANGE IN ROOMS, OF THE HEAT LOST 
BY VENTILATION, AND PRESSURE DISTRIBUTION ACROSS THE WALLS. 

J.INST.HEAT.VENT.ENG. 1949; 17~ 420-466 

3.1.~ 
'VENTILATICN RESEARCH IN CCCUPIED HOUSES' 
-DICK, THOMAS (1951) 
CONTINUATION OF STUDIES IN NATURAL VENTILATION, LOOKING AT 
SHELTERED AND EXPOSED SITES. INCLUDES DISCUSSION ON THE 
WINDOW CPENING HABITS Of OCCUPANTS. 

J.INST.HEAT.VENT.ENG. 1951: 19~ 306-326 

3.1.7 
'NATURAL VENTILATION UF MODERN TIGHTLY CONSTRUCTED HOMES' 
-ELKINS. WENSMAN (1971) 
A YEAR-LONG STUDY OF INFILTRATION IN TWO OCCUPIED HOUSES 
IN OHIO. 

(2.1 .• 9) 

3.1.8 
'INfRASCNIC IMPEDANCE MEASUREMENTS OF BUILDINGS FOR AIR 
'LEAKAGE DETERMINATION' 
-GRAHAM (1915j 
AN INSTRUMENTATIUN SY~TEM TO DETERMINE BUILDING IMPEDANCE 
IN CRDER TO FIND BUIL~ING AIR LEAKAGE PROPERTIES. SYSTEM MAY 
REQUIRE LESS TIME THA~ BLOWER PRESSURIZATION, AND UNLIKE 
T RACER GAS TEC HN I QUES, IS II\DEPENDENT Of WEAT HER COND IT IONS. 

(2.2.3) 

3.1.9 
'RESIDENTIAL ENEkGY CONSERVATION--THE TWIN RIVERS PROJECT' 
-HARRJE, SCCOLOW, SONDEREGGfR (1971) 
TWENTY-NINE HOUSES IN~TRUMENTFD, WITH INTERNAL TEMPERATURES, 
APPLIANCE USEAGE, FUR~ACE OPERATION, THERMOSTAT SETTINGS, AND 
~INDOW AND DOOR USE MEASURED. UTILITY RECORDS WERE USED TO 
CO~RElATE ~OUSE SIZE, CESIGN, AND RETROFITS TO ENERGY 
CCNSUMPTICN. INCLUDES USE CF INfRARED SCANNING, AIR 
INFIlTRATICN MONITORING, AND ~IND TUNNEL TESTS. 

ASHRAE TRANS. l'j77; 83(1)~ 

3.1.10 
• VENT lLAT ICN MEASUREMeNTS IN HOUSES AND THE INFLUENCE OF 
'WAll VENTILATORS' 
-HeWARD (1966) 



MEAS~REMENTS OF VENTILATICN RATES MADE IN SEVEN CLOSED 
RCCMS OF SIX HOUSES. USING NITROUS OXIDE AS THE TRACER GAS. 
HOUSES LOCATED IN OUTER SUB~RBS OF MELBOURNE. 
(2.1.16) 

3.1.11 
'MEASUREMENTS OF AIR MOVEMENTS IN A HOUSE USING A RADIOACTIVE 
'TRACER GAS' 
-HOWLANC, KIMBER, LITTLEJG~N (1960J 
AIR MOVEMENTS IN A TY~ICAL SUBURBAN HOUSE MEASURED USING 
KRYPTON-S5. EFFECT OF INTERIOR DOORS OPEN WITH WINDOWS SHUT 
INVESTIGATED. 
l2.1.17) 

3.1.12 
'INFILTRATION IN RESIDENTIAL STRUCTURES' 
-JANSSEN, GLATlEL, TORBO~G, BeNNE (1917' 
METHANE USEe AS A TRACER GAS TO MEASURE INFILTRATION IN HOMES 
IN MINNEAPOLIS, ~ENVEK, AND KANSAS CITY, LOOKING AT THE 
EFFECTS OF THE r~REE OlfFERE~T CLIMATES. 

(2.1.20) 

3.1.13 
fINFILTRATI(N ~EASURE~ENTS IN TWO RESEARCH HOUSES' 
-JGRDAN, ERICKseN, LEJNARD (1963) 
INVESTIGATIONS wERE MADE TC DETERMINE ENERGY REQUIREMENTS 
FOR RESIDENTIAL rlEATING FOR TWO RESIDENCES IN MINNESOTA, 
WITH WIND AND TEMPERATURE CIFFERENCES RELATED TO AIR EXCHANGE. 

ASHRAE TRANS. 1963; b9= 344-350 

3.1.14 
'TESTING OF HOUSES FOR AIR-LEAKAGE USING A PRESSURE METHOD' 
-KRC"'VALL (1977) 
DESCRIBES AN INEXPENSIVE AND EASILY ADAPTABLE TECHNIQUE FOR 
MEASU~ING AIR LEAKAGE IN S~ED[SH HOUSES. INCLUDES STUDIES 
OF AIR LEAKAGE DETECTED BY THERMOGRAPHY, AND THE NEW STANDARDS 
FOR AIR TIGHTNESS IN SWEDISH HOUSES. 

(2.2.6) 

3.1.15 
'STATISTICAL ANALYSES OF AIR LEAKAGE IN SPLIT-LEVEL RESIDENCES' 
-lASCHOBER, MEALY (1964) 
INFIlTRATICN RATES Of TWO MCUSS WERE MEASURED Te FURTHER 
DEFINE THEIR THERMAL ~HARACTERISTICS. COLLECTED DATA WAS 
STATISTICALLY ANALYlEO TO CETERMINE WHETHER INFILTRATION 
COULD BE RELAtED TO WIND ANC TEMPERATURE. 

ASHRAE TRANS. 1964; 70= 3t4-314 

3.1.16 
'THE VARIATION OF INFjLTRATION RATE WITH RELATIVE HUMIDITY 
'IN A FRAME BUILDING' 
-LUCK, NELSCN (1917) 
ENERGY SAVING BENEFIT DETERMINED FRO~ INCREASING RELATIVE 
HUMIDITY DURING ~INTER IN AM[NNESOTA HOUSE. RELATIONSHIP 
Cf INFILTRATION AND HuMIDITY OBSERVED. 

(2.1.25) 

3.1.11 
'AIR INFILTRATION IN ~CMES' 
-MALIK (917) 

A M.S. THESIS CONTAINiNG DETAILED DESCRIPTION OF THE 
INFllTRATI~N MEASUREMENTS TAKEN IN THE PRINCETON TWIN 
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RI VE RS FROJECT. 
PRINCETON UNIV. CENTER FOR ENVIRONMENTAL STUDIES REPORT 58. SEPT. lq77 

3.1.18 
'OSU!EPRI FINAL REPORT -CHJlPTfR q, AIR INfILTRATION' 
-SEPSY. JONES, MCBRID~, BLANCETT (lq17) 
LARGEST SINGLE STUDY fO DATE ON AIR INFILTRATION IN 
RESIDENTIAL STRUCTURE~. 

(2.1.26) 

3.1.1S 
'MEASUREMENT OF AIR-TJGHTNESS OF HOUSES' 
-STRICKER (1975) 
INFILTRATION RELATED TO HUMIDITY PROBLEMS STUDIED BY 
PRESSURIZATICN TECHNIQUE iN CANADIAN HOUSES. 
(2.2.10) 

3.1.20 
'AIR LEAKAGE AND PRES~URE MEASUREMENTS GN TWO OCCUPIED HOUSES' 
-TAMURA. ~ILSuN (1964) 
MEASURED AIR LEAKAGE IS RELATED TO WEATHER CONDITIONS AND 
FURNACE OPERATIUN USI~G A TRACER GAS. MEASURED VALUES COMPARED 
TO THOSE OBTAINED BY ASHRAE PROCEDURE. INDOOR-OUTDOOR PRESSURE 
DIFFERENCES CORRELATEO Tb WIND VELOCITY AND DIRECTION. 

ASHRAE TRANS. 1964; 70~ 110-119 

3.1.21 
'MEASUREME~TSOF AIR LEAKAfE CHARACTERISTICS OF HOUSE 
'ENCLOSLkES' 
-T~MURA (1975' 
PRESSURIZATION TECHNl~UE eN SIX WOOD-fRAME HOUSES TO ESTABLISH 
OVERALL AIR LEAKAGE, AND COMPONENT LEAKAGE THROUGH WINDOWS, 
DOORS, 'rIALlS, AN[) CEIL INGS. 

(2.2.11) 

3.2 LOW RISE CCMMERCIAL 

3.2.1 
'ENERGY CCNSEVATION IN AN (LO THREE STORY APARTMENT COMPLEX' 
-BE YEA, HARRJE, S HWEN Cl S 77) 
DESCRIBES SEVERAL WAYS TO MEASURE INFILTRATION IN A STRUCTURE. 
RESULTS APPLIED TO MEASUREMENTS IN APARTMENTS. 

ENERGY USE MANAGEMENf, PERGAMON, NY 1977; 1= 313-383 

3.2.2 
'A1R CHANGE MEASUREMENTS USING A TRACER GAS TECHNIQUE' 
- DU E FF I ~ G E R (1 <; 16 ) 
TRACER GAS USED rc MEASURE AIR CHANGE RATES IN A SINGLE STORY 
OFFICE BUllDING~ TESTS CGNCUCTED WITH SUPPLY VENTILATION FAN 
BOTH GN ANC OFf. 
(2.1.7) 

3.2.3 
'EXPERIMENTAL CHARACTERIZATION OF VENTILATION SYSTEMS 
'IN BUILDINGS' 
-ORIVAS, SIMMONDS, SHAIR (IS72) 
TRACER EXPERIMENTS WITH SULFUR HEXAFLGURIDE WERE USED TO 
OBTAIN CUANTITATIVE DATA UN EXHAUST REENTRY IN BUILDINGS. 

(2.1.8) 



3.2.4 
'AIR LEAKAGE MEASUREMENTS IN THREE APARTMENT HOUSES IN THE 
'CHICAGO AREA' 
-HUNT, PORTERFIELD, Oi''4DRIS (1911) 
MEASURED AIR LEAKAGE AND INFILTRATION IN INDIVIDUAL 
APARTME~TS. 

(2.2.5) 

3.3 HIG~ RISE COMMERCIAL 

3.3.1 
'VENTILATION OF BUILDINGS AND 115 DISTURBANCES' 
-HOt-iMA (1915) 
MEASURE~ENTS OF TOTAL AIR FLOW IN FLATS IN HIGH-RISE 
APARTMENT BUILDINGS IN SWEDEN. 
(2.l.IS) 

3.3.2 
'AIR EXCHANGE AND VENTILATION SYSTEM MEASUREMENTS IN THE 
'NORRlS COlTON FEDERAL OFFICf BUILDING IN MANCHESTER 
'NEW HAMPSHINE' 
-H U NT (19 77 J 
AIR EXCHANGE ~ATES WE~E MEASURED USING SULfUR HEXAFLOURIOE 
IN AN ENERGY-SAVING DESIGNED OFFICE BUILDING." 

(2.1.18) 

3.3.3 
'DETERMINATICN Of CCMdINEC AIR EXfILTRATION AND VENTILATION 
'~ATES IN A N'INE-STORY OFFICE BUILDING' 
-KELNHOFEP, HUNT, DIDICN (lS76) 
DIRECT MEASUREMENTS O~ AIR INFILTRATION RATES USING SULFUR 
HEXAFLOURIDE AS A TRACER GAS. TRACER INJECTED INTC MAIN TRUNK 
OF AIR SUPPLY SYSTEM AND SAMPLED IN RETURN LINE. 

{ 2.1.21) 

3.3.4 
'AIR LEAKAGE MEASUREMENTS OF THE EXTERIOR WALLS Of TALL BUILDINGS' 
-SHAW, SANDER, TAMURA (lS73) 
fOUR HIGH RISE BUILDINGS STUOIED FOR AIR LEAKAGE CHARACTERISTICS, 
WITH EXPERIMENTAL DATA CO~RELATED TO COMPUTER SIMULATION. 

ASHRAE TRANS. 1973; 19-I[~ 40-48 

3.3.5 
'ANALYSIS OF SMOKE SHAFTS FOR CONT~OL CF SMOKE MOVEMENT IN 
'BUILDINGS' 
-TA~URA (llj1~) 

STUDI ES THE PE RFt)RMAN~ E OF SMOK E SHAFT S AS A MEAN S fOR REDUC ING 
SMOKE CCNCENTRATIONS AND TRANSFER IN TALL BUILDINGS. 

ASHRAE TRANS. 1970; 76= 290-297 

3.3.6 
'STUDIES ON EXTERIOR WALL AIR TIGHTNESS AND AIR INFILTRATION 
'Of TALL BUILDINGS' 
-TAMURA, SHAW (1976) 
MEASURE~ENTS OF AIR LEAKAGE CHARACTERISTICS Of THE EXTERIOR 
WALLS UF EIGHT MULTI-~TORY OFFICF BUILDINGS IN OTTAWA, CANADA. 
A ~ETHOC FOR CALCULATING INfiLTRATION RATES BY STACK ACTtON 
DEVELOPED. 

ASHRAE TRANS. 1976; 82= 122-134 

3.3.7 
-PRESSURE [lfFERENCES fOR A NINE-STORY BUILDING AS A RESULT 
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'OF CHI MNEY EFfEC T ANU VENT Il Al ION SYS T EM OPERAT I ON' 
-TAMURA. WILSCN (1966~ 
FIRST QUANTITATIVE PRESSURE MEASUREMENTS FOR TALL OFF[CE 
BUILDINGS. 

ASH RAE TRANS. 1966; 72= 18(1-189 

3.3.8 
'PRESSURE CIFfERENCES CAUSED BY CHIMNEY EFFECT IN THREE 
tHIGt-l BLllCINGS' 
- TAM UR A i W IL SC N '1 Ci 67j 
FURTHER INVESTIGATION Of OVERALL AIR LEAKAGES AND PATTERNS 
OF PRESSURE DIFFERENCES INDUCED BV CHIMNEY ACTION AND THE 
OPERATICN OF THE VENTILATING SYSTEMS. 

ASHRAE TRANS. 1967; 73= [1.1.1-11.1.10 

3.3.q 
'PRESSURE DIFfERENCE CAUSEC BY WIND ON TWO TALL BUILDINGS' 
-TAMURA. WILSON (1968~ 

CONTINUOUS ~INO AND PRESSURE RECORDS WERE USED IN A REGRESSION 
ANALYSIS TO DETERMINE WINe COEFFICIENTS FOR BOTH BUILDINGS. 

ASHRAE TRANS. 1~68; 14= 17C-181 

3.4 MODEL ANALYSES AND SIMULATED TESTS 

3.4.1 
'WIND PRESSURE O~ BUILDINGS INCLUDING EfFECTS OF ADJACENT 
'BUILDINGS' 
-BAILEY, VINCENT (194~' 
A STUDY OF WIND SPEED AND DISTRIBUTION OF WIND PRESSURE OVER 
SEVEN BUILDINGS IN WI~D TUNNEL TESTS. 

(2 •. 3.1 , 

3 .It .2 
'COMPUTER ANALYSIS OF STACK EFFECT IN HIGH RISE BUILDING' 
-BARRETT, LOCKLI~ (1908) 
A METHOD FOR PREDICTING THE MAGNITUDE OF POTENTIAL PROBLFMS 
CAUSED BY STACK EFfECT, INCLUDING UNDESIRABLE PRESSURE 
DIFFERENTIALS ANJ AIR fLG~S. 

ASHRAf TRANS. 1968; 74= 155-169 

3.4.3 
'MODEL VERIFICATIGN Of ANALOGUE INFILTRATION PREDICTIONS' 
-BIlSBORROW, FRICKE (lCi75) 
SURVEY Of CURRENT METrlGDS OF CALCULATING NATURAL VENTILATION 
AND INFILTRATION RATES. STUDIES USING SCALE MODEL BUILDINGS 
IN WIND TUNNELS TO INVESTIGATE VALIDITY OF THESE METHODS. 
(2.3~2) 

3.4.4 
'HEAT A~D MOISTURE fLUW'THROUGH OPENINGS BY CONVECTION' 
-BROWN, WILSON, SOLVAS(N (1963' 
EQUATIC~S AND CHARTS ARE PRESENTED TO CALCULATE HEAT AND 
MOISTURE TRANSfER THRJUG~ OPENINGS. 

ASHRAE TRANS. 1963; (,)9= 351-357 

3.4.5 
'MEASUREMENT OF VENTILATION RATES USING A RADIOACTIVE TRACER' 
-COLLINS, SMITH (1955) 
TESTS IN AN EXPERIMENTAL HOUSE 'USING RADIOACTIVE ARGON AS 
A TRACER TO MEASURE ViNTILATION RATES. RESULTS AGREED WITH 
SIMULTANEOUS MEASUREMiNIS uSING HYDROGEN. 
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3.4.6 
'EXPERIMENTAL C~ARACTERllATIUN OF VENTILATION SYSTEMS IN 
'BUILDINGS' 
-DR (VAS, SIMM(:NDS. SHAIR (1912) 
TRACER EXPER IMENT S lJSl NG SULFUR HEXAFLOUR IDE CONDUCTED IN 
LABORATORY TEST ROOMS TO OBTAIN CATA REGARDING ACTUAL 
RESIDENCE TIME DISTRIBUTioNS IN ROOMS AND HALLWAYS. 

(2.1.8) 

3.4.7 
'CALCULATICN OF INFILTRATION AND TRANSMISSION HEAT 
'LuSSES IN RESIDENTIAL BUILDINGS BY DIGITAL COMPUTER' 
-GABRIElSSCN, PORRA (1~68) 

AN EFFECTIVE AID IN C~lCULATING HEAT LOADS. INFILTRATION 
HEAT LOSS. AND VENTILATION RATES. 
J.(~ST.HEflT.VENT.ENG. 1968; 36= 357-368 

3.4.8 
'DYNAMIC CH~RACTERISTICS OF AIR INFILTRATION' 
-HIll, KUSUCA (1975) 
TWO OFFICES WERE RETRuFITTE[ AND SET UP AS TEST ROOMS 
FOR CCNTROLlED TRACER GAS EXPERIMENTS TO STUDY 
AIR I~FILTRATION. 

(2.1.14) 

3.4.9 
'AIR INfILTRATION MEASUREMENTS IN A FOUR BEDROOM TOWNHOUSE 
'USING SULFUR ~EXAFLOuRIOE AS A TRACER GAS' 
-HuNT, BURCH (1915) 
CGNTRCLLED TRACER GAS MEASUREMENTS CARRIED OUT IN A FACTORY 
PRODUCED TOWNHOUSE REASSEMBLED IN AN ENVIRONMENTAL CHAMBER. 

( 2.1.1<;' 

3.4.10 
'A STUDY OF T~E NATURAL VENTILATION OF TALL OFFICE BUILDINGS' 
-JACKMAN (1<170) 
A THEORETICAL STUDY OF THE NATURAL VENTILATION PROCESS 
USING BGTH ANALOGUE Ai-JD DIGITAL TECHNIQUES WITH THE 
AIM OF FRODUCING A DESIGN ~ETHOD TO ASSESS NATURAL 
VENTILATICN IN BUILDINGS. 
J.INST.HEAT.VENT.ENG. 1910; 38= 103-118 

3.4.11 
'THE CAlCULAT(GN OF AIR INFILTRATION RATES CAUSED BY 
'WIND AND ST4CK ACTION fOR TALL BUILDINGS' 
.-SHA~, TAMURA f1971) 
PROCEDURES FOR CALCULATING AIR INFILTRATION RATES kERE 
DEVELOPED USING wIND PRESSURE DATA FROM WIND TUNNEL TESTS 
ANC T~E AID OF A COMPuTER MODEL BUILDING. 
(2.3.6) 

3.4.12 
'FEASIBILITY OF USING MODELS FOR PREDETERMINING NATURAL VENTILATION' 
- SM I TH (1 <j 5 U 
AIR FLOW PATTERNS ARE STUDIED ON AN EXPERIMENTAL BUILDING AND IN 
A WIND TUNNEL WITH SCALE MCDELS, INCLUDING THE EFFECTS OF A SMALL 
C HA N GEl N WIN 0 OW S Il E A ~ 0 P as IT 10 N • 

TEXAS A ~ M UN[V. 1951; RESEARCH REPORT ~26 

3.4.13 

,.. 
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'PARAMETRIC STUDY OF AIRFLOW WITHIN RECTANGULAR WALLED ENCLOSURES' 
-SMIT~, WILSON (1911) 
A IRfL OW SPEED WAS MEAS UREO OVER A VAR I ETY OF ENCL OSURES TO S rUDY 
THE EFfECTS OF WINO O~ DIFFERENT GEOMETRIES. 

BUILD. ENVIRCN. 1Q17. 12= 223-230 

.3.4.14 
'COMPUTER ANALYSIS OF SMOKE MOVEMENT IN TALL BUILDINGS' 
- TAMURA (l Q69) 
COMPUTER CALCULATICNS OF AIR LEAKAGE RATES RESULTING FROM 
STACK EFFECTS IN A HY~OTHETtCAL 20-STORY BUILDING. 

, ASHRAE TRANS. 196q;75= S1-92 

3.4.15 
'ANALYSIS OF SMOKE SHAfTS feR CONTROLLEC SMOKE MOVEMENT 
'IN BUILDINGS' 
-TAf'lURA (1910) 
COMPUTER AND FIELD srUDIES TO DETERMINE THE PERFORMANCE OF 
SMOKE SHAFTS AS ~ MEANS OF REDUCING SMOKE CONCENTRATION 
AND TRANSFER IN TAll dUllDINGS. 

(3.3.5 ) 

3.4.16 
'BUILDING PRESSURES CAUSED BY CHIMNEY ACTION AND MECHANICAL 
'VEt-.TIlATICN' 
-TAMURA, WILSON (1961~ 

ANALYTICAL STUDY OF THE DISTRIBUTION Of PRESSURE DIFFERENCES 
CAUSED BY CHIMNEY ACTIUt-. IN BUILDINGS, AND THE EFFECT OF 
VARYING EXCESS SUPPLY AND EXHAUST AIR. 

ASH RAE T R AN S • 196 1; 7 3 = I I. 2 • 1 - I I .2 • 12 

3.4.11 
'NATURAL VENTING TO CJNTROl SMCKE MOVEMENT IN BUILDING 
'VIA VERTICAL SHAFTS' 
-TAMURA, WIlS(N (1970) 
EXAMINES ThE FACTORS THAT EFfECT NATURAL VENTING CF VERTICAL 
SHAFTS AND VENT SIZE REQUIREMENTS. BASED ON MATHEMATICAL 
MODELS WITH FIELD MEA~UREMENTS ALSO REPORTED. 
AS~RAE TRANS. 1~10; 16= 21~-289 

3.'+.18 
'WINO PROFILES OVER A SUBURBAN SIrE AND WIND EFFECTS 
'ON A HALF FULL-SCALE MeDEL BUILDING' 
-TORRANCE (1912) 
PROFILES OF NATURAL WiNO ON A SITE WERE MEASURED AND COMPARED 
WITH EFFECTS EXPERIEN~ED BY TrE WIND TUNNEL MODEL. 

BUILD. SCI. 1912; 1= 1-12 

3.4.19 
'NUMERICAL CAlCUlAT 1(.;.-4 Of ROCM AIR MOVEMENT--ISOTHERMAl 
'TURBULENT TWO DIMENS10NAL (ASE--' 
-TSUCHIYA (1916) 
DETAILED COMPUTATIONAL P~OCEDURE DESCRIBED TOGETHER WITH 
TEChNIQLES FOR OBSERVING FLOW PATTERNS EXPERIMENTALLY. 

BUILDING RESFARCH INSTITUTE, TOKYO, PAPFR ~62, JAN. 1916 

3.4.20 
'CONTAMINANT CISPERSIUN AND DILUTION IN A VENTILATED SPACE' 
-WEST (1971) 
TEST ROCM EXPERIMENTS TO CHARACTERIZE BEHAVIOR OF AIR CONTAMINANTS 
WITHIN AN ENCLOSED VENTILATED SPACE, USING TRACER GAS TECHNOLOGY. 

(2.1.2<;) 



3.4.21 
'EFFECTS OF LANDSCAPE DEVELOPMENT ON THE NATURAL VENTILATION 
'OF BUILDINGS' 
-wHITE (1954' 
USES WINO TUNNEL TESTS AND CBSERVATIONS IN THE FIELD TO MEASURE 
THE EFFECTS OF TREES, HEDGES, AND SHRUBS ON AIR FLOW AROUND 
AND THR(UG~ BUILJINGS. 

TEXAS A A M UNIV. 1954; RESEARCH REPORT -45 

3.5 OT~ER TEST SPACES 

3.5.1 
'AIR CHANGE AND AIR .TRANSFER IN A HOSPITAL WARD UNIT' 
- B A ( R 0 (1965) 
INVESTIGATIGN OF AIRFLOW IN HOSPITAL ROOMS USING 
NITRCUS OXIDE AS A TR~CER GAS. MAIN FACTORS WERE ISOLATED 
AND PRECICTION EQUATIQNS GIVEN FOR THESE FACTORS. DISCUSSION 
ON THE US~ OF THESE E~UATIGNS FOR THE DESIGN OF HOSPITAL 
VENTILATIGN SYSTEMS. 
(2.1.2) 

3.5.2 
'ANALYSIS OF ABOVEGROUND FALLOUT SHELTER VENTILATION 
'REQUIREMENTS' 
-BASCHIERE, lOKMANHEKIM, Mey, ENGHOLM (1965) 
DETERMINES THE MOST SIMPLE ANALYTICAL MODEL THAT CAN 
PRECICT ThE PSYCHROMETRIC CONDITIONS THAT DEVELOP IN 
ABCVEG~(UND SHELTERS. 

ASHRAE TRANS. 1965; 71= 101-113 

3.5.3 
'NATURAL VENTILATIGN OF U~GERGROUNO.FALLOUT SHELTERS' 
-OUC AR (l f76 5 ) 
A ~ETHOC FOR PREDICTI~G THE N~TURAL VENTILATION RATE OF 
UNDERGRCUND SHELTERS AS A FUNCTION OF AIR TEMPERATURE, 
HUMIDITY, AND VENTILATION S~STEM DESIGN. 

ASHRAE TRANS. 1965; 11= 88-100 

3.5.4 
'RIDGE VENT EFFECTS O~ MCCEL VENTILATION CHARACTERISTICS' 
-FRCEHlICH, HELLICKSON, YOUNG (1914) 
EVALUATION OF AIR FLOw CHA~ACTERISTICS AND TEMPERATURE IN A 
MODEL OF AN OPEN FRONT BEEf CONFINEMENT BUILDING UNDER 
ACTUAL kEATHER CONDITIONS. 

ASAE TRANS. 1915; 18~ 6~C-693 

3.5.5 
'DIE TECHNIK DER LUFT~ECHSELBESTIMMUNG MIT RADIOAKTIVEM 
'KRYPTON-85 UNO IHRE ANWENDUNG AUF UNTERSUCHUNGEN 1M 
'STAllE~' 

-GOTTlI~G, DOMBERG, HILLIGER, VOGG (1972) GERMAN 
RADIOACTIVE fRACER GA~ USEO TO MEASURE AIR INFILTRATION 
RATES I~ STABLES. 

(2.1.11) 

3.5.6 
tBACTERIAl CONTAMINATION IN A MODERN OPERATING SUITE' 
-HAMeRAELS, BENGTSSON, LAURElL (1971' 
EFFECT CF VENTILATICN ON AIRBORNE CONTAMINATION STUDIED 

'., 

". 
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IN A NEW OPERATING SUITE, USING POTASSIUM (ODIDE PARTICLES 
AS A lRACER. 

(2.1.12) 

3.5.1 
'tHARACTEIZATION OF BJILOING INFILTRATION BY THE TRACER 
'OIlUTI(~ ~ETHOD' 

-lAGUS (1977) 
OUTLINES PROCEDURE FOR T~ACER GAS METHOD INVOLVING A MULTIPLE 
SYSTEM FOR MEASURING AIR EXCHANGE BETWEEN CONseCUTIVE FLOORS 
IN A BUILDING. 

ENERGY 1971; 2= 4~1-4t4 

3.5.8 
'EXPERI~ENTELlE STROMUNGS~NTERSUCHUNGEN 1M VERSUCHS
'AUDITORIUM OER ETH ZURICH' 
-SPRENGER (1971) GERMAN 
INVESTIGATIONS ~ITH A NEW INJECTION SYSTEM WHICH PRODUCES 
FRESH AIR VENTILATION tNLY eN DEMAND. 

GESUND. ING. 1Q71O <i2= 225-231 

4.0 WEATHER INFLUENCES 

4.1 TEMPER~TURE AND WINO 

4.1.1 
'ENVIRO~MENTAl FACTCRS IN THE ~fATING OF BUILDINGS' 
-ANAPOl'SKAYA. GANDIN (1Q15. 
A STUDY OF HEAT LOSS PATTERNS RESULTING FROM WIND AND 
TEMPERATURE DIFFERENTIALS AT SEVENTEEN SOVIET SITES. 

JOHN '~ILE\' "SONS 'NE~ YORK, 1975) 

4.1.2 
'THE EFFECT OF WINO Oi ENERGY CONSUMPTION IN BUILDINGS' 
-ARENS, WILLIAMS (1911) 
DISCUSSES FOUR MECHANIS~S BY WHICH THE WIND EFFECTS HEATING 
AND COOLING LOADS IN dUILCINGS. PRESENTING THEIR RELATIVE 
IMPORTANCES. 

ENERGY AND BUILDINGS 1~17; l~ 71-84 

4.1.3 
'MEASUREMENT OF INFILTRATION IN TWO RESIDENCES. PART II 
fA CCMPhRISON OF VARIABLES AFFECTING INFILTRATION' 
-BAhNFLETH. MOSELEY, HARRIS (1Q57) 
CORR ELA T ES I NFIL T RATIi.i N RAT ES TO WIND VELDC ITY AN 0 0 I REC HON, 
AND TEMPERATURE AND PKESSURE DIFFERENTIALS; SITE CONSIDERATIONS 
WERE ALSO NOTED. 

ASHRAE TRANS. 1951; 63::: 453-476 

4.1.4 
'WIND PRESSURE ON BUILDINGS INCLUDING EFFECTS OF ADJACENT 
'BUILDINGS' 
-SA IL EY, VINCENT (1944) 
WINO TUNNEL EXPERIMENTS Te DETERMINE EffECTS OF WIND SPEED 
ON PRESSURE DISTRIBUTiON. 
(2.3.1) 

4.1.5 



'CCMPUTER ANALYSIS OF STACK E-FFECT IN HIGH-RISE BUILOINGS' 
-BARRETT, LOCKLIN (19b8J 
A C(MPUTER PROGR~M 15 USED TO CALCULATE TYPICAL AIR FLOW 
PATHS TO DETERMINE ANO PREDICT PROBLEMS CAUSEO BY STACK EFFECT. 

r 3.4.2 ) 

4.1.6 
'FIELD MEASUREMENTS OF AIR INFILTRATION IN TEN ELECTRICALLY
' .... EATED HOUSES' 
-C(BLENTZ. AC .... ENBACH (1963) 
INFILTRATION RAJES MEASURED UNDER A VARIETY OF WIND AND 
TEMPE~ATURE CONDiTIONS, USING TRACER GAS TECHNIQUE. 

(3.1.4) 

4.1. 7 
'VENTllATICN OF AN EN'lOSURE THROUGH A SINGLE OPENING' 
-COCKROfT. ~OBERJSON (1976) 
STUDIES THE MECHANISM OF AIR EXCHANGE AT A SINGLE WALL OPENING 
DUE TO kIND FLUCTUATIONS. 

BUILD. ENVlf:<GN. 19U,. 11= 29-35 

4.1.8 
'THE APPLICATICN OF STATISTICAL CONCEPTS TO THE WINO 
'LOADING Of STRUCTURES' 
-DAVENPORT (1961) 
EXAMINES THE BEHAVIOR OF STRUCTURES WHEN EXPOSED TO 
TURBULF~Tt GUSTY WINDS. 

PRec. INST. CIV. ENG. 1961; 19= 449-411 

4.1.9 
'EXPERIMENTAL STUDIES IN NATURAL VENTILATION OF HOUSES' 
-DICK (1949) 
VAHIATICNS IN AIR CHANGE RATE WERE FOUND MAINLY DUE TO WINO 
SPEEC AND CIRECTION, AND T .... AT TEMPERATURE DifFERENCES WERE 
A SfCCNDARv FACTOR. 

(3.1.5a 

4.1.10 
'THE FUNDAMENTALS OF NATURAL VENTILATION OF HOUSES' 
-DICK (1950) 
INCLUOES A DISC~SSION ON THE EFFECTS OF WINO AND TEMPERATURE 
DIfFERE~CE ON THE VENTILATION OF AN EXPOSED HOUSE. 

J.INST.HEAT.VENT.ENG. 1950; 18::= 12.3-134 

4.1.11 
tVFNTILAT!CN RESEARCH IN (CCUPIFD HOUSES' 
-DICK. TH(MAS (lq51. 
CONTINUATION OF STUDIES eN NATURAL VENTILATION, INCLUDING 
FURTHER MEASUREMENTS ON AIR EXCHANGE RATES AND A DISCUSSION 
ON THE ~INDOW OPENING HABITS OF OCCUPANTS. 

(3.1.6) 

4.1.12 
'AIR CHANGE MEASUREMENTS USING A TRACER GAS TECHNIQUE' 
-DOEFfI~GER (1~7b) 

AIR CHANGE RATES MEASUREC eVER VARYING ENVIRONMENTAL AND 
BUILDING CCNDITIONS FUR DETERMINING BUILDING ENERGY 
CCNSUMPTION. 

(2.1.71 

4.1.13 
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'RESI0E~TIAL ENERGY CLNSE~VATION--THE TWIN RIVERS PROJECT' 
-HARRJE, SGCOLOW, SONUEREGGER (1911' 
INCLUDES CORRELATION OF WIND AND TEMPERATURE DIFFERENTIALS ON 
AIR INFILTRATION ANC tNERGY CONSUMPTION, AND USES WINO TUNNEL 
TESTS FOR PRESSURE MEASUREMENTS. 
(3.1.9) 

4.1.14 
'OYNAMIC CHARACTERISTICS OF AIR INFILTRATION' 
-HILL, KUSUCA (1915) 
INFILTRATION DATA GATHERED WITH TRACER GAS EXPERIMENTS 
AND CORRELATED WITH WINO SPEED AND THE PRESSURE DIFFERENCE 
EX ER T ED ON AN ENC LOSUlH. 
(2.1.14) 

4.1.15 
'VENTILATICN MEASUREMENTS IN HOUSES AND THE INFLUENCE OF 
'WALL VENTILATORS' 
-HOWARD (1966l 
VENTILATICN RATES WERE MfASUREO IN SIX HOUSES WITH DATA 
TAKEN ON WINO SPEED AND DIRECTION. 

(2.1.16) 

4.1.16 
'AIR INFILTRATICN MEASUREMENTS IN A FOUR BEDROOM TOWNHOUSE 
'USING SULFUR HEXAFLO~RIDE AS A TRACER GAS' 
-HUNT, BURCH (1915) 
CONTROLLED MEASUREMENfS OF AIR INFILTRATION RATES UNDER 
VARYING TEMPERATURES, ~IT~ ZERO WIND VELOCITY. 
(2.1.1~) , 

4.1.11 
'HEAT LOSS IN BUILOIN~S AS A RESULT OF INFILTRATIGN' 
-JACKMA~ (1974) 
A MULTIPLE OF WIND SPEEr A~D INDOOR-OUTDOOR TEMPE~ATURE 
DIFFERENCE WAS USED AS A MEASURE OF INFILTRATION HEAT 
LOSS CALSEC BY WIND. 

BUILD. SERVo ENG. 1974; 42= 6-15 

4.1.18 
'STATISTICAL ANALYSES OF AIR LEAKAGE IN SPLIT lEVEL 
'RESIDENCES' 
-LASCHUBER, HEALY (1964. 
DATA WAS COLLECTED IN TWO HOUSES AND ANALYZED TO DETERMINE 
WHETHER INFILTRATION COULD BE CORRELATED TO OUTDOOR 
TEMPERATURE AND ~IND CCNDITIONS. 
(3.1.15) 

4.1.19 
'lHE VARIATICN OF INFrLTRATICN RATE WITH RELATIVE HUMIDITY 
'IN A FRAME BUILDING' 
-LUCK, ~ELS(N (1977' 
LOCALLY MEASURED WEATHER AND DATA TAKEN FROM WEATHER 
BUREAU WERE CGMPARED AND USED TO SIUDY INFllTRATICN 
AND HUMIDITY IN A MINNESOTA HOUSE. 

(2.1.25' 

4.1.20 
'WING EFfECT eN THE AIR MOVEMENT INSIDE BUILDINGS' 
-~All~OWSKI (1911. 
A STUDY OF THE EFFECT Of T~E WIND DN CIFFERENT MODELS 
Of AIR FLOW THRGJGH StiAll OPENINGS, INCLUOING THROUGH 



fL(W~ PULSATING FLOw. TURBULENT FLOW~ AND DIfFUSE FLOW. 
PROCEEDINGS OF THE THIRD INTERNATIONAL CONFERENCE ON 
WIND EFFECTS ON BUILUINGS AND STRUCTURES 
TOKYO, 1971; 125-134 

4.1.21 
'WIND AND TREES--AI~ INFILTRATION EFFECTS ON ENERGY 
'IN HOUSING' 
-MATTINGLY, PETERS (1975' 
SMOKE TUNNEL TESTS WE~E CONDUCTED TO EXAMINE THE hAYS IN 
WHICH WIND INFLUENCES INFILTRATION ENERGY LOSSES IN HOUSING. 

(2.3.5. 

4.1.22 
'WINO. TEMPERATURE, AND NATURAL VENTILATION' 
-SINCEN (1916) 
EXAMINES THE INTERACTION Of WINO AND TEMPERATURE EFFECTS IN 
DETER~INING AIR INFILTRATICN RATES. 

PRINCETCN UNIV. TWIN RIVERS PROJECT -NOTE 6, JUNE 1976 

4.1.23 
'DYNA~IC MODELS OF HOUSE ~EATING BASED ON EQUIVALENT 
'THER~Al PARAMETERS' 
-SCNDEREGGER 11977) 
INCLUDES DESCRIPTION OF FREQUENCY SPECTRUM OF OUTDOOR 
TEMPERATURE fLUCTUATIONS. 
Ph.D. CISSERTATION, PRINCETON UNIVERSITY, SEPT. 1977 

4.1.24 
'AIR LEAKAGE AND PRESSURE MEASUREMENTS ON TWO OCCUPIED 
'HOUSES' 
-TAMURA, WILSON (1964. 
MEASUREr AIR LEAKAGE WAS RELATED TO WEATHER CONDITIONS 
AND TO FURNACE OPERATION. MEASUREMENTS OF WINO VELOCITY 
AND DIRECTION RELATED Te PRESSURE DIFFERENCES ACROSS 
THE WALLS IN BOTrl SUM~ER AND WINTER CONDITIONS. 
(3.1.1~) 

4.1.25 
'PRESSURE [lffERENCES CAUSED BY WINO ON TWO TALL BUILOING' 
-TA~URA, WILSON (1968) 
CONTINUOUS WIND AND PRESSURE RECORDS WERE OBTAINED, AND 
WITH THE AID OF A DIGITAL COMPUTER, WINO PRESSURE COEFFICIENTS 
wERE DE1ERMINfD FOR BOTM BUILDINGS. 

t3.3.9) 

4.1.26 
'WINO P~OF[lES OVER A SUBUR8AN SITE AND WINO EFFECTS 
'ON A HALF FULL-SCALE MODEL BUILDING' 
-TCRRANC~ (1972) 
WINO PRGflLES WERE MEASUREC WITH RESULTING PRESSURE 
EFFECTS RECORDED. THREE TEST POSITIONS OF THE MODEL 
BUILDING WERE STUDIED. 
{3.4.18) 

4.1.27 
'VENTILATICN THROUGH ~PENINGS ON ONE WALL ONLY' 
-WARREN (1917) 
COMPARES EFFECTIVENESS CF DifFERENT AIR EXCHANGE MECHANISMS 
WHEN THEY ACT ON C~E uR MORE WALL OPENINGS IN A SINGLE WAll. 

aUILDING RESEARCH ESTABLISHMENT REPORT, AUGUST 1q77 

-r 

.~ 

• 



i • 
I 

! ---~ -, » 

4.2 HUMIDITY 

4.2.1 
'HEAT A~D MOISTURE FLUW THROUGH OPENINGS BY CONVECTION' 
-BROWN, WILSON, SOLVA:iGN (1963) 
RElATIO~S~IPS OF HEAT AND MOISTURE TRANSFER ARE PRESENTED, 
WITH CHARTS TO fACILITATE THE CALCULATIONS. 

(3.4.4' 

4.2.2 
'A STUDY OF HUMIDITY VARIATIONS IN CANADIAN HOUSES' 
-KENT. ~ANDEGORD, ROBINSON (1966. 
TEMPERATURE AND HUMIDITY LE~ELS WERE RECORDED AND OCCUPANT 
HABITS OBSERVED TO UNUERStAND INSIDE RELATIVE HUMIDITY 
CGNDITICNS. 

ASHRAf TRANS. 1966; 72-11= 11.1.1-11.1.8 

4.2.3 
'THE VARIATION OF INFILTRATION RATE WITH RELATIVE HUMIDITY 
'IN A FRAME BUILJING' 
-L UC K, ~ E L seN (1911) 
INVESTIGATES THE EFfE:TS CF INFILTRATION ON INSIDE RELATIVE 
HUMIDITY FOR POSSIBLE ENERGY CONSERVATION MEASURES. 

(2.1.25) . 

4.2.4 
'T~E ENERGY CCST OF HlJMICIFICATION' 
-SHELTOI\i (1«;76) 
DISCUSSES THE ROLE OF AIR INFILTRATION IN AFFECTING 
RELATIVE HUMID(TY, AND GIVES EXAMPLES OF TYPICAL ENERGY 
COSTS IN HUMIDIFYING A ROCM. 

ASH RAE J. 1916; 18.= 52- 55 

4.2.5 
'MEASUREMENT OF AIR-TIGHTNESS OF HOUSES' 
-STRICKER (1915) 
ACTUAL LEAKAGE AREAS uF HOUSES WERE CALCULATED TO 
UNDERST~NO PROBLEMS Of ~IGH INDOOR HUMIDITY. 

12.2.1C) 

4.3 TERRAIN 

4.3.1 
tTHf APPLICATION OF SfATISTICAL CCNCEPTS TO THE WINO LOADING 
'OF STRLCTURES' 
-DAVENPORT (1961) 
DEVELOPS AN EXPRESSIU~ FOR THE SPECTRUM OF GUSTINESS CLOSE TO 
THE GRCUND WHICH TAKES [NTC ACCOUNT ROUGHNESS OF THE TERRAIN. 

14.1.8) 

4.3.2 
'EXPERIMENTAL STJDIES IN NATURAL VENTILATION OF HOUSES' 
-OICK(1949) 
AIR INFILTRATION RATES MEASURED fOR TWENTY HOUSES BUILT 
IN TWO PARALLEL ROWS UNSHELTERED BY TREES OR BUILDINGS. 
(3.1.5) 

4.3.3 
'RESIDENTIAL ENERGY CJNSfRVATION--THE TWIN RIVERS PROJECT' 
-HARR J E, SOCOL OW. SONU E REGG ER (1917) 
AIR INFllT~ATION RATES STUCIED FOR TWENTY-NINE HOUSES 



LLCK1NG AT EFFEC1S OF ACJACENf TREES AND BUILDINGS. 
(3.1.9) 

4.3.4 
'WI~D FLew IN AN URBA~ AREA' 
-JONES, WILSCN (1968) 
COM.PARES WINO FLOW PATTERNS AS MEASURfD- IN A RELATIVELY OPEN 
AREA IN LIVERPOOL TO A 1/500 SCALE MODEL OF THE SAME SITE 
IN A WIND TUNNEL. 
BUILD. SCI. 1<168; 3= 31-4C 

4.3.5 
'WIND PROFILES OVER A SUBURBAN SITE AND WINO EFFECTS 
'ON A HALF fULL-SCALE BUILDING' 
-TCRRANCE (1<172) 
A 'OOEL BUILDING WAS TESTED IN THE FIELD WITH THREE 
DIFfERENT ORI ENTAl IONS TO STUDY WIND PROF [LESANO 
PRESSURE DISTRIBUTIONS. 
(3.4.18) 

5.C 8UIlOl~G CCMPCNENfS 

5.1 WINOCWS 

5.1.1 
'ENERGY MANAGEMENT ANJ VENTILATION' 

-ADAMSON nc;10J 
DISCUSSES THE EFfECTS Of OPEN WINDOWS ON INFILTRATION RATES. 
lU~D UNIVERSITV REPORT, 1977 

.5.1.2 
'VENTILATICN, A BEHAVIORAL APPROACH' 
-BRUNDREIT (1<176) 
BEHAVIORAL STUDIES Of WINDOW OPENING HABITS Of FAMILIES 
IN HOUSES. 
CIB CO~FERENCE ON ENfRGY IN BUILDINGS 
BUILDING RESEARCH ESTABLISHMENT, WATFORD APRIL 1976 

5.1.3 
• (C,",BIN ED THER MAL AND AIR lEAKAGE PERfORMANCE OF 
'DOUBLE WINDOwS' 
-BURSEY, GREEN (1910) 
WINOO~S WERE INSTALLE~ IN A HOT BOX CALORIMETER WITH A SYSTEM 
FOR CREATING A PRESSURE CIFFfRENCE ACROSS THE WINDOW. T{STS 
MADE TO DETERMINE OVERALL U VALUE, AIR LEAKAGE RATES AND 
THE TEMFERATURE INDEX. 
(2.3.3) 

5.1.4 
'THEKMAL PERFORMANCE UF IDEALIZED COUBlE WINDOWS, 
'UNVENTfD' 
-CHRISTENSEN, BROWN, ~IlSCN (1<164) 
INSIDE SURFACE TEMPERATURES MEASURED ON WINDOWS INSTALLED IN 
A HOT Bex APPARATUS. CCNTROLLED NATURAL CONVECTION ON WARM 
SIDE wITH FORCED CONVECTJC~ ON COOL SIDE. 
AS~RAE TRANS. 1964. 70= 408-418 

5.1.5 
'FIELD MEASUREMENTS OF AIR INFILTRATION IN TEN ELECTRICALLY-
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• ... EATED HOUSES' 
-CCBLENTZ, ACHENBACH {19f,3' 
CRACK LENGTHS CO~PUTEJ FOR ALL WINDOWS TO MEASURE AIR INFILTRATION 
RATE, CCMPARED TO TRA~ER GAS EXPERIMENTAL RESULTS FOR THE SAME HOUSES. 
(3.1.4' 

5.1.6 
-EXPERIMENTAL STUDIES I~ NATURAL VENTILATION OF HOUSES' 
-DICK (1949. 
TESTS RUN WITH WINDOWS ClCSED FOR A WINTER WITH SIMULATED OCCUPANCY 
DEMANDS ON hEATING SV~TE~S. 

(3.1.5) 

5.1.1 
'VENTILATICN RESEARCH IN ((CUPIED HOUSES' 
-DICK, THCMAS (1951) 
DAILY OeSERVATIONS OF THE hUMBER AND POSITION OF OPEN WINDOWS 
AND THEIR DEGREE OF O~fNING WERE TAKEN FROM OCTOBER TO 
APRIL, AND RELATED TO INFILTRATION RATES. 

(3.1.6) 

5.1.8 
'ADVENTITIOUS VENTILAfICN CF HOUSES' 
-HARRIS-BASS, KAVARANA, LAWRENCE (IQ74, 
MEASUREMENTS OF THE EF~ECT OF WEATHERSTRIPPING AND DOUBLE 
GLAZ ING THE WINDOWS Oi1 THE VENT IlAT ION RATE OF A ROOM. 

(2.3.4) 

5.1. q 
'RESIDENTIAL ENERGY CJNSERVATION - THE TWIN RIVERS PROJECT' 
-HARRJE, SCCOLOW, SONDEREGGER (1977) 
INCLUDES THE EFFECT OF ~lhDCW OPENING ON INFILTRATION RATES. 
(3.1.9) 

5.1.10 
-OYNAMIC CHARACTERISTlCS OF AIR INFILTRATION' 
-HILL, KUSUCA (1Q15' 
PRESSURE DROP WAS MEA~UREO ACROSS WINCOWS TO RELATE INFllTRATILN 
AND WIND SPEED. CAlldRATEC PLASTIC TEST WINOOWS ~ERE USEO FOR 
T~E EXPERIMENTS. 
(2.1.14) 

5.1.11 
'VENTILATION OF BUILDiNGS AND ITS DISTURBANCES' 
-HCf\MA {1Q75' 
PRESENTS STUDIES OF FLOW AS A FUNCTION OF PRESSURE THROUGH 
SMALL CRACKS. 
(2.1.15) 

5.1.12 
'AIR fLCW THROUGH CRACKS' 
-HOPKINS, HANSFORD (1974) , 
CALCULATED AND ~EASURED FLOW THROUGH DIFFERENT TYPES OF CRACKS WHICH 
SI~ULArE THE BE~AVIOR OF CRACKS AROUND WINDOWS. 

BUILD. SERVe ENG. 1Q14; 42= 123-131 

5.1.13 
'AIR LEAKAGE THRuUGH THE OPENINGS IN BUILDINGS' 
-~OUG~TEN, SCHRADER (J.924) 
JNFILTATICN RATES WERE MEASURED T~ROUGH A TEST WINDOW 
OPENED DIFFERENT AMOUNTS. CLOSED. LOCKED, AND 
WEAT~ERSTRIPPED. 



5.1.14 
'INFILTRATION MEASURE~ENTS IN TWO RESEARCH HOUSES' 
-JORCAN, ERICKSCi, LE~NARO (1963) 
WINDO~ CRACKAGE RATES CALCULATED AND RE.SUlTING ESTIMATES 
OF AIR ChANGE RATES COMPARED WITH DATA FROM TRACER GAS 
INFllTRATICN MEASUREMENTS. 
(3.1.13) 

5.1.15 
'STArISTICAL ANALYSES Of AIR LEAKAGE IN SPLIT LEVEL RESIDENCES' 
~LASCHOBER, HEALY (1964. 
ESTIMATED CRACKAGE VALUES FOR WINDOWS AND DOORS GAVE LOWER 
AIR EXChANGE RATES THAN THOSE MEASURED WITH A TRACER GAS. 

(3.1.15) 

5.1.16 
'THE VARIATION OF INFllTRATION RATE WITH RELATIVE HUMIDITY 
'IN A FRAME BUILDING' 
-LUCK, ~ELSCN (1917. 
INFILTRATICN AND HUMIOITY lEVELS INVESTIGATED WITh ATTENTION 
GIVEN TO THE ROLE OF WINDCW FRAMING MEMBERS, ESPECIALLY THE 
CLOSING OF (RACKS WITH INCREASED MOISTURE IN THE ~OOD. 

(2.1.25) 

5.1.17 
'VENTILATION AND THE DRAUGHT-PROOFING Of WINDOWS IN OLD 
'SLOCKS OF fLATS' 
-GlSSCN (1977) 
EXTENSIVE MEASUREMENT~ Cf AIR LEAKAGE Of SWEDISH 
WINDOWS, WITH PRESCRIPTIONS fOR REDUCING AIR LEAKAGE. 
lU~D INSTl TUTE OF TECHNCLOGY:: . 
DEPARTMENT OF BUIlDl~G SCIENCE REPORT, 1977. 

5.1.18 
'AIR LEAKAGE VALUES FJR RESIDENTIAL WINDOWS' 
-SASAKI. WILSCN '1965~ 
THI~TY-~INE RESIDENTIAL WINDOWS ANALYSED FOR INfiLTRATION 
CHARACTERISTICS, ~ITH VARYING PRESSURE DISTRIBUTION. 

<2.2.8) 

5.1.1<; 
'AIR LEAKAGE MEASUREMeNTS OF THE EXTERIOR WAllS OF 
'TALL BUILDINGS' 
-SrAW, SANDER, TAMURA (1973' 
INVESTIGATES AIR LEAKAGE C~ARACTERISTICS OF CONTEMPORARY 
WAll CC~STRUCTIC~S INCLUDING SPANDREL PANELS WITH FIXED 
GlAZING, AND CURTAIN ~ALlS. 
(3.3.4) 

5.1.20 
'MEASU~EME~TS Of AIR LEAKAGE CHARACTERISTICS OF HOUSE 
'ENCLOSURf.S· 
- T A ~U R A (1 97 5 ) 
PRESSURIZATION EXPERIME~TS TO DETERMINE LEAKAGE VALUES 
THROUGH WINDOWS. DOOR~, WALLS, AND CEILINGS, SEPARATELV, 
IN A TYPICAL DETAC~EO HOUSE. 
(2.2.11) 

5.2 DOORS 
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5.2.1 
'FIELD MEASUREMENTS OF AIR INFILTRATION IN TEN. ELECTRICALLY
'HEATED HOUSES' 
-C(BLENTZ, ACHENBACH (1963) 
AIR CHANGE RATES ESTIMATED BY DOOR AND WINDOW CRACKAGE LEN~THS 
AND CCMPARED TO ~EASURED RATES USING TRACER GAS. 
(3.1.4. 

5.2.2 
'EXPERIMENTAL STuDIES IN NATURAL VENTILATION OF HOUSES' 
-DICK (194C;) 
EXPERIMENTS CARRIED OUT THRCUGH THE WINTER WITH DOORS 
WEATHER-STRIPPED AND KEPT CLOSED, COMPARED TO PREVIOUS 
AIR CHA~GE MEASUREMENTS eN THE NON-WEATHERSTRIPPED DOORS. 
(3.1.5) 

5.2.3 
'ADVENTITIOUS VENTILATIC~ CF HOUSES' 
-HARRIS-BASS, KAVARANA, LAWRENCE (1974) 
SHOWS THE EFFECT OF WI:ATHER-STRIPP.lNG DOORS ON INFILTRATION' 
RATES IN A SERIES OF rEST ~OUSES. 

(2.3.4) 

5.2.4 
'RESIDENTIAL ENEKGY CuNSERVAT[ON--THE TWIN RIVERS PROJECT' 
-HARRJE, SGCOlOw, SONUEREGGER (1911' 
FREQUENCY OF DOOR AND wINDOW OPENINGS INCLUDED IN THIS 
OVERALL STUDY OF ENER~Y CONSUMPTION IN HOUSES. 

(3.1.9) 

5.2.5 
'AIR INFILTRATION ~EASUREMENIS IN A FOUR BEDROOM TOWNHOUSE 
'USING SULFUR HEXAFLOURICE AS A TRACER GAS' 
-HUNT, BURCH (1C;lS) 
MEASUREMENTS TAKEN IN A LABORATORY TEST HOUSE SHOWING THE 
EFFEcrs OF SEALING DOURS C~ AIR INFILTRATION RATES. 

(2.1.1<j) 

5.2.6 
'INfILTRATION MEASUREMENTS IN TWO RESEARCH HOUSES' 
-JORDAN, fRICKS(~, LEUNARC (1963. 
AIR CHANGE RATES CALCJLATEO USING CRACK LENGTH ESTIMATES 
FOR DeORS AND WINDOWS, ANC CCMPARED WITH DATA fROM TRACER 
GAS INFILTRATION MEASuREMENTS. 

(3.1.13) 

5.2.1 
'STATISTICAL ANALYSIS OF AIR LEAKAGE IN SPLIT LEVEL RESIDENCES' 
-LASCHOBER, ~EALY (1964) 
ESTIMATED CRACKAGE VALUES FOR DOORS AND WINDOWS GAVE LOWER 
AIR EXC~ANGE RATES THAN THOSE MEASURED WITH A TRACER GAS. 

(3.1 .. 15) 

5.2.8 
'WINTER INFILTRATION rHROLGH SWINGING-DOOR ENTRANCES IN 
'MULTI-STORY BUILDING~' 
-MIN (lS58) 
PREDICTS PRESSURE DIFFERENTIALS ACROSS ENTRANCE, DETERMINES 
FLOW COEFFICIENTS, ANJ STUOIES TRAFFIC RATE THROUGH 
SWINGING DOORS. 

ASHRAE TRANS. 1958; 64= 421-446 



5.2.9 
'AIR INFILTRATION THROUGH REVOLVING DOORS' 
-SCHUTRUM, OZISIK, BAKER, HUMPHREYS (1961' 
INFILTRATION RATES MEASUREO IN SUMMER AND WINTER CONDITIONS 
THROUGH MANUAL AND AUTOMATIC REVOLVING DOORS. 
(2.2.9) 

5.2.10 
'AIR PlOVEMENT THROUGH DOORWAVS--TtiE INFLUENCE OF TEMPERATURE 
'ANe ITS CONTROL BY F~RCED AIRFLOW' 
-SHAW, WHYTE (1974) 
STUCIES AIR FLOW THROUGH DeeR UPENINGS IN A HOSPITAL, WITH 
AND WITHOUT THE INFLUENCE OF TEMPERATURE, TO DETERMINE THE 
AMOUNT OF SUPPLY AIR ~ECUIREO TO PREVENT THIS MOVEMENT. 

BUlLe. SERVe ENG. 1974; 42= 210-218 

5.2.11 
'MEASUREMENTS OF AIR LEAKAGE CHARACTERISTICS OF HCUSE ENCLOSURES' 
-T AMURA (l975) 
PRESSURIZATION EXPERI~ENTS TO DETERMINE LEAKAGE VALUES THROUGH 
DOORS, WINDOwS, WALLS. A~D CEILINGS, SEPARATELY, IN A TYPICAL 
DETACt-ED HOUSE. 

(2.2.11) 

5.3 FURNACES 

5.3.1 
'THE FUNDAMENTALS OF ~ATURAL VENTILATION OF HOUSES' 
-DICK (1950) 
DISCUSSES THE ROLE OF INDIVIDUAL ELEMENTS IN VENTILATION 
RATES, INCLUDING FURNACES Af\D STACK EFFECT IN FLUES. 

(2.1.6) 

5.3.2 
'RESIDENTIAL ENERGY CJNSERVATION--THE TWIN RIVERS PROJECT' 
-HARRJE, S(COLOW, SONUEREGGER (1911) 
FURNACE OPERATIGN, INfERNAL TEMPERATURES, AND THERMOSTAT 
SETTINGS MEASURED IN fwENIY-NINE TOWNHOUSES TO MEASURE 
ENERGY USAGE AND UNDERSTAND HEATING CAUSED VENTILATION RATES. 
(3.1.Q' 

5.3.3 
'IMPROVEMENT OF SEASONAL EFFICIENCY OF RESIDENTIAL HEATING SPACES' 
-JA~SS H~, B(NNE (1911) 
INCLUDES DISCUSSION Of EFFECT OF FURNACE OPERATION ON INFILTRATION 
AND IMPLICATIONS OF TrllS FOR SEASCNAL EFFICIENCY. 

ENGINEERING FOR POWER 1917; 9Q~ 329-334 

5.3.4 
'INFILTRATION IN RESIDENTIAL STRUCTURES' 
-JAr-.SSEt\, GLATlEL, HRBORG, BeNNE (1971) 
l~FILTRATICN MEASUREMENTS TAKEN WITH THE FURNACE BOTH ON 

AND OFF IN THREE DIFFERENT CLIMATIC REGIONS. 
(2.1.20) 

5.3.5 
'MEASUREMENT OF rlEATING SYSTE~ DYNAMICS FeR tOMPUTATION 
'Of SEASGNAL EFFICIEN~Y' 
-JA~SSE~, TORBORG, eCNNE (1~17) 

. . 
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DESCR[PTICN OF MEASUREMENT PROCEDURES USED TO DETERMINE 
SEASCNAl FU~N~CE EFFICIENCIES. 

ASHRAE TRANS. 1917: tn::: 

5.3.6 
'AIR LEAKAGE AND PRES~URE MEASUREMENTS ON TWO OCCUPIED 
'HOUSES' 
-T~~URA, WllSCN (1964j 
AIR LEAKAGE RATES RELATED TO FURNACE OPERATION AND 
WEATHER CCNDITIONS DUkING SUMME~ AND WINTE~. 

(3.1.19) 

5.3.1 
'AIR SUPPLY FOR DOMESTIC COMBUSTION APPLIANCES' 
-WARREN, WEBB (1976' 
A THEORETICAL APPROACH TO PREDICT REQUIRED AIR SUPPLY 
TO A FURNACE UNDER A ~IDE RANGE OF OPERATING CONDITIONS. 

BUILD. ENVIf(GN. 1976i 11::: 259-269 

5.4 CHIMNEY AND VENTS 

5.4.1 
'THE STUDY-Of AIR FLOW, VENTILATICN, AND AIR MOVEMENT IN 
'SMALL RCCMS AS EFFECTED BY OPEN FIRES AND VENTILATION DUCTS' 
-ANGUS (1949' 
INVESTIGATES EXCESS VENTILATION CAUSED BY OPEN FIRES. MAKES 
SUGGESTIONS ABOUT THE USE GF DUCTS FOR CbMBUSTION AIR 
TO REDUCE CRAFTS. 

J.INST .HEAT .VENT .ENG. 1949; 17= 318-418 

5.4.2 
'THE FUNCAMENTAlS OF NATURAL VENTiLATION OF HOUSING' 
- 0 I C K (19 5C • 
INCLUDES THE ROLE OF VENTIL~TORS AND CHIMNEYS IN THE 
DISCUSSION OF HOUSING VENTILATION. 
(2.1.6) 

5.4.3 
'AIR CHANGE MEASJREMENTS USING A TRACER GAS TECHNIQUE' 
-DOEfFINGER (1G16) 
AIR CHANGE RATES IN A SINGLE STORY OFFICE BUILDING 
MEASURED UNDER TWO BU'LOI~( CONDITIONS, WITH THE 
SUPPLY VENIILATION FA~ eN, PROVIDING A POSITIVE PRESSURE 
iNSIDE, AND WITH THE fAN OFF. 
(2.1.1) 

5.4.4 
'RIDGE VENT EFFECTS ON MODEL VENTILATION CHARACTERISTICS' 
-FROELICH, fElLICKSON, YOUNG (1914) 
LOOKS AT VENTILATICN AND fUMICITY LEVELS IN LIVESTOCK 
HOUSING SYSTEMS wlTH FOUR DIFFERENT ROOF VENT CONFIGURATIONS. 

(3.5.4) 

5.4.5 
'VfNTllATICN MEASUREMENTS IN HOUSES AND THE INFLUENCE 
'OF WALL VENTILATORS' 
-HOWARD (lG66) 
EFFECTS OF WINO SPEED AND WALL VENTILATORS ON ROOM 
VENJILATICN, WITH INFiLTRATION MEASUREMENTS TAKEN USING 
TRACER GAS TECHNIQUE. 
(2.1.16) 



5.4.6 
'MFASUREMENTS OF AIR ~OVEMENTS IN A HOUSE USING A 
'RADIOACTIVE TRACER GAS' 
-HCWLAND, KIMBER. L[TTLEJG~N (1960) 
AIR CHANGE RATES MEASURED FOR RADIATOR HEATING AND OPEN 
FIRES, WITH INVESTIGATIONS CONDUCTED ON THE EXCESSIVE 
AIR FLOW THROUGH THE uPEN C~IMNEY. 

(2.1.17) 

5.4.7 
'INFILTRATION MEASURe~ENTS IN TWO RESeARC~ HOUSES' 
-JCRCAN, ERICKSON, LEUNARD (19~3) 

TESTS SHOWING THE EFFeCTS CF RUNNING THE SHOWER FAN, 
CLOTHES DRYER, AND KITCHEt-. FAN ON AIR EXCHANGE RATES. 

(3.1.13) 

5.4.8 
'MEASUREMENT OF AIR-TiGHTNESS OF HOUSES' 
-STR1CKER (1~75) 
PRESSURIZATION EXPERl~ENTS TO DETERMINE LEAKAGE AREAS 
OF HOUSES WITH ALL VENTS AND DAMPERS OPERATING UNDER 
NOR~AL CCNDITIONS. 

(2.2.10) 

5.4.9 
'VENTILATICN--CESIGN CGNSIDERATIONS' 
-TIPPING. HARRIS-BASS, NEVRALA (1974' 
OUTLINES ThE 8ASIC REUUIREMENTS FOR A FRESH AIR SUPPLY 
TO A HCME, INCLUDING A STUDY OF CCNTROLLED VENT ILLATION 
SVSfEMS. 

BUILD. SEf(V. ENG. 1974; 42= 132-141 

5.4.10 
'INFLUE~CE OF THE HOUSE ON CHIMNEY DESIGN' 
-WI LSCN U961) 
RELATIONS~IP BETWEEN CHIMNEY DRAFT AND HOUSE PRESSURES 
EXAMINED, WITH FIELD MEASUREMENTS CF DRAFT DURING START
UPUF T~e FURNACE. 

ASHRAE TRANS. 1961; &7= 317-329 

5.5 ~ALLS 

5.5.1 
'THE RELATICNSHIP BET~EEN HUMAN DISEASE FROM RADON EXPOSURES 
'AND ENERGY CONSERVATiCN IN BUILDINGS' 
-BUDNITl, HCLlOWEll, KOSENFELD, NERO (lq78) 
1)1 SCUSSES THE RADON LeVELS IN BUILDINGS WITH REDUCED AIR INFILTRATION 
RATES. AND THE POSSIBLE ~EAlTH HAZARD RELATING TO THIS. 

UNIV. CF CALIF., L.B.L. REPORT 7809, lq78 

5.5.2 
'T~E EFFECT OF MATERIAL POROSITY ON AIR INFILTRATION' 
-OUfT (1971) 
THE POROSITY CCMPCNANf IS EXAMINED FOR THE MOST COMMON 
PORUUS CCNSTRUCTION MATERIAL IN WALLS, AND IS SHOWN TO 
BE NEGLIGIBLE. 
PRI~CETON UNIV. TWIN RIVERS PROJECT~ NOTE 3. 1977 

5.5.3 
'WIND A~D TREES~-AIR INFILTRATION EFFECTS ON ENERGY 

0 •• 
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-MATTINGLV, PETEKS (1915) 
THE SEVERITY OF AIR INFILTRATION Losses THROUGH WALL 
CRACKS AND PORES IS PKESENTED FOR A VARIETY O~ 
CONFIGURATIONS BETWEEN HOUSE ORIENTATION AND WINO DIRECTION. 

(2.3.5) 

6.0 CALCULATION MODELS 

6.1 THEORY 

6.1.1 
'COMPUTER ANALYSIS OF STACK EFFECT IN HIGH RISE BUILDINGS' 
-BARRET AND LOCKLIN (lq68) 
A MODEL CALCULATION OF THE PRESSURE DISTRIBUTION ON A 15 
STORY BULOING RESULTING FORM THF WINO AND TEMPERATURE 
DIFFERENCES. 
(3.4.2 ) 

6.1.2 
'SOME EFFECTS OF VENTiLATICN RATE, THERMAL iNSULATION, 
'ANC MASS ON THE THERMAL PERfORMANCE OF HOUSES IN 
'SU~MER AND WINTER' 
-BASNETT, MOULD, SIVluUR (lq15) 
A MATHEMATICAL MODEL USED TO CALCULATE AND COMPARE THERMAL 
BEHAV lOR IN WELL INSUL ATEC HOUSES. 

ENERGY AND HOUSING, SPECIAL SUPPLEMENT TO BUILDING SCIENCE, 1975 

6.1.3 
'MIXING EFfICIENCY OETERMINATIONS FOR CONTINUOUS FLOW SYSTEMS' 
-CHOLETTE, CLOUTIER (1959) 
MODELS ARE DEFINED FOK VARIOUS MIXING CONDITIONS IN CONTINUOUS 
FLOW SYSTEMS. 

CANADIAN JOUR. CHEM. ENG. 1959; 37= N 3 105-112 

6.1.4 
'CALCUATION OF INFILTRATICN AND TRANSMISSION HEAT LOSS IN 
'RESIDENTIAL 8ULDINGS BV DIGITAL COMPUTER' 
-GABRIElSSCN AND PORRA (lq68) 
A PROGRAM IS DESCRIBED TO CALCULATE INfiLTRATION IN BUILDINGS. 
EXAMPLE CALCULATICN l~ PRESENTED OF MODEL APPLIED TO EIGHT 
STORY BUILDING. 

(3.4.7) 

6.1.5 
'TECHNOLOGY ASSESSMENT OF RESIDENTIAL ENERGY CONSERVATION 
'INNOVATIONS' 
-HITIMAN ASSOCIATES (1975) 
COMPUTER MODELEING OF CRACK DISTRIBUTION IN HOUSES IS USEO TO 
CALCULATE CONSTANTS IN EXPRESSION RELATING INFILTRATION TO 
WINe SPEED AND TEMPERTURE DIFFERENCES. 

Hun PDR 117 MAY 1975 

6.1.6 
'ENERGY SAVINGS DUE TJ CHANGES IN DESIGN OF VENTILATION 
'AND AIR FLOW SYSTEMS' 



-~UTtHI~SGN (1971' 
CCMPARES A NEW STANDARD fOR VENTILATION RATES IN BUILDINGS 
WITH THE OLD ASHRAE SrANDARD, WITH CONSEQUENT ENERGY SAVINGS 
DlMGNSTRATEC. 

ENERGY AND BUILDINGS 1917; 1= 69-16 

6.1.7 
'A STUDY OF NATURAL VENTILATICN IN TALL OFFICE BUILDINGS' 
-JACKMAN {1910' 
A DETAILED MODELING OF AIR INFILTRATION BASED ON EXTERIOR 
PRESSURE DISTRIBUTIONS DETERMINED IN WINO TUNNEL EXPERIMENTS. 
(3.4.10) 

6.1.8 
'PRUGRA~MED COMPUTER ~ODEL OF AIR INFILTRATION IN SMALL RESIDENTIAL 
'BUILDINGS WITH OIL FJRNACE' 
-KONRAD, LA~SON, SHAW, (l~78' 

A MODEL TO PREDICT AIR FLOW THROUGH THE BUILDING IS CORRELATED TO 
WEATHER C(~DITIONS ANQ FURNACE OPERATION. 

THIRD I~TERNAT'ONAL SYMPOSIUM ON THE USE OF COMPUTERS FOR ENVIRONMENTAL 
ENGINEERING RELATED fa BUILDING. BANFF, ALBERTA. 10-12 MAY, 1978 

6.1.~ 

'PREDICTION OF THE ANTICIPATED AIR VOLUME PASSING THROUGH BUILDINGS 
BY MEANS OF T~E AIR CURRE~T ANALOGUE' 
-aUDEN (1<;61' 
AN ELECTRICAL ANALOGUE (S USED IN PREDICTING THE NATURAL VENTILATION 
RATES OF BUILDINGS. 

RESEARCH INSTITUTE fJR PUBLIC HEALTH ENGINEERING 
PUBLICATICN NO. 272; DELFT, HOLLAND, 1967 

6.1.10 
'THE CALCULATION OF AIR INFILTRATION RATES CAUSED BY WINO AND 
'STACK ACTION FOR TALL BUILDINGS' 
-SHAW AI\D TAMURA U 977 , 
A MODEL WHICH INCORPORATES WINO TUNNEL DATA AND AIR LEAKAGE 
DATA MEASUREO BY TAMURA AND ASSOCIATES DURING THE PAST TEN 
YEARS. 

(Z.3.6) 

6.2 EMPIRICAL MODELS 

6.2.1 
'MEASUREMENT OF INFILTRATION IN TWO RESIDENCES, 
'PART ThO; COMPARISON OF VARIABLES AFFECTING INFILTRATION' 
-BAHNFlETH, MOSELEY AND'~j~RIS(lq51' 
CORRELATED INFIlTRATluN TO WIND SPEED AND INDOOR-OUTDOOR 
TEMPERATURE DIFfERENCES. 
(4.1.3) 

6.2.2 
'VENTllATICN RESEARCH IN OCCUPIED HOUSES' 
-DICK A~D THOMAS (1951) 
RELATED INFILTRATION TO WIND SPEED AND WINDOW OPENINGS IN 
ONE SAMPLE OF CATA; TU WINO SPEED OR TEMPERATURE AND 
WINDCW (PENINGS IN ANUT~ER. 
(3.1.6) 

6.2.3 
'NATURAL VENTILATION IN MCDERN TIG~TLY CONTRUCTED HOUSES' 
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-ELKI~S AND WENSMAN (L911) 
SHO~ED THAT AT THEIR feST SITE, WINO DIRECTION AS WELL AS 
SPEfD CONTRIBUTED BY INFILTRATION. 
(2.1.9) 

6.2.4 
'CRACK FLOW EQUATIONS AND SCALE EfFECT' 
-ETHERIDGE (1971l 
SEMI-EMPIRICAL EQUATIONS ARE USED IN ESTIMATING THE OPEN AREAS Of 
ROOM COMPONENTS, AND EXPERIMENTAL RESULTS ARE PRESENTED TO SUPPORT 
THI S. 

BUILD. ENVIRON. 1977; 12~ 181-1Sq 

6.2.5 
·'VENTILATICN MEASUREMENTS IN HOUSES AND THE INFLUENCE 
'OF WALL VENTILATORS' 
-HOWARD (1966. 
MEASURED VENTILATION RATES DEPENOfD ON WINO DIRECTION AND 
CHIMNEY OPENINGS AS WELL AS WINO SPEED. 

(2.1.16) 

6.2.6 
fAIR INFILTRATICN MEA~UREMENTS IN A FOUR BEDROOM TOWNHOUSE 
'USING SULFUR HEXAFLOURIOE AS A TRACER GAS' 
-HUNT AND BURCH (1915j 
MEASUREMENTS IN AN ENVIRONMENT CHAMBER ELIMINATED WINO AS A 
DRIVING INFILTRATION. SHOkED THAT INFILTRATION MAY BE 
PROPORTIONAL TO EITHER T~E TEMPERATURE DIFFERENCE OR THE 
SQUARE ROOT OF THE TEIII PERATUR E 0.1 FFERENCE. 

(2.1.19 ) 

6.2.1 
'STATISTICAL ANALYSIS OF AIR LEAKAGE IN SPLIT lEVEL RESIDENCES' 
-LASCHOBER AND HEALY (1964) 
EXTENSIVE tAlA ANALYSIS OF MEASUREMENT RESULTS SHOWED THAT 
SIGNIFICANT MODELING ONLY REQUIRED KNOWLEDGE OF THE TEMPERATURE 
DIFFERENCE AND THE COHPONENT OF T~E WINO STRIKING THE LONG WALL 
OF THE J;OUSE. 

(3.1.15) 

6.2.8 
'AIR INFILTRATION IN HOUSES' 
-MAUK {l917l 
MEASUREMENTS IN TOWNHuU SES IN NEW J ERSEV SHOWEDT HAT SEVERAL 
TERMS ARE REQUIRED TO SUCCESSfULLY MODEL INFILTRATION IN THESE 
STRUCTURES; TEMPERATURE DIFFERENCE, WIND SPEED AND DIRECTION, 
GAS CONSUMPTION AND DOOR OPENINGS. 

(3.1.17) 

6.2.9 
'OSU/EPRI fINAL REPORT-CH~PTER 9. AIR INFILTRATION' 
-SEPSY, JONES, MCBRIDE AND BLANCETT (1971) 
AN EXTENSIVE STUDY, MANY MODELS WERE INVESTIGATED TO MODEL 
MEASURED INFILTRATION IN HCUSES. PHYSICAL MODEL WITH BUT 
ONE ADJUSTABLE PARAMETER fINALLY CHOSEN. 

(2.1.26) 
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~n Algorithm for calculating Air Infiltration 

Appendix B 
NBSLD 

It is well recognized that the air infiltr~tion constitutes as much 

as 30% of home heating load and a signiEcant part of the load of non-

pressurized commercial buildings. The air-leakage of a building depends 

upon the tightness of its exterior walls, windows, and doors; the wind 

characteristics and temperature difference between the inside and out-

side, and to some extent how the building is operated with respect to 

the opening and closing of its door. 

The rate of air infiltration can be empirically expressed by 

where 

Q: air flow rate 

c: flow coefficient 

A: flow opening al:ea 

N: pressure exponent 

&: pressure difference 

Unfortunately it is very difficult to determine accurate values of flo\01 

opening area and pressure difference for actual buildings, which consist 

of complex air leakage passages. A limited amount of data are given in 

the 1972 ASlffiAE l~ndbook of Fundamentals for equivalent opening area of 

typical windows, doors and walls. The pressure difference depends \:pon 

'-lind characteristics around the building and the temperature differ-
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enCe b~tween the inside and the outside of the building. 

C~mpiled in this section is a methodology to approximately calculate 

• 
the pressure difference between a given space and its adjacent space in-

eluding the outdoor. The basic mathematical principle involved is to at-

tain a solution to a set of pressure difference equations of the follow7 

ing type: 

where 

Q1: net air flow out of space i 

Qi,k: air exchange bet~-1een space i and space k 

Ai,k: flOl-1 opening area between space i and k 

Ci,k= flow coefficient applicable to the air 

flm~ between the spaces i and k 

N1 ,k: pressure exponent applicable to the £lOll 

between the spaces i and k 

A special computational routine is required to so~.ve this set of simul-

taneous, non-linear equations. 

As mentioned previously, air leakage through various openings such 

as doors, wind~s, window frames, pinholes in the wall and service shafts 

may be approximated by an equation of the following type: 
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where 

LEAK = 4000 ~': A 0;( K ~~ (DF) ~':* N 

= C * (DP) ** N 

LEAK = air leakage in cu. ft per min. 

A = opening area, sq ft 

K • flow coefficient, dimensionless 

DP;= pres$ure difference ac.oss the opening, inches of water 

. N = pressure exponent, dimensionless 

C = equivalent flow coefficient (EFC) 

The values of K and N vary depending upon the type of opening. "Horeover, 

the exact value of A is not well known for many types of opening's, such 

wall pinholes or cracks around the ,.,indm.lS. Table A-17 lists the val

ues of Equivalent Flo,., Coefficient C and the flo,,, exponent N fo;: various 

types of openings common to many buildings. These values are derived from 

the air leakage data compiled in Chapter 19 "Infiltration and Natural Ven

tilation" of the 1972 ASHRAE Handbook of Fundamentals. 
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Table A-17 

,1~ Double-hung wooden windows (locked)* 

non-weathers tripped loose fit 

average fit 

weathers tripped loose fit 

average fit 

2 • Window frames* . 

masonry frame with no caulking 

masonry frame with caulking 

wooden frame 

3.. Swinging doors* 1/2" crack 

1/4" crack 

1/8" crack 

4. Walls** 8" plain b.rick 

* 

8" brick and plaster 

l3" brick 

13" brick and plaster 

l3" brick, fur;oing, lath and plaster 

frame wall, lath and plaster 

24" shingles on 1 x 6 boards on 14" 
center 

16" shingles on I x 4 boards on 5" 
center 

24" shingles on shiplap 

16" shingles on shiplap 

6 

2 

2 

1 

1.2 

0.2 

1 

160 

80 

40 

1 

0.01 

0.8 

0.004 

0.03 

0.01 

9 

5 

3.6 

1.2 

H,. 

0.66 

0.66 

0.66 

0.66 

0.66 

0.66 

0.66 

0.5 

0.5 

·O.S 

0.8 

0.8 

0.8 

0.7 

0.9 

0.55 

0.66 

0.66 

0.7 

0.66 

Values of C listed for these openings are per ft of linear crack 
length. 

Values of C listed for the walls are per unit area of the wall sur
face. 
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III many instances, detailed information of air leakage characteris-

1s not available, but it is still poss'ible to make a calculation • . , le6 

.'or a 
• modern office building of 120 ft x 120 ft plan dimension with the 

. 15/ 
height of 12 ft, Tamura- lumped together all the leakage area ! Iocr 

for a given floor as follows: 

Table A-1S 

outside wall 2.5 sq. ft per story 

4 elevator shaft doors 4.5 " " " " 
2 stair shaft doors 0.5 " " " " 
floor 3.7 " " " " 
brench perimeter and interior air duct 7.0 " " " " 
return duct 14.0' " " " " 
verti~a1. shafts (elevator or stairwell) 1/3 of the cross-sectional 

area* 

The value of C corresponding to these data can be obtained by mUltiplying 

them by 2400 which corresponds to K = 0.6 .• 

~: 

* 

'~"UQ1'_. 

V: Wind speed measured at a 40 ft elevation as taken from 

the weather tape, knots 

DIR: l-lind direction measured clockwise from North, degrees 

(see Figure A-21) 

This particular data were derived from a recent and unpublished e~pcr
'-nent of the National Bureau of Standards conducted on t ... JO high-rise 

ildings. 
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----t----H-E 

WIND 
DIRECTION 

Figure A-21 Definition of Wind Direction Angle 

N 

--~~~~~~~E 

BUILDING SURFACE 
UNDER CONSIDERATION 

NORMAL TO THE 
SURFACE / 

WAI 

, 

Figure A-22 Definition of the Angle Between North 
and Normal of the surface Under 
Consideration 
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DB: Outdoor air dry-bulb temperature, F 

PB: Barometric pressure, in. llg. 

''t>lF: Number of above-grad! floors 

.RTT: Total height of building (from above-grade), ft 

TZ: Indoor air temperature, F 

TS: Elevator and service shaft temperature 

WAf: Directi~n angle of the building as defined with respect 

to North and the normal of the principal surface of the· 

building (see Figure A-22) 

HTk : Height of the floor, ft, for k = 1,2, 3, •••• NF 

Cfl1SPk: Ventilation air supplied to the floor, cu ft per min, 
for k = 1, 2, 3, • •• l\'F 

c~: Ventilation air exhausted from the floor, cu ft per min, 
for k = 1, 2, 3, .... NF 

Calculation SMu.cnce: 
j 

1. VI = 1.153 * V 

TO = 460 + DB 

TI = 460 + TZ 

PO = 0.4910 * PB 

x = DIR - WA I 

2. Wind velocity, VH, at height lIT on the building, mph 

VH = V' * 0.ll7 * (1 + 2.81 * Log (0.305 * HT + 4.75?) 

3. Theoretical wind velocity pressure, PTtN on the building, 

in. H20 

PTWV = 0.000482 * (V ** 2) 
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l~. \-lind direction, BHD, relative to building sl.Irf.:lces 

BWD ... 1 surface on windward side if. 

BWD ... 2 surface on leeward side if, .• 'r-· .. 
90° < x < 2700 .. .. 

or, -900 < x < -2700 

BWD ... 3 surface.on side 1f, 

5. Using Table A-19, determine the normal wind velocit~ pressure 

correction factor, PTKN 

Table A-19 Values of PTKN 

TB I: 1 TB I: 2 TB = 3 

BWD BWD BWD BWD BWD BtoJD BWD BtoJD BWD 
NSB ... 1 ... 2 ... 3 = 1 I: 2 = 3 • 1 • 2 = 3 

0.5 .1 -.3 -.8 -.5 -.25 -.45 .5 .45 .45 
00 

1.0 -.1 -.25 -.5 -.5 -.2 -.3 .45 .3 .3 

2.0 .1 -.25 -.4 .0 -.2 -.3 .45 .1 .1 

3.0 .1 -.25 -.4 .1 -.2 -.35 .45 .0 .0 

--5.0 .25 -.35 -.6 .25 -.25 -.45 .5 -.1 -.1 

CD .6 -.35 -.7 .6 -.35 -.7 .6 -.35 -.7 

where 

TB = 1: Shorter building on windward side 

TB =·2: Equals taller buil~ing on windward side 

TB = J: Taller building on leeward side 
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p., .... 

NSB: Ratio of the distance between the adjacent 

buildin~s and the width of the building in 

the direction of wind 

6. Wind velocity pressure correction factor, PTKO, for winds 

obliquely to the wall surface 

If BtoJD = 1 

If BWD .. 2 

(\vind\vard side of building) 

(PTKO)m = Cos (I x I ) 
(leeward side of building) 

(PTKO) = 1.0 
1 

If BWD = 3 (side of building) 

(PTKO) = Cos (1 x I ) 
s 

Example: 

N 

E 

DIR ... 110" 

WAf = 
1 

45 0 

WA2 '" 135 0 

\oJA' ... -3 225 0 

\vA' = 
4 

315 0 

Figure A-23 DIR and WAf Angles of Example 
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Side 1, DIR-HA' :: 
1 

110 0 - 45 0 
:: 65 0 (therefore, BWD = 3) 

Side 2 J DIR-t-1A' = 110° - 135° 2 

Side 3, DIR-t-1A' = 110°' - 225 0 

3 

Side 4, DIR-t-1A I = 
4 110° - 205 0 

Side 1, (PTKO) III Cos (+65°) s 

Side 2, (PIKO) III Cos (+25°) 
m 

Side 3, (PTKO)l III 1.0 

Side 4, (PTKO)l = 1.0 

=' -25° (therefore, mm III 1) 

= 115 0 (therefore, Btm :: 2) 

= 205° (therefore, BtID = 2) 

7. Actual wind pressure on the building at height (RT) corresponding 

to floor (k): (PAtolV)k 

(PAt'1V)k ... (PTKO)k '* (PTKN)k '* (PTWV) J 

8. Stack effect pressure (PSE) on r.he outside of the building at 

building height (HI) and .floor (k), in. E20 
(PSE)k ... -0.52 * PO '* HI/TO. 

9. Total pressure on the o~tside of the building (PCO) at floor (k), 

in. ~O 

(PCO)k = (PAt-1V)k :: (PSE\ 

10. Pressure in the elevator and serve shafts (PSE) at height (HI) 

corresponding to floor (k), in. ~O 

(PSE)k :: -0.52 * PO *HT/TI + (PSE)l 

11. Choose appropriate flo, ... coefficients and pressure exponents for 

air leakage paths of each floor as follows: 

Flow coefficients 

cwo: Value of C for appropriate window in Table A-17 

multiplied by the total crack length of all the 

windows 
138a 
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CFS 

,-

crN: Value of C for 3ppropri3tc window frome in Table A-17 

multiplied by the total cr3ck length of all the win-

do\-t frames 

CDR: Value of C for appropriate door in Table A-17 multi-

plied by the total crack length of all the doors 

CWL: Value of C for appropriate walls in Table A-17 multi-

plied by the total wall area 

CCL: Value of A for the ceiling from Table A-IS multiplied 

by 2400 

CFL: Value of A for the floor from Table A-IS multiplied 

by 2400 

CEL: Value of C for elevator doors 

CSS: Value of C for the 'doors to the service shaft 

and CES: Value of. the cross section of the shaft mUltiplied by 

800 

Pressure exponent 

mID: Value of N for the appropriate \-tindow in Table A-17 

NFM: Value of N for the appropriate windot-t frame in Table 

A-17 

NDR: Value of N for the appropriate door in Table A-17 

NWL: Value of N for the appropriate wa'l1 in Table A-17 

NCL: 0.5 

NFL: 0.5 
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NEL: 0.5 

NSS: 0.5 

NFS: 0.5 

NSE: 0.5 

12. Solution of 2 * NF equations 

Outdoor air leakage to k-th floor rooms* (see Figure A-23) 

Wind~ k leakage 

'~k,j -= aIDk,j * (PCOk,j - Plk ) ** NWDk,j (1) 

Window frame leakage 

L~,j = Cn~,j * (PCOk,j - Plk) ** Nn~,j . (2) .. 

Door leakage 

LEAKDl\:., j = CD~, j * (PCOk . 
. , J - P~) ~ NDt;.;,j (3) 

Wall leakage 

Ceiling leakage 

(5) 

F.loor leakage 

(6) 

In all of above e~pressions, subscript k refers to the k-th floor and 
subscript j refers to the j-th side of the building where the conven
tion is j = 1 (south), 2 (west), 3 (north), and 4 (cast). 
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k= NF 

, , ~ 
; 

.,. 

LEAKES 

L~!l 
LEAKCL 

\ 

(PSEk ) 

~---t-~I 
LEAKFL LEAI,FS 

k=1 

/ 
Figure A-23 Air Leakage Pattern of a High-Rise lluilding 
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Leaknge from the elevator and service sltafts* 

LE/.J(E~ = CEL
k 

of: 

LEAKSSk = CSSk * 

Air leakage between 

'LEAKFS .. 
k CFSk * 

LEAKES .. k CESk * 

(PSEk Plk ) .** NELk 

(PSEk - Plk ) ** NSSk 

the floor levels within 

(PSl\-l - PSE ) ** NFSL k (. 

(PS~ ;. PSEk) ** NSEk · -1 

the 

(7) 

(8) 

shafts~/ 

(9) 

(10) 

In the previous equations, unknowns are P~ for k = 1, 2, 3, 

••• NF and PS~ for k-l, 2, 3 ••• NF provided that the pres

sures in all the shafts are assumed equal at a given floor 

level. 

Flow balance equations at the k-th floor (the individual 

quantities come from equations 1-10 above) 

Rooms 

LEAKWDk , j + LEAI<Ft\, j + LEAKD~ ~ j + LEAKtol~, j + !-£AKC~ 

+ LEAKF~ + LEAKE~ + L~Sk :- CFMSP k - CFME~ = 0 

In all of above e~pressions. subscript k refers to the k-th floor and 
subscript j refers to the j-th side of the building where the conven
tion is j = 1 (south), 2 (west), 3 (north), :md 4 (cast). 
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. Elevator Shaft or Service Shaft 

• 
where CF}~PSk: ventilation air supplied at the 

k-th floor in the shaft 

CFNEXSk : air exhC'.usted from tIle shaft at 

the k-th floor 

These 2 * NF sets of flow balance equations must be .solled 

by an appropri~te iteration technique to obtain the pressure 

profiles in the building and in the shafts. Then the calcu-

lated pressure values are used to determine the air leakage 

of the building. 

Recently a comprehensive computer program that embodies the basic 

41gorithm described in this section was published by D. M. Sander and 

G. T. Tamura of the National Research Council of Canada. The'details 

of the program are given in an NRC booklet entitled "A Fortran IV Pro-

gram to Simulate Air Hovernent in Multi-Storey Buildings",. DBR Computer 

Program No. 35, (March 1973). 

* If this equation were for a service shaft, LEAKE~ would be replaced 
by LEAKESk • 
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OHIO STATE UNIVERSITY 
Air Infiltration Study for Residential Application 

Sepsy, Jones, Mc Bride, Blancett 
(Unpublished Report) 

9.5 Air Infiltration A.l1al vsis 
" 

The analysis of the infiltration was divided into two 

categories. The first category consists of linear models 

which are similar in format to those presented by previous 

investigators. Due to the enormous quantity of data col

lected, it was felt that the linear models could be 

~1alyzed statisticallY and ultimately be generalized . ... 
:1.:11.0 

a ~~ified model applicable for any residence. The sub-

sequent failure of this approach then led to the develop-

men't of the second category. 

Th~ second method of-analysis was based on the develop

ment of a model formed from the physical variables and theory 

associated with air infiltration. The variables _considered 

were crack lengths, crack widths, pressure differences due 

to wind and temperature effects, location of neutral zone 

and the interaction of pressure differences due to wind and 

te~perature effects. Again, statistical analysis was employed 

to develop a generalized model which has the capability to 

be applicable for any residence. 

9.5.1 Linear Models 

The initial development of an ai~ infiltration model 

was based on the following model: 
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INF = A + B(AT)n + C(Vel)n (9.5.1) 

INF = Air Infiltration, air changes or cfm 

AT. . = Indoor-Outdoor Temperature ,Difference, of 

Vel = Wind Speed, mph 

A,B,C = Statistical Re5ression Coefficients 

n = Exponent, 1/2 or 1 

which is similar to that proposed in (9~3.18). ~e initial 

problem associated with this model was in the determination 

and interpretation of the leading coefficient A. Implied 

in this term is the concept that infiltration occurs when 

the independent variables are zero. 'This leading coefficient 

had also been observed in the study conducted at the National 

Bureau of Standards in the environmental control test chamber 

under very controlled conditions. Specifically, the wind 

effects were entirely deleted. It had been postulated tnat 

minor, less than 1 ~ph, wind effects actually occur ana were 

not measured which accounted for this effect, but· the NBS 

research dispelled that theory. A secor.d theory was proposed 

which stated that minor thermal gradients exist ev~n when 

the integrated hourly average temperature differences were 

zero. Verification of this thermal 'effect has never been 

proven. Rather a third concept of measurement error waS 

proposed but then later rejected, again by NBS, by using 

various measurement techniques to substantiate the magnitude 

of A. Convinced that A did exist, a statistical analysis 

was conducted to determine its magnitude. 
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The air infiltration data collected at the CTSEsite 

was used to establish the value of A because of the absence' 

of the effects of occupancy. Procedurally, the measured 

data was segregated into four data sets by ranges of wind 

speed. The first data set' contained wind speeds less than 

1 mph, the second less than 2 mph, until a maximum of ~ mph 

was reached. Although wind speeds above, ~ mph are still 
• 

considered ca~ air it was felt that wind gusts could occur 

throughout an hour to cause instantaneous speeds greater 

than ~ mph and possibly intluence the true value of A. A 

·second argument arose in disfavor o~ using wind speeds 

greater than ~ mph when the statistical results were com-

pleted as presented in Table 9.5.1. Note that the correla-

~ tion coefficient, R2, rapidly decreased between data sets 

3to 4. Thus, the results. of data set 3 were used and con-

sidered the most representative. . , 
• 

The information contained .L~ d~ta set 3 is plotted in 

Figure 9.5.1. The intercept, A, is projected to be 0.1187 

but the measured data does not occur below a temperature 

difference of ~oF to verify the intercept. It is con-

ceivab1e that the data could. rapidly falloff to zero instead 

of extending to an intercept. 

A comparison was then made a~ong the model developed and 

that of previous researchers. The results are presented in 

Figure 9.5.2. The ~ifferent slopes indicate a different 

temperature dependency but all three have recorded approximately 
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TAB,LE 9.5.1: TEMPERATURE EFFECT ON INFILTRATION AT SITE CTSE 

Data Set #1 Velocity less than 1 mph - 34 hours of data 

INF = 0.1206 + 0.00885 (TDIFF) 

R-SQUARE (4-.) 
Ie 

Mean a T(l) Prob > , TI (2) DF (3 ) - - -
INTERCEPT -- 4-.18 0.0001 

- ' ....... , 
TDIFF 19.36 6.17 6.15 0.0001 34 

INF 0.292 0.036 1 0.792 - ... 
" 

Data Set #2 Velocity less than 2 mph - 64 hours vf data 

INF = 0.0972 + 0.0105 (TDIFF) 

INTERCEPT -- 5.60 0.0001 

TDIFF 19.07 8.6 12.68 0.0001 64 

INF 0.298 0.057 1 0.722 

Data Set #3 Velocity less than 3 mph - 94 hours of data 

INF = .0.1187 + 0.00981 (TDIFF) 

INTERCEPT -- 8.22 0.0001 

TDIFF 19.53 11.23 15.30 . 0.0001 94 

INF 0.429 0.070 1 0.715 

Data Set #4 Velocity less than 4 mph - 122 hours of data 

INF = 0.1441 + 0.00945 (TDIFF) 

INTERCEPT--- 9.31 0.0001 

TDIFF 20.72 13.2 15.30 0.0001 122 11 

INF 0.455 0.089 -- 1 0.661 

(1) Student t-va1ue for hypothesis that B = o. O. '" 

(2) Student t-test. -r, 

(3) Degrees of freedom. 

(4) Correlation coefficient •. 
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the same magnitude for the intercept A. Based on this 

analysis, a c~nstant value of A was then used in the "remaining 

. analysis for the site where the data was collected and 

also, for the remaining eight sites in Columbus, Ohio where 

measured data was collected. 

The next problem with the linear model was that the wind 

effects sho~ld account for wind direction. Previously, a 

broad-narrow side effect was postulated (9.3.24, 9.3.27, 

9.3.28) as well as a normal component approach (9.3.23). 

The normal component was ~hought to be a more universal 

approach and formed the basis for th.e following wind 

term: 

·SF = 0.75 + 0.25 (2(WD-HOS» 

Where: 

.SF = Shape Factor 

WD = Wind Direction, deg~ees ._ 

HOS = House Orientation, degrees 

(9.5.2) 

Next measured data was used to determine the magnitude of 

the shape factor by using: 

SF = KCSF) (9.5.3) 

Where: 

K = Constant 

The final value of K was 0.0668 as shown in Figure 9.5.3. 
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Determination of the intercept, A, and the wind direction 

~e~o co~pleted the theoretical consideration in the linear 

=~:el ter~. The final problem was to determine the exponent 

n. The physical conditions presented by combining Equations 

9.3.14 and 9.3.16 suggest that n = 1 for the velocity term 

exponent. However, since the form of the equation was based 

strictly on a linear approach of the weather vari~bles, a 

combination of terms was considered so that the best statis-

tical model would result. A summary of the linear models is 

presented in Table 9.5.2. The results are shown in Tables 

9.5.3 - 9.5.15. 

9.5.2 Analvsis of Linear Models 

The results require some interpretation because of the 

sub:tle differences employ~d in the statistical procedures. 

Tne only difference occurs in the procedure used to determine 

the intercept A. In models Ll-L6, the intercept was not 

s?ecified but statistically determined to provide the best 

available fit to the measured data. Consequently, the 

statistical results were based on a sum of squared corrected 

for the mean which typically results in a lower correlation 
2 . 

coefficient, R , and a lower coefficient of variance, C.V., 

than those results obtained when the intercept is not deter

mined. Consequentl~, the rms error is a better term to use 

=or co~parison between the different models. Typically the 

r~s errors range from 0.12 - 0.16 air changes with extremes 

of o.oa - 0.40 air changes. The net conclusion'obtained from 

reviewing the various models and their rms errors was that 
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Model 
Identification 

Ll 

. L2 

L3 

L4 

LS 

. L6 

LlA 

L2A 

L3A 

L4A 

LSA 

L6A 

TABLE 9.5.2 

LINEAR MODELS 

Model 

INF = A + B(-llT) + C(Vel) 

INF = A + B(llT) + C(SF·Vel)2 

INF = A + B(llT) + CeVel)2 

INF = A + B(llT)1/2 + C(Vel) 

INF = A + B(llT)1/2 + C(SF·Vel)2 

INF = A + B(llT)1!2 + C(Vel)2 

INF = 0.1187 + B(llT) + C(Vel) . 

INF = 0.1187 + B(llT) + C(SF·Vel)2 

INF = 0.1187 + B(llT) + C(Vel)2 

INF = 0.1187 + B(llT)1/2 + C(Vel) 

INF =.0.1187 + B(llT)1/2+ CeSF·Ve1)2 

INF = 0.1187 + B(llT)1/2 + C(Vel)2 

The model identification is coded as: 

a) First J.etter (L) indicates a linear model. 

b) Second number indicates model number or form. 

'c) Third letter (A) indicates a constant (0 .1187)· 
was used for the intercept as determined from . 
site CTSE. 
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VEL DIR DBT !HER LNF 
VARIABLE MPH DEG of of Ale 

MEAN ~.89 178 56 .• 3 75.5 O.~020 

STD.DEV. ~.62 80 19.2 3.1 0.2239 

LOW 0.00 3 21.1 66.8 0.1206 . 

HIGH 20.20 360 92.~ 80.3 1.1270 
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TABLE 9.5.4 

LINEAR MO~EL RESULTS 
:.l. 

SITE~ KTSC 

389 OBSERVATIONS IN DATA SET: TOTAL 
... ""r;. -

rms 
.' 

Model CV· 
R2 

error . . 
Identification A B C , A/C 

. 

Ll 0.1907 0.0023 . 0.0369 0.538 25.9 0.1295 

L2 0.3S8~ 0.0000 0.004~ 0.438 2S.5 0.1~28 

L3 0.3277 0 •. 0016 0.0021 0.571 24.9 0.1248 
. 

L4- 0.1294 0.0239 0.0:i70 0;539 25.8 0.1294 

L5 0.3821 0.0001 0.0044 0.439 28.5 0.1428 

L6 0.2875 0.0166 0.0021 0.571 24.9 0.1248 

LlA 0.1187 0.0037 O. 0401. 0.907 34.1 0.1305 

L2A 0.ll87 0.0065 0.0059 0.861 41.8 '0.1560 

L3A 0.1187 0.0068 0.0026 0.899 35.6 0.1362 

L4A 0 .. 1187 0.025~. 0.0373 0.909 3~.8 0.1294 

L5A 0.1187 0.0432 0.0053 0.879 38.9 0.1492 

L6A 0.1187 0.0437 0.0023 0.911 33.3 0 .. 1277 

VEL DIR DBT mER INF. 
VARIABLE MPH DEG OF OF A/C 

~~ 6.48 163 41.8 73.9 0.5028 

STD.DEV. 4.08 89 11.7 1.9 0.1908 

LOtol 0.00 18 15.3 . 70.0 0 .. 1949 
~' 

HIGH 19.90 330 89.0 SO.6 1.3494 
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TABL! ~.S.S 

LINEAR MOD~L RESULTS 

SITE: KTSC 
.i..:' 

37 OBSERVATIONS IN DATA SET: GAS 

;; ..... rms . Model CV error 
Identification .A B C R2 \ A/C 

'" -. Ll 0.0926 -0.0029 0.0723 . 0.741 24.7 0.1650 

L2 0.8371 -0.0111 0.0069 0.502 34.3 0.2288 

L3 0.5766 -0.0058 0.0031 0.744 24.6 0.1639 
. 

LII- 0.1231 -0:0268 0.0744 0.737 24.9 0.1662 

L5 1.1372 -0.1210 0.00'72 0.465 35.6 0.2371 

L6 0.7198 -0.0515 0.0032 0.735 25.0 0.1668 

LlA 0.1187 -0.0033 0.0709 0.938 29.4. 0.1650 

L2A ·0.1187 -0.0005 0.0143 0.826 49.1 0'.2757 

L3A 0.1187 0:0023 0.0042 0.915 34.4 0.1930 

L4A : 0.1187 -0.0001 '0.0003 0.937 29.6 0.1662 

L5A 0.1187 0.0082' 0.0129 0.828 49.0 0.2748 

L6A 0.1187 0.0216 0.0040 0.921 33.1 0.1860 

VEL DIR DBT !HER INF 
VARIABLE MPH DEG OF OF Ale 

ME~~ 9.85 78 38.0 75.2 0.6957 .. 
STD.DEV. 3.53 34 14.1 1.0 0.3287 

.• LOW 3 •. 30 18 15.3 73.4 0.1949 

HIGH 17.50 159 56.2 76.9 1.3494 
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TABLE 9.5.6 

LINEAR MODEL RESULTS 

SITE: KTSC 

352 OBSERVATIONS IN DATA SET: ELEC 
-, . '" 

~ 

rms 
c ~ • Model Cy error . 

Identification A B C R2 " A/C 

Ll. 0.187~ 0.0030 0.0326 0.536 22.3 0.1072 

L2 0.3~70 0.0011 0.00~1 0.53~ 22.~ 0.1075 

L3 0.3157 0.0022 0.0018 0.566 21.6 0.1037 

L4 0.1486 0.0250- 0.0319 0 .. 527 22.5 0.1083 

LS 0.3453 0.0071 0.0041 0.531 22.4 0 .• 1078 

L6 0.2928 .. 0.0170 0.0018 0.559 21.8 0.1045 

LlA o .ll87 0.0044 0.0358 0.926 29.8 0.108~ 

L2A 0.1187 0.0068 0.0054 0.904 33.8 0.1226 

L3A 0.1187 0.0072 0.0023 0.916 31.7 . 0.1149 

L~A 0.1187 0.0294 0.0327 0.925 29.9 0.1083 

LSA 0.1187 0.0437 0.0047 0.917 31.4 0.1138 

L6A 0.1187 0.0452 0.0020 0.926 29.8 0.1080 

VEL DIR DBT THER INF 
VARIABLE MPH DEG of of A/C 

. 

MEAN 6.13 172 42.2 73.8 0.4825 
., 

STD.DEV. 3.97 88 11.~ 1.9 0.1576 

LOW 0.'00 43 24.5 70.0 0.2017 

HIGH, 19.90 330 89.0 80.6 1.0716 
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TABLE 9.5.7 

LINEAR MODEL RESULTS 

SITE: ETSC 

265 OBSERVATIONS IN DATA SET: TOTAL 

. . rms . 
Model 

R2 
CV errors 

Identification A B C , A/C .. 
Ll 0.0531 0.0095 0.014-0 ·0.4-67 26.1 0.1275 

L2 0.1002 0.0091 0.0023 0.4-4-7 26.6 0.1299 

L3 0.0910 0.0094- 0.0009 0.4-53 26.5 0.1292 

L4- -0.2170 0.1042. 0.0134- 0.467 26.1 0.1276 

L5 -0.1641 0.1006 0.0022 0.450 26.6 0.1295 

L6 -0.1786 0.1036 .0.0008 0.Lt53 26.5 0.1292 

LlA 0.1187 0.0081. 0.0125 0.902 34.7 0.1287 

·L2A 0.1187 0.0087 Q.0022 0.900 35.1 0.13.00 

. L3A 0.1187 0.0088 0.0008 0.901 34.9 0.1294 

L4A 0.1187 0.0530 0.0109 0.886 37.4- 0.1385. 
0 .... _ 

L5A 0.1187 0.0558 0.0022 0.888 37.1 0.1375 

. L6A 0.1187 0.0568 0.0008 0.887 37.3 0.1380 

VEL DIR DBT !HER INF 
VARIABLE MPH DEG of of A/C 

MEAN 5.05 123 33.5 72.2 0.4906 

STD.DEV. 3.84 79 10.9 2.0 0.1750 
. 

LOW 0.00 5 16 •. 6 67.7 0.1318 . 

HIGH 17.50 329 66.3 77.6 1.1450 
/0' 
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TABLE 9.5.8 

LINEAR MODEL RESULTS 
.. 

SITE: ETSC 

91 OBSERVATIONS IN DATA SET: . GAS 
- ... ':" . 

rm.s 
Model 

R2 
CV error .. 

·Identification A B C , A/C 

Ll 0..3809 0.0017 0.0166 0.116 22.4 0.1199 

L2 0.5560 -0.000.5 0..000.5 0..00.8 23.8 0.1270. 

L3 0.4187 0..0.0.16 0.Cal.5 0.129 22.3 a.ll89 

L4 0.3141 0.214 . 0..0165 0.·115 22.5 0..1199 

L5 0.5774 -0..0066 0.000.5 0..00.8 23.8 0..1270. 

L6 0.3547 0.0.20.5 0·0.915 0..129 22.3 0..1190. 

LlA 0.1187 0.0066 0.0236 0.922 29.5 0. .1240.. 

L2A 0.1187 0!CD85 0.00.17 . 0..900 33.3 0.1399 

L3A' . 0.1187 0.0077 0.0021 0.920 29.8 0..1251 

L4A· 0.1187 0.0486 0.0.189 0.926 28.7 0.1206 
0 

L5A 0.1187 0..0.598 0.0.010 0.913 31.2 0..1311 

L6A 0..1187 0..0545 0.0017 0..927 28.6 0.120.1 

VEL DIR DBT THER INF 
VARIABLE MPH DEG OF OF A/C 

• 
MEAN 5.21 10.4 27.8 72.8 0.5433 

STD.DEV. 2.80. 83 6.2 1.5 0..1282 

LOW 0..30 10. 16.6 68.9 0..3463 

HIGH 12.20. 263 43.Q 77.2 0..9513 

.. 
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TABLE 9.5.9 

LINEAR MODEL RESULTS 

SITE: . ETSC 

174 OBSERVATIONS IN DATA SET: ELEC 
.. -,.10 '"' 

" rnts 
Model 

RZ-
CV error 

. , Identification A B C 90- Ale 

Ll 0.0059 0 .0113 0.0116 .0.579 26.7 0.1224-

L2 0.0369 0.0109 0.0027 0.600 26.0 0.1196 

L3 0.0393 0.0111 0.0007 0.566 27.1 0.1245 
. 

L4- -0.2796 0.1.173 0.0113 0.557 27.4- 0.1259 

LS -0.2416 0.1136 o. 00'28 0.582 26.6 0.1223 

L6 -0.2~28 0.1158 0.0007 0.544 27.8 0.1276 

LlA -: 0.1187 0.0087 0.0094- 0.895 37.2 0.1273 

L2A 0.1187 0.0089 0.0026 '0.903 .35.7 0.1223 

L3A 0.1187 0.0092 0.0006 0.896 37.1 0.1269 

L4A 0.1187 0.0534 0.0091 0.863 42.5 0.1454 

L5A 0 .. 1187 0.0540' . 0.0028 0.875 40".6 -0.1391 

L6A 0.1187 0.0560 0.0007 0.866 42.0 0.1439 

VEL DIR DBT TIlER INF 
VARIABLE MPH DEG of of Ale 

MEAN 4.97 133 36.5 71.9 0.4631 

STD.DEV. 4.30 76 11.6 2.1 0.1896 
--< '. LOW 0 •. 00 5 18.1 67.6 0.1318 

, . HIGH 17.50 329 66.3 77.6 1.1450 . ,. . 
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TABLE 9.5.10 

LINEAR MODEL RESULTS 

SITE: HTSG 

179 OBSERVATIONS IN DATA SET: TOTAL 
- "'-

rms 
Model 

R2. 
CV error .. 

Identification A B C \ A/C 

Ll O~S109 0.0087 0.0347 .0.097 40.0 0.3294 

L2 0.6412 0.0070 0.0028 0.095 40.0 0.3297 

L3 0.5993 0.0080 0.0028 0.1075 39.8 0.3275 
. 

L4 0.4708 0'-0528 0.0315 0.073 40.5 0.3338 

L5 0.6049 0.0415 0.00·27 0.076 40.5 0.3332 

L6 0.5508 0.0489 0.0026 0.086 40.2 . 0.3313 

LlA 0.1187 0.0196 0.0679 0.803 49.7 0 •. 3517 

L2A 0.1187 0.0266 0.0057 0.7481 56.1 0.3975 
" 

L3A 0.1187 0.0250 0.0056 0.771 53.5 0.3790 

L4A 0.1187 0.1141 0.0494 0.813 48.4 0.3425 

L5A 0.1187 . 0.1429" 0.0041 0.796 50".6 0.3580 

L6A 0.1187 0.13.60 0.0040 0.805 49.3 0.3493 

VEL DIR DBT THER INF 
VARIABLE MPH DEG OF OF Ale 

W".c.AN 4.41 203 7lJ..l 66.1 0.8307 

STD.DEV. 3.02 79 11.3 1.8 0.3lJ.76 

LOW 0.00 9 22.8 62.4 0.3240 

HIGH 16.60 3lJ.5 74.3 71.2 2.2892 
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TABLE 9.5.11 

LINEAR 1-10DEL RESULTS 

SITE: HSLG 

l57 OBSERVATIONS IN DATA SET: TOTAL 

. · . rms · Model CV 
R2 

error 
Identification A B C \ A/C · -... 

L1 0.261'2 0.0026 0.0159. 0.211 23.0 0.0969 

L2 0.3452 0 .. 0020 0.0010 0.172 23.6 0.0993 

L3 0.3143 0.0025 0.0009 0.226 22.8 0.0960 

L4 0.2205 0'.0223 0.Oi54 0.202 23.1 0.0974 

L5 0.3057 0.0181 0.0010 0.169 23.6 0.0994 

L5 0.2695 0.0222 0.0009 0.219 22.9 0.0964-

LlA 0.1187 0.0060 0.0223 0.902 33.3 0.1017 

L2A 0.1187 0.0088 0.0016 0.873 38.1 0.1159 

L3A 0.1187 0-.0082 0.0013 0.890 33.4 0.1079 

L4A 0.1187· 0.0386 0.0178 0.909 32.3 0.0984 

L5A 0.1187 0.0515- - 0.0-125 0.899 33.9 ·0.1034-

L6A 0.1187 0.0487 0.0010 0.908 32.5 0.0990 

VEL DIR DBT THER INF 
VARIABLE MPH DEG of OF Ale 

MEAN 5.59 154 41.1 70.2 0.4255 

STD.DEV. 3.36 67 8.5 0.7 0.1095 

LOW 0.20 10 27.4 68.1 0.2323 

HIGH 20.70 360 63.3 71.9 0.7984 
! .-
j ."-
, 
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TABLE 9.5.12 

LINEAR HODEL RESULTS 

SITE: SRSG 

226 OBSERVATIONS IN DATA SET: TOTAL 
........ . 

%'mS 
Model 

R2 
CV error - . 

Identification A B C , A/C .. 

Ll 0.2804 0.0042 0.0018 .0.273 37.0 0.1503 

L2 0.2836 0.0042 0.0002 0.272 37.0 0.1503 

L3 0.2839 0.0044 -0.0001 0.272 37.1 0.1504-
. 

L4 0.2442 0:0302 0.0040 0.220 38.3 0.1556 

L5 0.2509 0.0031 O. 00'05 0.219 38.4 0.1558 

L6 0.2467 0.0336 0.0000 0.214 38.5 0.1563 

LlA 0.1187 0.0067 0.0094 0.731 60.9 0.1760 

L2A 0.1187 0.0079 0.0002 0.721 62.1 0.1793 
-

L3A 0.1187 0.0081 0.0000 0.721 62.1 0.1793 

L4A 0.1187 0.0501 0.0051 0.762 57.3 0.1656 .. 
L5A 0.1187 ·0.054 If- ·O.OOUI 0.759 57-.7 ·0.1664-

L6A 0.1187 0.0556 0.0000 0.759 57.7 0.1664-

VEL DIR DBT THER INF 
VARIABLE MPH DEG OF OF Ale 

MEAN 4.83 160 47.8 74.2 0.4085 

STD.DEV. 4.17 66 19.6 5.1 0.1766 

LOW 0.00 19 20.4 64~9 0.1217 

HIGH 18.60 317 80.9 84.5 1.0253 . 

, 
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TABLE 9.5.13 

LINEAR MODEL RESULTS 

SITE: PAEG 

90 OBSERVATIONS IN DATA SET: TOTAL 

.' -• 
rms 

_ :.Model 
R2 

-CV -error 
. " raentification A B C % AIC" 

Ll 0.6053 0.0042 0.0177 0.064 22.9 0.1853 

L2 0.6790 0.0036 0.0016 0.031 23.2 0.1885 
-

L3 0.6512 0.0037 0.0020 0.061 22.9 0.1855 -
L4 0.4733 0.0475- 0.0178 0.-064 22.9 0.1853 

LS 0.5671 0.0404 0.0016 0.030 23.3 0-.1886 

L6 0.5342 0.0421 0.0020 0.061 22.9 0.1855 
, . 

0.1187 LlA 0.0153 0.0327 0.921 29.4 0.2058 

L2A 0.1187 0~0186 0.0022 o .910' 31.4 o •. 2188 

L3A 0.1187 0-.0176 0.0029 0.915 30.5 0.2128 

L4A 0.1187 0.1040 0.0217 0.933 27.1 0.1889 

LSA 0.1187 0.1153 0.0015 0.929 27.0 0.1946 

L6A 0.1187 0.1107 0.0022 0.932 27.3 0.1908 

V~L DIR DBT '!'HER INF 
VARIABLE MPH DEG of of Ale 

--• 
~.t.AN 3.91 192 37.8 73.4 0.8246 

STD.DEV. 2.23 75 7.2 0.0 0.1926 
., 

LOt-1 0.00 45 28.1 73.4 0.~110 

HIGH 8.30 319 57~8 73.-4 1.5294 
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TABLE 9.5.14 

LINEAR I10DEL RESULTS 

SITE: OAMG 
. 

39 OBSERVATIONS IN DATA SET: TOTAL 

- '. rms - " 
Model 

R2 
ev error 

Identification A B, e \ Ale 
~ -

Ll 0:6867 -0.0024 -0.0209 . 0.097 30.5 0.1505 

L2 0.5386 0.0010 -0.0019 . 0.100 30.5 0.lS03 

L3 0.6S90 -0.0027 -0.0021 0.129 30.0 0.1~78 

L~ 0.7267 -0 :0211 -0.0203 0.096 30.6 0.1506 

LS 0.S132 0.0101 -0.00'20 0,101 30.5 0.1502 

L6 0.7093 -0.0241 -0.0021 0.129 30.0 0.1478' 

LlA 0.1187 0.0121 0.0139 0.829 4S.7 0.1759 

L2A 0.1187 0.01~~ 0.0002 0.813 47.9 0.1839 
. 

L3A 0.1187 0.0135 0.0010 0.820 ~7.0 0.1803 

L~A 0.1187 0.0769 0.0014 0.851 ~2.7 0.1639 

L5A 0.1187 0.0836--';0.0011 0.855 ~2-~1 0.1678 

L6A 0.1187 0.0799 -0.0002 0.851 ~2.6 0.1638 

VEL DIR DBT THER INF 
VARIABLE MPH DEG of of Ale 

MEAN ' S.~O 170 46.3 71.3 0.5130 

STD.DEV. 2.87 76 7.7 0.0 0.1605 

LOW 0.,10 46 35.0 71.3 0.2346 

HIGH 10.50 319 62.1 71.3 0.8008 
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TABLE 9.5.15 

LINEAR "MODEL RESULTS 

SIn:: KAt-lG 

30 OBSERVATIONS IN DATA SET: TOTAL 

. . -
t rms 

Model 
R2 

CV error 
Identification A B C '" Ale 

--
Ll· -0.2886 0.0113 0.0378 " 0.398 32.0 0.1390 

L2 -0.0803 0.0101 0.0036 o.~~~ 30.8 0.1336 

L3 -0.1539 0.0116 0.0021 0.~17 31.5 0.1368 . 
L~ -0.7210 0.1~06_ 0.037~ 0 .. 398 32.0 0.1390 

LS -0.~718 0.1262 0.0036 0.~45 30.8 0.1335 

LS -O.SOl~ 0.1~~7 0.0021 0.~18 31.5 0.1367 

LlA 0.1186 0.0032 0.0293 0.852 45.0 0.1~73 

L2A 0.118S 0.0056 0.0034 0.87~ 41.6 0.1361 

L3A 0.1186 0.0055 0.0019 0.864 43.2 O.1~12 

L~A 0.1186 0.0191 0.0305 0.847 45.9 0.1500 

L5A '0.1186 0.0365 0.0034 0.867 ~2.7 0.1398 

L6A 0.1186 0.0362 0.0018 0.856 ~4.5 0.1454 

VEL DIR DBT !HER IN: 
VARIABLE MPH DEG of of Ale 

. . MEAN 7.19 235 29.7 71.8 0.4573 

STD.DEV. 2.82 82 5.9 0.0 0.1833 

LOW 3.30 113 23.3 71~8 0.1~11 

HIGH 14.70 316 42.1 71 •. 8 0.9867 
.. 
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all of the models produced similar rms errors for each site. 

This can be interpreted to mean that the linear models, as a 

group, are essentially equal in their ability to predict air 

infiltration but fail to consistently predict accurate values. 

The obvious solution to this 'dil~~a was to either change the 

linear models, by expanding the available terms, or to dis

card the linear model approach and develop a model based on 

physical arguments. 

9.5.3 Formation of Physical Models 

The philosophy adopted in-the development of the physical 

models was to utilize as much basic theory as was currently 

available ~~d develop any remaining portions based on the 

research completed on this project. The basic theory was 

extracted from the ASHRAE Guide (9.1] and the technical papers . . . 
previously reviewed in Section 9~3. This basic theory has 

identified two major weather variables, temperature dif-

ferences and wind effects in addition to crack lengths, 

orientation, wind breakers, door and window openings, exhaust 

fan operation and the effe.cts of operating open flame com

bustion systems within the residence. 

The pri~ary motivation for shifting the emphasis from 

the linear models to physical mOdels was to reduce the quan

tity of statistical regression coefficients required. Three 

coefficients were required in the linear models which com-· 

plicates the application of that approach to a new residence. 

It was an1:icipated that the physical models would', at best, 
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be cocpletely deterministic from theory alone or require, at 

most, a single statistical regression coefficient which would 

hopefully be a constant for all residences within a limited 

range or at least a constant for a particular residence 

style. 

The development of the physical models proceeded in a 

progressive path beginning with the weather variables and 

adding the subsequent ter~s in a stepwise procedure untii a 

final model was qeveloped. The final model was determined 

to be complete when the i~fluence all of the variables had 

been evaluated and incorporated into. the model according to 

their explanatory importance in predicting the measured air 

infiltration values • 

. The first· variable considered in the physical model was 

the influence of temperature differences. The teoperature 

difference' is not a direct influence on air infiltration but 

the pressure differences creat.~d beq~use of the d.ifferences 

in air density due to tem?erature differences was determiaed 

to be proportional to air infiltration as predicted by the 

following equation which is presented in the ASHRAE Guide 

(9.1] where: 

, 6FT = 0.52 x P x h x 

Where: 

1 1 
To' - Ti (9.5.4) 

6PT = Theoretical pressure difference across enclosure 

due to chimney effect, inches of water 
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p = Absolu~e pressure, lb/in2 

-h -: Distance from neutral zone, or effective chim."ley _ 

height, ft. For purposes of this project, the 

. ,following definitions of h were utilized: Two· 

~Story, h = 8 ft; Split Level, h = 6 ft; and for 

.a Ranch, h = 4 ft. 

T"ci' = Absolute temp~rature outs·ide, of 

. Ti :=- Absolute temperature inside, of 

:~e-second variable was also associated with weather 

:effects and identified as 'a pressure· difference due to the 

wind. The wind pressure term was ca1.culated by using the 

~ation presented in the ASHRAE Guide (9.1] where: 

- '0.2549 '2 
AP~ = To x Vel (9.5 .• 5) 

.lbf inH20 5280 ft 2 
14.7 :--2 x 27.6798 

lb-F/in2 3600 sec 
- 0.2549 = l.n 

2 x 53.35 ft-lb x ~_2. •. l7 lbm f-c 
= lboR' 2-

Ibf-sec 

Where: 

ap= Theoretical pressure difference across enclosure _, .W 

.due to wind effect, inches of water 

Vel = Wind speed, miles per hour 

The first approach was ~o add the pressure differences 

and determine a resultant pressure difference for use in 

Equation 9.3.16, wh~ch resulted in the following: 

INFPI = C O.2549V,2+0·S2Ph 1 1 T x e_ . x x x T - T. 
o 0 l. 

n 
(9.5.6) 
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C = Proportionally CO:1stant 

n = Exponent of flow, between 1/2 and 1 

This approach was an ini~ial attempt but neglected 

numerous variables. Neglected in the above equation was the 

eff~ct of various wind directions and the value of n was not 

experimentally determined. As an initial assumption, the 

value of n was assumed to be equal to 1/2 based on two argu-

ments. First, the flow was assumed to be turbulent and second, 

the flow through any opening is proportional to the square 

root of the sum of the heads acting on that opening. 

A second attempt included a procedure to account for 

the. orientation and various c~ack lengths on the four exposures 

and took the following fore: 

• 
(9.5.7) 

Where: 

Bo = Statistical regression constant 

CF,B,L,R = Equivalent c~ack lenghts on the Front, Back, 

Left, and Right surfaces of the structure, ft 

AP. = Theroetical press~re difference across F~ont, 
l. 

Back, Left and Right srufaces of the structure, 

inches of water 

0.2549 2 
6P. ~ T xVel. +0.S2xPxhx 

l. 0 1. 

11' r-T.'" o l. 

Vel. = Normal velocity to surface, zero otherwise, miles 
1. 

per hour 

9-89 



i = Index for surface, Front, Back, Left, Right 

The wind direction concept was developed into the above 

equation by defining the velocity term to be the norma.l com-· 

ponentto a particular surface. Thus, the average wind 

direction can only be normal to a maximum of two adjacent 

surfa.ces during the hour. The wind pressure components on 

the remaining surfaces were assumed to be zero. This defini~ 

tion was then applied to all four exposures of a residence by 

assuming that the flow predicted through each exposure was 

additive. 

Associated with the normal velo.city· component on each 

~xposure is a characteristic opening or crackage related to 

the windows, doors, wall areas, and sills. The equivalent 

crack lengths are presented in Table 9.5.16 and the procedure 

used to determine the values is presented in Appendix 9B. 

The procedure employed to calculate the equivalent crack 

lengths was. adopted from the crack J;1.ethod presen~ed in the 

ASHRAE Guide [9.1]. The length of each crack was ~ultiplied 

by the appropriate air infiltration factor and the sum was 

divided by the factor for non-weather stripped, average fit, 

double hung, wood windows. Thus, the equivalent crack 

lengths can be compared directly to determine the relative 

differences between exposures. 

The second attempt neglected interaction effects of 

the wind on adjacent surfaces but the third model included 

those terms in the following Iorm: 
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TABLE 9.5.16 

EQUIVALENT CRACK LENGTHS 
(ft) 

(Normalized to non-weatherstripped, average fit 
double hung, wood windows) 

Site Location Front Back Left Right Total - -
- ~ .CTSE Basement .17.31 30.2 20.2 34.8 102.5 KTSC 

ETSC Conditioned 176.1 156.5 -'- 332.6 

HTSG . Total 193.4 186.7 20.2 34.8 435.1 

-HSLG Basement 15.1 22.4 20.3 57.8 
Conditioned 158.6 162.0 58.7 379.3 
Total 173.7 184.4 20.3 58.7 437.1 

SRSG Basement 15.7 15.7 
. Conditioned 148.5 133.5 88.8 54.1 424.9 
Total 148.5 133.5 104.5 54.1 440.8 

KAWG Basement 27.2 26.4 10.1 63.7 
Conditioned 102.9. 45.7 148.6 
Total 130.1 72.1 10.1 212.3 

OAMG Basement 27.2 26.4 53.6 
Conditioned 102.9 45.7 148.6 
Total 130.1 72.1 202.2 

PAEG Basement 27.2 ·26.4· -10.1 . 63.7 
Conditioned 102.9 45.7 148.6 
Total 130.1 72.1 10.1 212.3 

-, ... -~ 
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INFP3 = So[Cr·APr+CB·APB+CL·6PL+CR·APR 

+(Cr+CL)APrAPL+(Cr+CR)APrAPR 

+(CB+CL)APBAPL+(CB+CR)APBAPRJ (9.5.8) 

In each of the preceedlng models, a consistency in Bo 

was desired but not found thus becoming the impetus for the 

succeeding model. 

The fourth model was developed as a simplification of 

the third model and only included the interaction effects 

which appears as: 

INFP4 = Bo[(Cr+CL)6PrAPL+(Cr+CR)APrAPR 

+(CB+CL)APBAPL+(CB+CR)APBAPRl (9.5.9) 

Again, a wide range of S for the various sites suggested o. 
that additional models be investigated. 

Next, a generalized approach of the previous models, 

three and four, was investigated by regression to determine 

the equivalent crack length on each surface. The objective 

was to determine whether consistent equivalent crack lengths 

could be predicted for similar residences. Thus model five 

.' had the following form: 

(9.5.10) 

By a similar argument, model six was: 
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:Obse~vation of the results of the above models resulted· 

:in~the decision to investigate the concept that the air in

·.filtration was. dependent upon the front crack lengths rather 

.tban·the sides or back. The seventh model was: 

(9.5.12) 

G.t, ~'Total equivalent crack length for the residence 

:Qbtained by summation of.all four exposures 

·Ct+CB+CL+CR 

A ·.more generalized approach was investigated in the 

:.next model: 

(9.5.13) 

Where ~~T and ~PW apply to the entire residence and the wind 

direction is not: considered or .. v_ect~~e.d to approp::oiat,e sur

~faces. The failure of the previous models, which inqluded 

wind directional effects, was the primary motivation to drop 

the directional concept. The results indicated that the air 
. 

infiltration could not be analyzed by considering winddir-

--ectional components as originally thought but that air in-

filtration occurs in a more general pattern which can be 
. .. 

~characte!"ized in these simpler models. 

An alternative to model pa was to consider the concept: 

of the exponent n being equal to two-thirds instead of the 

'.square root which produced: 
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(9.5.14-) 

The results of models pe and P9 indicated that the de-

pendence or interaction between the temperature and wind 

effects was not equal but more dependent on approximately a 

~:l or 4:2 ratio. These ratios can be theoretically formed 

by considering that air infiltration, due to temperature 
. . 

effects, occurs through all four exposures while the wind 

could only influence one or at most two exposures simultan

eously. An an initial estimate, a va~ue of 1.5 was selected. 

This approach should be weighted according.to the equivalent 

crack lengths on each exposure but the experimental measure

ments were not sufficiently detailed to allow the in depth 

analysis. Using these arg~~ents, the equations were modified 

to; 

(9.5.15) 

and 

(9.5.16) 

By now, some definite trends had been established in the 

regression results that indicated these last two models, 

P10 and Pll, were sufficient in their ability to predict 

air infiltration rates as accurately as any previous model 

and in some cases resulted in an improvement. 

One remaining modification was to adjust the ratio between 

the te~perature and wind effects from 1.5 to 12 based on the 
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theoretical consideration that the ~ximum resultant con-

dition of a unit wind velocity on two adjacent surfaces. 

Finally, the previous results between models P10 and Pll 

indicated that both were essentially equal in their ability 

to predict the measured air infiltration rates, so from a 

theoretical justification the value of n = 1/2 was selected 

to be used in the final air infiltration model wh~ch is: 

(9.5.17) 

Where 6 was determined as a statistical regression coefficient __ o. 

but was essentially a constant for any given residence style. 

The 6
0 

~ontains an estimate of the equ-ivalent crack widths 

for the various residences. Another way of visualizing Bo 

is to consider it a factor which accounts for the "quality" 
- -

of the workmanship L~ the construction 'of the residence. 

All of the physical models presented have only included 

weather variables as the indep-e-ndenf- p-arameters. - Thr-ee 

remainL~g parameters were investigated to determine their 

significance. Door openings and exhaust fan opera-;,;ion were 

included in the previous twelve physical models by the total 

amount of time that each was utilized during any hour. The 

third parameter investigated was gas cons~~ption to the water 

heaters, dryers and central, warm air furnaces for any hour. 

Again, the gas consumption was included where appropriate ~n 

all twelve physical-models along with the other parameters . 

The addition of these three parameters resulted in the . -
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followin~ e~~a~ion: 

(9.5.18) 

Analysis of the results at this level were further investi~ 

gated by residual plots to identify possible second order 
. 

efZects or cross correlation terms. 

A startling result was observed in the residual plots. 

The primary result was .the appearance of auto correlation 

_~ithin the ~easured data and t~e simultan~ous "absence of 
. 

suspected second order effects and cross correlation terms. 

The auto c~rrelation was observed at each site and consequently 

attributed ~o the instrumentation of the automated air infil-

tration ~easuring device. The auto 'correlation was then 

included as an additional parameter in the twelve physical 

mOdels •. The auto correlation was modeled as 'a straight lL~e 

for each t~~e period of data that was measured at a residence. 

Thus, ·the order of the auto correlation varied between re-

sid~nces depending upon the n~~er of time per~ods that 

measured data was collected. 

Adding the auto correlation term, machine effects, to 

the door openings, exhaust fan operation and combustion 

effects resulted in the full equation: 

n 
+B 2 ·Exh.Fan+B 3 ·Comb+ t S.·C.+M. 

i=l l. l. l. 
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Where: 

n 
1: 

i=l 

6i 
c. 

'J, 

M. 
J, 

a .. c . +M. = Machine Eff,ects 
1.' 1. 1. 

= Statistical regression 

= Index for time period 

coefficient 

= Slope of regression line 

'i'h~s completes the formation of the phYfiiical models as pre

sented in Equaltions 9.5.17-19. 

The final analysis of these three models is presented in 

Section'9.5.4 as a separate topic but the development of the 
., 
models to this level was ve~y dependent up~n the intermediate 

results of each step in the model building process. 

9.5.4 Analysis of Phvsical !1odels . 

~s a preliminary step to the analysis, a brief review 

of the measured data ~vill be presented to illustrate the 

ranges ~ld limitations of the independent variables. The 

average velocity of the wind was 5.25 mph with a maximum of 

20.7 mph. The mean dry-bulb temperature outdoors was 

45.5°F with a low of lS.30F and a high of 92.4oF. Mea?ured 

air infiltration rates ranged from 15 cfm to 489 cfm with a 

mean of 96.4 cfm. Exhaust fan operation was observed to 

obtain a maxim~~ time on of 56.1 minutes with an average of 

0.37 minutes. Finally, the maxim~~ gas consumption rate was 

95.3 cubic feet per hour with an average of 22.6 cubic feet 

per hour. Included in Appendix 9C is a graphical ,summary of 

these "ranges. The measured air infiltration rates for each 
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si~e was plotted as a function of the respective cean indoor-

ou~door temperature differences and the average wind speed. 

C~ each plot, the stanqard deviation of each variable was 

u~ilized as the criteria to establish an enclosed area 

re~resentative of the weather conditions that exis~ed during 

t~e time periods when measured air infiltration data was 

being collected. The maximum wind spee~ was also included to 

~dentify the upper limit of the measured data. A composite 

0: all the sites is presented in Figure 9.5.4. 

A summary of ~he statistical results of the 'physical 

models P12, P13 and P14 is presented in Tables 9.5.17 -

9.5.19. The detailed statistical results for each site are 

presented in Appendix 9D. The remaining analysis consists 

of interpretation of thes~ statistical results. 

". The first· observation to be made from the inspection 

of the statistical results is that the accuracy, ·rms error, 

of the physical models is approximately equivalent to that 

ob~ained from the linear models. In some instances, the 

lL~~ar models did produce a smaller rms error relative to 

the physical models but the improved general applicabil~ty 

0= the physical models completely overshadows the small rms 

er:-or penalty. 

...... 0 10 •• _ 

A second observation from the statistical results is 

relative stability of the regression coefficients for 

,articular models ... The maximum range of model Pl2 for 

s~~ilar style residences is 2.3 to 1 which is co~siderably 

9-98 

.. 

.. ~ , . . 

.. 

.. -



500 

1150 

400 

350 

-l: 
J... 300-u ...., 

-0<-

0 250-to I; 
I E-t to 

~ to 

E-t 200 ...l 
H 
J... 
Z 
H 150 

100 

.50 

0 
0 

'-
~-

a o 
HO) 

11-,0 
r: 

r;0) 
OH 
'n 0) 
~ 4-1 
1114-t 

·rf .,-f 
>'0 
0) 
'00) 

H 
'2 p--

111 1\1 
'OH 
r; 0) 
nJ P. 
fJ· E 
III 0) 

fJ -, 
0) 
r; r:: 
o Id 

0) 
III G 
;:1 
r; 0) 

.,-f .c:: 
EfJ 

10 

.. ". 

20 

fC e ~ 
4-tf:: 

0) 
f:: H o Q) 

.,-f 4-t 
f-JIH 
nJ·,., 

'rl '0 
> 
0) Q) 
'OH 

;:1 
'OfJ 
H nJ 
111 ~I 
'OQ) 
~ (I, 
m r:: 
fJ (i) 
III -p 

0) r; 
r; nJ 
o 0) 

a 
III 
::J 0) 
..-i.e:: 
p, f-t 

-v ..... 

plus one standard deviation from the 
mean wind speed 

. . ..... 

minus one standard deviation irom the 
mean wind speed . 

30 110 

AT (OF) 

-) 

50. 60 70 

FIGURE 9.5 .If,: COMPOSITE OVERLAY OF THE MEASURED DATA RANGES 



TABLE 9.5.17 

STATISTICAL RESULTS OF PHYSICAL 
MODE:L P12 

rms ." 

S r2 
error No~ ... 

Site. CV\ A/C Observe '. - ~ 

I l<TSC-Gas 1.~2· 0.905 3~.~ 0.2362 37 
KTSC-Elec 1.26 0.958 21.6 0.10~1 352 

! . 

ETSC-Gas 1.36 0.950 23.1 0.1250 91 
ETSC-Elec 1.21 0.882 37.1 0.1715 17~ 

CTSE 1.29 0.9~9 ·25 ~ 8 0.1036 50~ 

HTSG 2.77 0.83'9 ~3.6 0.3610 179 

HSLG 0.96. 0.916 30. O· 0.1270 157 

SRSG 1.0~ 0.728 56.9 0.2321 226 

KAt-lG 1.1~ 0.913 32.1 0.1~~5 3·0 

OAMG 1.57 0.8~5 ~l. 7 . 0.2112 39 
.. 

PAEG 2.65 0.941 25.0 0.2052 90 

9-100 



TABLE 9. 5 .18 

STATISTICAL RESULTS OF P"dYSICAL 
MJDEL P13 

• nns 

· 60 ~ 62 63 r2. 
error No. 

Site CV% AiC Observ • 
... .. ' .. , la'SC..:(;as 1.77 -36.69 3.58 -1.79 0.9~6 27.0 0.1775 37· • 

KTSC-Elec 1.25 3.03 -0.02 0.00 0.958 21.6 O.lO~ 352 

mc-Gas 1.37 -0.08 0.00 0.00 0.951 -22.9 0.l229 91 
ETSC-Elec 1.23 -0.30 0.00 0.00 0.888 36.4- 0.1676 l74-

C'I'SE NOT APPUCABLE - mmcaJPIED 

HrsG 2.77 0.94-
. 

-3.28 0.00 0.843 43.4- 0.3572 179 . 

HSLG 0.85 -0.04 0.42 0.69 0.927 28.2 O.liBS 157 

SP-SG 0.71 1.34- 9.71 0.84 0.775 52.1 O.2111 226 
- . 
~ NOT P. VAIlABLE 
-

QAM3 NOT AVAnN3LE 
..• - -

PAEG NOT AVPJ.lABLE 

o 

-. . 
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TABLE 9.S.19 

. ~-S'!ATISTICAL RESULTS OF P"rlYSICAL 
. MODEL ?14 

Si"t~~ -
lttSC~ 
la'SC-Elec 

EI'SC-Gas 
:ersC-Elec 

etsE·: -

H'rSG

HStG· 

SRsG:"'~ .. 

13-0 -.~ -
2.19 . -66.14 
1.15 2.25 

0.74 -0.02 
0.42 -0.,15- . 

0.84 - ~ 0.00 

1.24 -0'·0.72 

0~37 .. ~0.08 
.. 

0.17 - - 0:83 

:132 133 

4.38 -0.64 
0.19 0.00 

0.00 0.00 
0.00 0.00 

0.00 0.00 

-1.01 0.00 

-0.34 0.17 

'8.29 0.58 

l<WAG -!: ~ ~ ··NaI' AVPJ.!..MJU'. 

OAMG .. - -'.- . -, . -:: .~ AV~U. 

PAt(;:·· . - .~- - .::~:. -:. :- ~NOT AVPJ.J..J..BII. 

-:. -: -: .: :: . -... ::-:.::':. .. -. - . - -- _ .. - . 

- - - ... ----- .. --

-.. -.:. .. 

:..:::.:. ... :.~:-::.... .. - _. . . . ... 
-.- -----. 

.. .... - '. -- ---------- ... 

- -....... - .. 

- ..... .... - -- - '. 

Machil'le 
r2 Effects 

1· 0.964 
4 0.968 

1 0.965 
4 0.946 

6 0.980 

2 - 0.875 

·2' 0.954 

3 0.912 

-... 

. . -.. - - .... - . 

--- .. -_ .. -_ ... -.' .-. ---- ... _ .... _ .. ---- .. --
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nIlS 
error No. 

CV%' Ale Obselv. . 
c. 

22.7 0.144$ 37 
19.2 O.OSlO 352 r •. 

19.7 0.1049 91 
25.9 0.ll66 174 

16.6 0.0657 504 

39.1 0.3184 179 

22.7 0.0967 157 

'33.0 0.1318 226 
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less than the near 20 to 1 ratios of the linear models. This 

improved stability reinforces the exceptance and application 

of the physical model approach. 

At this point a final physical model must be selected . 

fron among the three proposed. The criteria for selection 

of the final model was self conflicting. First, the model 

should be the most accurate in its capapilities to predict 

the measured air infiltration rates. Using this criteria, 

model Pl4 would be selected because the overall accuracy was 

best based on the highest -r2 values, ·minim~~ CV and rms 

errors. However, the increased comp-lexi ty of model Pl4 

relative to Pl2 ~~d Pl3 became the second criteria. 

Model Pl3 was slightly more accurate than Pl2 but again 

was more complex to implement. Thus, U$ing the criteria of 

reduced complexity results in th~ selection of model P12. 

In order to resolve this dilemma, further investigation ~s 

required. 

It is expected that any model will be L~proved ~s 

additional variables are added. Consequently, the question 

arises whether the improvement from model Pl2 to Pl3 and 

Pl4 is attributed to the fact that additional variables' have 

been included or that the variables are indeed explanatory 

and statistically significant. Inspection of the results 

indicates that the answer is not clearly resolved. At 

certain sites, the additional variables in models P13 and 

P14 are not statistically significant as determined by ~-
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ratio or t-ratio tests even though the overall model is ~ore 

accurate. 

A point of clarification is required as to the inter

;>retation of the meaning of statistically significant. An 

example will best illustrate the meaning. Two of the variables 

included in model Pl3 relative to model Pl2 are the exhaust 

. fan operation and door openings. vfuen these two variables 

are determined to be statistically insignificant it only 

means for those specific conditions that were measured and 

included in the data for .analysis. .This does not imply that 

.. they may never be significant: It is a well known fact that 

air infiltration rates increase by a factor of 2-4 air 

changes if doors and windows are left open for an entire hour 

interval. A similar argu~ent can be presented for continuous 

operation of an exhaust fan. The point is, that the duration 

of these events, as recorded in the measured data, were not 

of suffici~~t duration to become a statistically_sig~ificant 

factor in some cases. This was expressed earlier with an 

average exhaust fan operation of 0.37 minutes. Even though 

the variable is not statistically significant over the entire 
. 

data set and cannot be justified for inclusion into the 

model, it could be very significant for a particular hour 

but will still not be included. 
. ., 

A second argument arises concerning the distinction 

between models Pl2 and Pl3. The inclusion of the additional 

variables resulted in only a marginal improvement in model 
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P13 over P12 as interpreted by the r2, CV and rms error 

values • 

. Based on the two pt'eceeding arguments, modelP13 was 

set aside and a comparison between P12 and P14 was completed. 

Wit~out question, model P14 was a more accurate model, as 

determined by r2, CV and rms error, but it suffered from 

increased complexity. Specification of up to ten regression 

coefficients would be impractical from the standpoint of . 

imp lamentation for the additional 5 to 15% increased accuracy. 

Therefore model P12 was selected as the final form of the air 

-Infiltration model. 

The general characteristics of model P12 for various 

combinations of temperature differences, wind speeds, equiva-

lent crack lengths and residences styles are presented in 

Figure 9.5.5. The entire-range of air infiltration rates 

can be adjusted for the appropriate 8
0 

to account for higher 

rates. At a specific site, th~.80 s=,an be interp~eted as a 

factor which accounts for the workmanship of the construe-tion. 

This is indeed a broad fac~or and could contain the potential 

for a large value but the statistical results of the measured 

data indicated a re'latively stable value with a maximum range 

of 2-1/2 to 1. It appears that this factor allows for con

siderable approximation as to the accurate prediction 

capabilities of the model when applied to a non-research 

residence. This fact cannot be denied in the extreme case 

but the advantage is twofold., First, for seven of the ~ine 
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s:' te's, the. range of 8
0 

for simila::' residence styles was only 

1.38 to 1 and 1.07 to 1. The relative stability of these 
;';'";1 

ra~ios was ve:-y encouraging. Second, the model contains a u . 

;~pr~cedure for the prediction of air infil trati?n rates under 

i • varying wea~he:- conditions "lhich is absolutelt essential 
~ } 

fo~ accurate load and energy analysis of a ~~sidence. These 
;~ .:t • 

. I I o· . f 
{;~~ fa.cts support the advantage of tl1is. ph¥sical model ,approach 

r~lative to line~ mo'dels. I ' 
" i , i Another advantage of the physical Il+'6de~l relative to the 
~ l . 

i;';~ 1 J . 1 '. h b ~ l' A&~ ./ ff" 
(':;.1 l.near moae s, ~s t, e a sence oJ. a ea~~ng/ coe ~c~ent or 

». . I' ' 
.. g '-. *"> - 'f . 
c~nstan~. ~n'thep~ysical model, th~fpridicted air inf±l-

Ja:tion~;a~;s'IBe~@ne zero as the dr~i6g potentials go-to 
""',i·. II) I 
t: ztro . fJ'i~w'l;i ~~lus"trated in n,t."" 9.5.5 where all the 

z~:'o ve~!jci'ty 1;tu4~ pass thr'oUgh/~ro. An interesting I ~' . 
o.qrestion then arises re~ative fP,Ithe investigation concerning 

M the ma·gfi'i t';l,.:{de of t, he leading/.,Moefficient or inte.rcept as 
I he> '0'> 1'1, ti¢ 

plresen'd!d ~ the il.inear modt~ls -in Section 9.5.1 .,and Figures' 
~.. ,~~~ ~ j ~ . ..} .--. ••. " .... #> I .. . no: 
, ~ ~ lO I 

C), 1· 5 .1. aj!i1d §<. 5.2. I:;:For COtlJ.'Parison purposes, the ~hYSiCal model 

V~ ,as applied to the SaInJl weather conditions as w~;S 1'resented 

*n Figure 9.5.1. NO,' that the temperature differences were 
I /. ~ 

~nlY3°F to ,~OF asia minimum. A plot of t~e ph~sical model 
6 jp,'" " ... ,rc. . 
M fS presented ~~?tigure 9.5.6. The dashed line ~s a least 

Fquares S~Z:~ht line fit to the physical.modelilfor the same 
i ."J':lr"!'" I' ~., 't . 

Fe:::J.?er .. ~~r'e ~,differ'ence r'ange that was used in %be linear model. 
""'" I' ;;:~1 ~m--- ~ . ' d :le-pnY1iri'c:.a1.~~t5ae'l:·"whe'n-":C-i"'noeu'~iz,ed",,,,p.r..od~,C,t;,d".>99"n,.,.,~~e rc e pt 0 f 

i,e • .' 0 C\J 0 . O.! 
~~ ~ ~ 

Q.2197 air' changes which compares with {1e 0.1187~9btained 
Tt~ l T ~-j T rf'tl"f .,., l"\t,., (" ,~ .... ·v r' ,' .... ,.,~,,~.J •• ,;) , ..... ,lud , Lt.h) 
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in the linear model. Thus, the physical ~odel predicts 

essentially the same air·infiltration rates for the given 

temperature differences but then predicts zero air infiltra

tion if the driving potentials become zero. 

The last arg~~ent based on the physical model was the 

capability to distinguish the effects of combustion within 

a residence. Unique to this protect wa.s the changing of the 

~eating systems in two residences from forced air gas fur

naces to electric heating systems. During each period of 

the various systems operation, air i~filtration rates were 
-. 
measured. Model P12 was then used ~o analyze the data and 

the results are presented in Table 9.5.17. The ratio of, the 

Bo coefficient between the gas and electric systems for KTSC 

was 1.127 to 1 and 1.124 to 1 for ETSC. These ratios indicate 

that the air infiltration-rates'of the residences were 12.7% 

and 12.4% respectively higher with the gas system relative 

to the electric systems. This_statement must be_qualified 

due to the measurement procedures employed on this. project. 

The air infiltration rates were only measured within the con

ditioned space of the residence, which excluded the basement, 

because ·the furnaces and ductwork were located in the base-

ments. The basements were not considered as a part of the 

conditioned space because the space conditions were not 

maintained directly by the heating systems. Consequently, 

the air infiltrati~n rates between the gas and electric 

systecs may be further separated when the air infiltration 
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~ates into the basements are considered. The basement air 

in=ilt~ation rates have been considered, from an analysis 

procedu~e as opposed tQ direct field measurements, and the 

results are presented in Chapter 12. _. 

Again, the relative consistency in the statiscical' 

regression coefficients for the gas heating systems, 1.42 

an·'i 1.36, indicate that the physical mQdel is sufficient for 

use as a predictio.n model of air infil~ation rates. 

Comparisons of measured air infiltration rates and 

the results of model Pl2 for various seasons of the year are 

presented in. Appendix 9E. Auxiliary plots at the top of 

each figure illustrate the hourly weather condit~ons that 

existed when th~ air infiltration rates were being measured. 

The deviations between the measured and simulated values 

are not as large as indicated on the plots because the measured 

.data needs to be adjusted to account for the auto correlation 

due to the measuring device. -This' e~Iect is clearlY'demon

strated in Figure 9.E.6 where the bottom simulated line was 

obt~ined from model P12 and the top simulated line include 

the auto correlation effects. 

9.5 Results and Conclusions 

The results of this research on air infiltration must 

be evaluated relative·to two criteria. First, the results 

must be compared to the measured data to determine the 

applicability of the model and the resultant accuracy. As 

an extension to this concept, the model must also be evaluated 
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for its ability to include the effects and interactions of 

all the parameters that were identified in the literature 

review, Section 9.3, as being significant. This criteria 

is absolute while the second criteria is relative to con-

temporary research results. The results of this research 

were based on the measured air infiltration rates of nine 

residences over a one year period~ This fact is not impres-

sive because numerous researchers have used one or more 

years but the significant difference is the quantity of 

measurements made during the y~ar. Typically, the researchers 

have only obtained from 4 to 25 hours of data froQ 2 to 20 

residences. As the number of residences increased, the 

quantity of ~easured data decreased. This is not Lltended 

to be a criticism of the previous research b~t just an obser-
. 

vation which is easily unders~ood because of the manual data 

acquisition system employed. Conversely, the automa~ed' pro

cedure employed on this proj ect- was ·ca-pable of measuring air 

infiltration rates continuously. This fact accounts for the 

solid 1879 hours of data collected on this project. Based 

on these two criteria, the results of this project are ·a 

. significant improvement relative to previous research. 

Although this research has made a contribution to the 

modeling of air infiltration rates it is not the final 

answer. Numerous assumptions were made during t~e develop-

ment of the air infiltration model and each assumption could 

be either experimentally confirmed or denied. 
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Specific ~onclusions that can be stated from the research 

revolve around the results presented in the analysis of 

Section 9.5.4. The model accounts for indoor-outdoor tem-

perature differences, wind speoed, neutral zone, cracks, the 

interaction of temperature and wind effects, gas versus 

electric heating systems and evaluated exhaust f~ operation 

and the effects of.door openings. as par~eters in the pre-

4iction of air infiltration rates. Although this list is 

not complete it includes a majority of the parameters iden

tified in the literature review. 

The influence of gas heating systems relative to electric 

heating systems was a 12-1/2% increase in the air infiltration 

rates to the conditioned space. Further research is required 

to determine the magnitude of the differences in the air 
, 

infiltration rates into tne basements with the two differ~nt 

systems .0 

Finally, the conclusion must be-stated that a computerized 

calculation procedure for the prediction of air infiltration 

rates into a residence with varying weather condit~ons has 

been completed. The results of this model can be utilized 

in the calculation of the load and eOnergy requirements of 

a residence, which satisfies the original objective in 

performing this research •. 

9.7 Recommendations 

The recommendations from this research fall into two 

areas. First would be improvements in the data acquisition 
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procedures and second would be in the analysis. 

The data acquisition procedure could,be improved by 

developing a procedUre to replace the strip chart recorder 

to expedite the data reduction procedure. A more significant 

improvement would be to incorporate the capability 9f increasing 

the sampling rate of the device. This would allow for a more 

detailed investigation of the short dur~tion effects, such as 

door openings and exhaust fan operation. 

From the analysis viewpoint, improvements could be 

realized if the air infiltration measurements were supple

m'ented with simultaneous measurement"s of exterior and interior 

pressure differences and distributions, boundary layer wind 

effects, and interior air flow paths. These measurements 

should be on a time basis 'significantly shorter than the 

hourly intervals utilized ·on this project to determine 

whether the flow is steadY7stateor is characterized by 

pulsations and eddy flow. 

Implementation of t~ese recommendations would provide the 

rese~cher with the supporting data to analyze the assumptions 

made on this project and suggest the inclusion of additional 

term or il"lteractions which would improve the model • 
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AP?ENDIX D 

PARTIAL LIST OF RESIDENTIAL MODELS 

Open .Window 

Source Model Correlation 

Dick/Thomas (G.B.) INF = A+BW+C (n+l.4m) + D(n+l.4m) yes 

_ Di~k/Thonas' (G. B.) INF = (A+Bn) W when w2;, AT> 3 yes 

INF = (C+I>n) (L'1 T) 1/2 when w2/ L'1 T<3 

Bahnfleth/Mosley/ 
INF = A+BW~CL'1. T no 

an~ Harris (U.S.A.) 

Achenbach/Coblentz , 
INF = A+BW+C A '1' no' 

(U.S.A.) 

Laschober/Healy INF = A+BWt. +CL'1 T 
no 

(U.S.A.) INF =A'+B'WL +C' II T + D' • EG 

Taurnra/Wilson (Canada) 

Jim'1ard (Australia) NF = f (wind velocity, chimney no 
openings) 

Elkins/toJensman NF = (A-B9)W 0 no 

(U.S.A.) 

.. 
Hunt/Burch (U.S.A.) NF = A +Bll T no 

NF = C~ T 1/2 , 

Hittman Assoc. (U.S.A.) NF = A + BW + Cll T I D.O 

.;. ....... 

Data Base 

20 hC.'"les 

8 homes 

2 homes 

10 homes 

2 homes 

2 homes 

6 homes 

2 homes 

1 townhouse 

.,' 

~ 
I t ... ~ 

f 

. 

COllUllents 

n=mean * of open v' 

WL = long s ide wine 
concept 

EG = +l,-l(gas or 
electrit 

Lab set up-no ,-:lnci 
. 



Source 

Malik (U.S.A.) 

Hittman Assoc. 

(U.S.A.) 

Hartman (Sweden) 

Ohio State University 

(U.S.A.) 

APPENDIX D (Cont'd.) 

Model 

INF = A+B·W·COS (e - eo) + 
C AT + DG + E·B + F*·F 

INF = O.A •• (A + B AT + CW .66 

Ze· ~ • (A + B·W/ + CAT) 

INF + A + B (A T) + C (Vel) 

INF = A + B( AT) + C(SF.Vel)2 

INF = A + B(A T) + C(Vel)2 

lNF = A + B(A T)1/2 + C(Vel) 

INF = A + B(A T)1/2 + C(SF.Vel)2 

INF = A + B(A T)1/2 + C(Vel)2 

INF = 0.1187 + B(A T) + C(Vel) 

INF = 0.1187 + B(A T) + C(SF·Vel)2 

INF = 0.1187 + B(A T) + C(Vel)2 

INF = 0.1187 + B(A T)1/2 + C(Vel) 

INF = 0.1187 + B(A T)1/2 + C(SF·Vel)2 

INF = 0.1187 + B(A T)1/2 + C(Vel)2 

Open Window 
Correlation 

no 

no 

yes 

no 

Data Base 

2 townhouses 

6 houses 

6 houses 

3 apts. 

~"~ .. 
.1 ~ 

Conunents 

F: Front Door Openinl 

B: Time Basement 000 
is open 

G: Gas Consumption 

O.A.= Orifice 
coefficience 

= orifice area 
room volume 

Occupancy factor, ~ 

Corner coefficient, ~ 

SF: wind direction 

See Appendix C for 

statistical 

significance 

and correlation 

coefficients 

.,' ( 
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Open Window 
Source Model Correlation Oat •. Base Comments 

Ohio State University 14 physically-based models in 

(Cont'd.) Appendix C: best according to authors 

INF = ~oCt { 4 APt + !.taPw Ct: crack lengt 

. 

\ 



Source 

Shaw-Tamura (Canada) 

National Bureau of 
Standards 
(!J.S.A.) 

University of Glasgow 

(Scotland) 

Construction Engineering 
Research Laboratory 
'(u. S. A.) 

International Heating & 
Ventilating Engineer 
(London) 

_. ------.. ~ .--_.,- .• \._._. --- - ._--_ ........ _- --. ---.. ---- - --- --~.-----.-

APPENDIX D (Cont'd) 

COMMERCIAL BUILDINGS 

Model 

Stack: Qs = CwS §.52 (~h nw n +1 
y P Ti To jJ (n+l) w 

nw+l 

Wind: Qm = 5.375 x 10 -4 a Cw LHl •435 V 1.30 
. 5 

Total: QLRG = 1 + 0.24 rnSml] 
IElrg 

See Appendix B 

See Appendix B 

3.3 

INF = INFdesign x schedule x (A+BDT+CW) 

NOl>IOGRAPHS 

" 

Open 
Windows Comments 

1 per 

facade 

no 

? 

no 

no 

'. .. 
• 

See Appendix B 

Based on Sander/Tamu~ 
model 

Details unavailable 

Schedule based on 
occupancy; INF 

design 
is inputted by user 

Design criteria 
primarily 

, .. 
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No. 2459 

THE CALCULATION OF AIR 

INFILTRATION RATES CAUSED 
BY WIND AND STACK AC-rION 

FOR TALL BUILDINGS 
C.Y.SHAW G.T. TAMURA 

Member ASHRAE 

The' air that leaks throu1!h cracks and openiJlg~ in a hui hlillg cllvelopC' l'lJntrihlltl's to thl' IH..-at iJl~', 
and cooling loatls of a huilding, Because its cOlltrihlltion to tilt· total load.~ \":m 1)(' 'I"itC' 
large, ac~uratl.: estimate'S of infiltration rates nrc requiretl for proper si:in~ (If 11\':\( :-:ystems 
and :In:lly:in~ the perform:lnce of various energy conscn'ation lae'aStlrl':-:, ,\t presl'nt, methotls for 
calculating infiltration rates arc either over simplified with p0c sihle attendant large errors 
or very cOI!lplicated involving the use of a computer DIotiel b!li Itlin!!. 

A ml'thotl for l:a~lating the air infiltration ratl' l:ausetl hy stack :Ictilln "as ~iven in a 
prevfous :\SIII: .. \[ papet:lhy the authors. For this papl'r. it was neccss:lry to tle\'elop methotls for 
c:llculating infiltration rates caused by .;ind action :1Ionl' anti in cOliihination ',ith stal.'k action, 
A literature sear~h for suitable wind pressures DIC'asurcmcnts for air infi Itr:lrion calculations 
revealetl that investigations of,.ind pressures on tall huiltlin!!s ha\'e heC'n t1irl.'ctl'!.l'almClst 
exclusi\'ely to improving structural load calculations "ith mt'''!<lIn'ment~ cOIKcntrateu Oil those 
areas of the "all surfa.:es likely to be exposed to the !!rt':lt('st ,dntl pr('ssul'e~. ,\!< .lil' C:1Il 

leak through any part of exterior wails, detailed inforr.lation on the tlistrihution uf ,.intl pres
sures is required for infiltration calculation, 

Recently, the ~ational Aeronautical Establishment of the ~ational Researdl Council of 
Canada (~RCC) contluctetl extensive pressure meaSUTC'rnents on it tall hui luin~ modC') in a houndary 
layer wind ttnn('1. Wintl prC'ssure data from this investigation ~ere mauc availilhlc to thC' 
authors anti, with the aid of a computer model buildin!!. proccdures for calculatin~ air infil
tration rates were developed, 

WINO TU~~H PRESSURE ~IEASURE~IE~TS . ;1: 

Wind pressures on the surfaces of a plexiglass model representing a huilding 100 ft (31 m) hy 
ISO ft (~6 m) and 600 ft (183 m) high at a 1 :400 scale. were measured in thc b ft (l.R3 m) br 
9 ft (2.74 m) ~RCC '"ind tunnel, The pressure taps on the model "ere distrihlltl.:tI hori:ontally 
at the one-third and two-third heights for the four walls anti vertica~ly along the centerline 
of two adjacent "a11s (Fig. 1). 

The wind veloc~ty ~file for a full suburban boundary layer was simulated according to 
the following equatlo~,/ 

(1) 

where V! is the velocity at height Z above ground and K is constant. The velocit~· profile was 
developed in the tunnel using an upstream array of spires. No blocks were usetl to simulate 
ground rourhness. 

The model was placed on the turntable of the "orkinr. sect ion and was rotated 180 deg wi th 
f" a set of pressure readings takcn at each .15-deg increment. TIley were converted to pressure 

'-
C.Y. Shaw and G.T, Tamura arc research officers, Energy and Services Se~tion, Division of 
Building RC'search. ~ational Research Council of Canada, Ott~,,'a, K1.\ ORb. 
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coe((icirnts related to the wind v-,locity ilt the roof level using the following (',\\lation 

o p 
c =

JlZ r \'t 

.. here .-
c " pressure coeffici cnt at height Z 

Jl: 
p • Jlressure at height Z referenced to that of the frel' air ~t ream 

Z 

p " velodt)' pressure at roof level 
vt 

The di~trihution of wind pressure coefficients for the two hori:ontal levels for ",iud . 
angles of () and ~5 de~ with respect to the normal on the. long side ~urface arc )!ivcn in Fig: .., 
It shows that they are less than unity and that they vary on the wind~ard wall and arc almost 
constant on the ~~de and leeward walls. 

Factors relating the mean and the centerline pressure coefficient~ wen' caklliated for the 
two ievels and applied to the centerline pressure coefficients for other levels to ohtain the 
vertical distrihution of !:lean pressure coefficients for various wind an"dcs sh()l~n in Fig. 3. 
These values were applied to the computer model huilding to develop prucedures for air infil
tration calculations. It was assumed that the pressure coefficients can he applied to 
buildings with width to length ratio of 1:1 to 1:2 (wind tunnel model was 1:1.5) and to 
buildings of any height. 

CO~IPUTER ~!ODEL BU I LO I /l:G 

Pressures imposed by wind an~ temperature difference forces are distrihuted inside a huilding 
in such a way that for steady state, air inflow and outflow for individual compartment~ arc 

, always equal. Hence, for a given outside condition, the patterns of pressure difference and 
• (_air ~eakage ~epend on the flow resist~nces of all the separa~ions. ~Iodeljng a hui Idin).! 
,~rcqulres aSSIgnIng values of flow reSIstances to the separatIons. 

An open floor office building 100 ft (3l m) by 150 ft (46 m) and a floor height of lU ft 
(3 m) was used as a basic model as shown in Fig. 4. lne major separations of the model arc the 
exterior walls, walls of vertical shafts and floors. The leakage areas in til(' major separations 
for each stOll' I,ere lumped and represented by flow coefficients (sec rig. ~) I,i.ich I\'ere b~lse~ 
on the average values obtained from tests conducted on several tall buildings by the author~ 

where 

The flow of air through a leakage opening can be represented hy 

Q C (toP)n 

Q = air leakage rate, cfm (m 3/s) 
C = flow coefficient, cfm/in. of watern (m 3/s Pan) 
6P = pressure difference, in. of water {Pal 

(3) 

A flow balance equation can be set up for each compartment in the moJel using Eq. 3. Given 
the values of outside pressures, all inside pressures can be solved b\' iterative calculations; 
hence, pressure difference and air leakage rate for all separations can he calculated. The 
mathematical model and the computer program used for this paper arc given in Ref 4. 

RESULTS A~D 0 I SClJSS IONS 

Computer calculations ~ere conducted for building heights of 10, 20, 30 and 40 stories and widt~ 
to length ratios of 1:1,1:1.5 and 1:2 for wind acting directly on the long wall. The effect 

{~ of changing the wind angles were investigated on the ~O-storey model. 

~Air Infiltration Caused bv Kind 
( 

Pressure differences across the exterior walls ohtained from the computer results ",ere. 
nondimensicna,Yi·:ed by dividing them by the wind velocity pn'ssure at ~~e roof le\'el. For the 
purpose of this paper, they are referred to as pressure difference cc::-fficient (C,!,). The 
vertical distribution 01' pressure difference coefficients ,for the fo\.;. walls for f .. ind angles n. " .... ",1.1>: L ... , ., •.• ~ ,-·h,.,~.'n ,,, I~~.., c: 1:, ....... ,"n,n,,·,,·io.:.,n thl" w;"d n''"''''':'C:;I·-n I'".-- .... ("; .... ;.'ntc (r , frnr.l 

.. 

• 'w 



: . 
[ ."" .. t 

y 'rEte c ... dfilhL ~ __ toill-,.,t __ -
gJ\Fig. J are also shown as dashed lines in Fig. 5. For wind angle of 0 d~~ (normal to the lon~ 
~all) the Cp curve-s are shifted to ~he right with v3lues of Cp greater than ep for the windward 

.. wall and le!;s for the leeward and side walls. For wind angle of .$S dec tht' values of Cp and Cp 
are almost identical. The values of C~' relative to those of (p vary ~ith ~ind direction as th~ 
former are referenced to the inside pressures which adju!\t to maintain a halant.:c of air inflO\~ 
and outflow . 

.At any level, the sum of the absolute values of Cp of tht' windward and lecIOard or windward 
.n~ side walls we~e about equal to those of Cr' Also, a~r flow inside ~hl' .",odel hui ld~ng. wa~ 
malnly from the w1ndward to the leeward and Side walls With less than S. uf the total Infil
tration rate in the vertical direction from the central portion of the hui hling to the uppcr 
and lower floors. It would appear that eat.:h floor hehaved indcpendl'nt Ir and (,:1n hc tre:1t('d 
separately ~hen considering infiltration caused by wind action aloll~. 

Fig. 6 shows the pressure differences across the four walls \\ith t.:hilngcs in wind dir('ction 
for the model building with width to length ratio of 1:1.5. The), arc expressed as thc r:1tio of 
Jhe pressure difference across the exterior wall over that of the long wall with wind hcling 
normal to that wall (Sidc 1). The ratios can be estimated from the follOl,inC c41uations ohtailll'J 
by curve fitting. 

where 

Side 1 

-Side 2 

Side 3 

Side' 4 

APe I 
-..::.L:. = 
liP 1 0, 

APe 2 
liP '1 = 

0, 

-0.0139 + 1.0 

0.01650 - 0.4 

APe,3 J-0.005e - 0.14 for 0 < e < 4S 

liP 1 1 0.0030 - O.S for 45 < e < 90 _ 0, 

APe,4 e (0.068e - 6.91.$) _ 0.388 
liP -1 = 

0, 

e = wind angle measured counter clockwise from normal of Side I, de~ 

liP 1 = pressure difference across wall of Side 1 with 0 = 0 deg 
0, 

(4) 

(5) 

(6)' 

(7) 

APe,l' ~P0,2' ~Pe,3' ~P0,4 = pressure differences across walls of Sides I, 2. 3, and 4 for 

- wind angle = a 
The pressure difference across the long wall (Side 1) is maximum when 0 = 0 dcg and decreases 
linearly with wind direction to zero at e = 75 deg. The pressure difference acro~s the short 
wall (Side 2) is zero at e = 25 deg and increases linearly to a maximum value at 0 = 90 deg. 

• Thus, as the wind angle changes from 0 to 90 deg, air infiltrates through the long wall from, 
Oto 25 deg, both the long and short walls from 25 to 75 deg and t~e short wall from 75 to 90 
~eg. 

r ,.. 
. '., 

Fig. 7 shows the variation in infiltration rate with changes in wind angle and expressed 
as a ratio Q~/Q where Qo is the infiltration rate for a given wind angle 0 and Q is the long 
side infiltrati8n rate with 0 = 0 deg. They are given for width to length ratiosoof 1:1, 1:1.5 
and 1:2. Infiltration rates for any wind angle can be estimated from this figure knowing the 
infiltration rate of the long wall with 0 = 0 deg. It is seen that the maximum infiltration 
rate occurs when the wind direction is normal to the long wall. 

Fig. 5 shows that the pressure difference coefficient, cp! varies with height above ground . 
To simplify calculation of infiltration and exfiltration rates with wind acting normal to the 
I~ng wall, mean rre~sure d~fference coef~i~~ents',C~m' were cal~ulatcd by solving for pressure 
dIfference, 6P, In ~q 3 uSing ~he total Int11trat10n rates obta1ned from the computer model 
results. The values are 0.96, - 0.13 and - 0.38 for the windward, leeward and side walls 
respectively. 

, 

) 
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The '''3Iues of ( anti Cp discussed so fdr are related to the wind !;pccd at the roof level. (0 They can be cxpr~sseR in tems of the meteorological wind speed by using the follol.ing equation: 

V
t 

= mean wind speed at top of building, mph (m/s) 

Zs E anemometer height at the meteorological station, ft (m) 

Vs mean wind speed at height Zs at the meteorological station, mph (m/~) 

G a gradient height at the meteorological station, ft (m) 
s 

H = hcight of building, ft (m) 

G • gradient height at building site, ft (m) 

Letting Zs. Gs and G be 3:! ft (10 m), 900 ft (274 m) and 1500 ft (457 m) re~pccti\'CI)'~hc 
ratio of Vt/Vs is given by the following, equation: 

~t = 0.142 "1/3 
5 

Note: When 51 units are used. constant 0.142 in Eq 9 is replaced by n.:!ll. 

t.P 

(8 ) 

(9) 

~ With (pm = __ m_ and using Eq 9,the mean pressure difference equation with wind acting 
;pVc2 

normal to the wall was developed: 

(10) 

where 

APm = mean pressure difference. in of water (Pa) 

B = ).30 X 1O-1t p C' (The values of C' are given above; pair densitr, lb/ft 3.) pm pm 

where 

The values of B assuming p = 0.075 Ib/ft 3 are as follows: 

windward wall 

leeward wall 

side walls 

B ' 
9.33 x 10-6 

-1.27 x 10- 6 

-3.64 x 10- 6 

The infiltration rate for a given wall can be calculated by 

Q ~ C A (~p)O.65 
w 

Q = infiltration rate, cfm (m 3/s) 

A. = wall area, sq ft (m 2 ) 

Cw = flow coefficient, cfm/sq ft/(in. of water)0.65 (m3/s/m2 PaO.
6S

) 

(SI Unit) 

(0.0256) 

(-0.0035) 

(-0.0100) 

(11) 

By substituting ~Pm of Eq 10 for ~p in Eq 11 and applying a factor ~ for wind direction, 
the infiltration equation is as,fol10ws: 

I , 

'. 

.. . , 
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" -; . 

~ • 5.375 x 10-"aC
w 

L111.435 V 5 1•
30 

eWhere 

~ • infiltration ratc caused by wind, cfm (m3/s) 

Q • Qe/Qo (values from Fig. 1 for various wind angles) 

C • flow coefficient. cfm/sq ft/(in. of water)n.b5 Cm 3/s/m 2 raO. 65 ) 
w 

L • length of wall, ft (m) 

" c building height, ft (m) 

V • wind sp~ed at weather station, mph (m/s) s 
Note: When S1 units arc used, replace constant 5.375 x 1O-1t in Eq 12 hy O.1l9:!5. 

(l2l 

Maximum infiltration rate occurs when wind is acting directly on thc 10nK wall with a = )./1. 

Suggested values of Cw for curtain wall construction with scaled windows arc as fOllOWS~ 

Tight wall 

Average wall 

Loose wall 

Masonry wall * 
~ * Measurement on one masonr)' wall building-\..) 

Cw 

0.22 

0.66 

1.30 

4.00 

(SI Unit) -

0.31 x Ill-It 

O. ~J3 X HI-It 

1.83 X 1O- 1t 

5.63 x 10-1t 

The selection of the air tightness value for a curtain wall depends mainly on the joint 
r~:~design and workmanship during building construction. Air leakage tests on scv('ral huildings 
~SJindicated that the exterio~ walls constructed with close supervision of ~orkmansl,ip c~n be 
, expected to have low leakage rates. 1 

Example 1 

Calculat( total infiltration rate caused by 20 mph (8.94 m/s) wind mcasureci at a weat~er 
station with wind acting directly on the long wall of a building 100 ft (31 m) by ISO ft (46 m) 
and 200 ft (61 m) high. The air leakage value of the exterior wall is Cw = 0.66 (0.93 x 10-1t). 
The building is located in a suburban terrain. 

from Eq 12 

~ = 5.375 x 10-1t x 1.0 x 0.66 x ISO x (200)1.435 x (20)1.30 

= 5240 cfm (2.47 m3/s) , 

The corresponding leakage rate obtained from the full computer model was 5356 cfm. 

The infiltration rate for other than wind acting normal to the long wall can be calculated 
using values of a in Fig. 7. For example, with wind angle of e = 45 deg the value of a for 
width to length ratio of 1:1.5 is 0.88. 

Therefore 

~ = 0.88 x 5240 = 4611 cfm (2.18 m3/s) 

4690 cfm (computer result) 

Nearby structures can affect wind pressures around a building. To inv~igate this effect 
on infiltration rate, wind pressure coefficients Riven hy Bailey and Vincen~were applied to 

) 

) 

r-~;the computer model building. Results indicated that with the height of the shieldin~ building )' 
~of one-third, t~o-thirds and equal to the height of the shielded buiiding and the distance 

between the buildings within 3 times the building width, the infiltration rate of the fully 
exposed building was reduced by 0, 20 and 60% respectively. 



Air Infiltr3ticn r.au~ed by St3~k Action 

.c.' gen<'r31 c4u3tion for ca!l;uI3ting,~filtr3tion't'3tc c3usc.'d h}' sud 'action wa~ given in a 
previous ASIIR,\t: paper hy the.' authors~ 

Q c s s· w (0.52 y p [T:~ol (n 
n +1 

(BII) w 
n+1 w 

~ 

Qs = total infiltration rate caused by ~tack action, cfm (m 3/s) 

Cw = exterior wall flow cOe.'fficient, cfm/ft 2 of .... all area (in. of loIater,n (m 3/s/m21'anJ 

S = perimeier of the building, ft (m) 

Y = ratio of actual to theoretical pressure difference (thermal draft coefficient) 

p = atmospheric pre.'ssure, Ih/in.2 (Pa) 

absolute temperature outside, R(K) To = 
T. = 

1 

liT = 

absolute temp<,rature inside, R(K) 

inside-outsiJe temperature difference, T. - T 
1 0' 

nw, = flow exponent 

R (K) 

e = ratio of height of neutral pressure level ahove ground to building height 

Note ~~en 51 units are used, constant 0.52 in E4 12 is replaced by 0.03~2. 

(1:; ) 

The thermal draft coefficient, Y, depends on the air tightness of the exterior walls 
relative to that of the interior construction. With the interior completely open, thE' value 

rA Y is one, whereas with each 'story completely sealed from others, it is zero. ~feasured valuE'S 
,W Y on a few huildings 7 indicate that 0.80 may be used for office buildings. ~Ieasured values 

of Y for apartment hui ldings are not available. They wi II probahly he lo-.,er than tho"e of offin' 
buildings hecause of looser exterior wall construction and tighter interior construction \,ith 
compaYtmentation of floor spaces and fewer elevator and service shafts. Assuming a value of Y 
for office buildings "ould give a conservative estimate of infiltration rates for apartmeu 
buildings. 

Eq 13 can be simplified for practical purposes by nssuming the following: p = 1~.7 psia 
(101.3 KPa) Ti = 530 R {294 K), nw = 0.65 and ~ = 0.50 (neutral pressure level at mid-height). 
Substituting these values in Eq 13 gives 

AT 0.65 
Q = 0.0113 C 5 (Y-T ) 

s w 0 

1.65 
H 

Note - ~~en 51 units are used, constant 0.0113 in Eq 13 is replaced by 0.883. 

Example 2 

(14 ) 

Calculate infiltration Tate caused by stacK action for the same huilding as in Example 1 
with outside temperature of 0 F (-18 C), inside temperature of 75 F (2~ C), no wind and Y = 1 
(about the same as for the computer model). 

From Eq 14, 

75 0.65 
Qs ~ 0.0113 x 0.66 x 500 (1 x 460) 

7670 cfm (computer result) 

1.65 
(200) = 7180 cfm (3~39 m3/s) 

(~ Infiltration rates caused by wind action alone (lOind normal to the long wall) and stacK 
"!~tion alone for various wind speeds, inside-outside temperatur'e differences and bui Iding 

heights ar~ given in Fig. 8. The)' are expressed in cfm/sq ft of long wall area. The graph 
is hased on Cw = 0.66 19.3xlO-~) nnd-Y = 1. For other values of Cw' the infiltr~tion rates for 
wind and stack actions in Fig. 8 should be adjusted in direct proportion. For other values of 
Y, the infiltratiolr rate for stack action should he adjusted by multipl),ing it by yO.65 For' 
wind angle other than normal to the lon~ wall, the infiltration rate for wind action should be 
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The graph was constructed to pennit direct comparison of infIltration rates caused by ",i.ud 
."~ and stad action. TIley are hoth expressed in cfm/sq ft of long wall area (Side 1 in Fig. R). • 
~ To account for th~ variation in width to length ratio when considering stack action, the infil- ~ 

tration rates are plotted against an adjusted inside-outside temperature difference usin~ the 
(ollowing equation which was deduced from Eq 13. 

where 

AT .. 
a I ]1. 54 

1 + wIt 
1.67 

ATa "' adjusted inside-outside temperature difference 

AT ., inside-outside temperature difference 

W "' width 

1 ., length 

AT 

From Eq 15, ~Ta equals ~T for width to length ratio of 1:1.5. 

(1$) 

In Fig. 8, any point on a constant building height line will give the wind velocity and 
ATa required to produce e4ual infiltration rates. For example. for a building height of :?UII I"t 
(M m). the infi I tration rate caused by ~Ta of 45 F (25 C) is equa 1 to that caused hy winu of 
20 mph (8.94 m/s) as given by Point 1 of Fig. 8. 

Air Infiltration Caused by the Combined Action of Wind and Stack Action 

The computer results indicated that the 
alone, Qs • and wind action alone. Qw. cannot 

~ ~ by the combination of both actions. Qws' 

air infiltration rates caused by stack action 
be added to ohtain the infiltration rate caused 

~. An equation was developed to calculate OWs' 

where 

o.,s = infiltration 

Q)rg = larger value 

Qsml = smaller value 

'lw
Q 

5 = 1 + O. 24 
lrg 

.' ~ , 

[

Q ]3.3 !tml 

Qlrg 

rate caused by combined wind and stack 

of Q and Q w s 
of Qw and Qs 

(16) 

action 

The "two ratios in Eq 16 are plotted on Fig. 9. It shows that Qws is about equal to the 
infiltration rate caused by the larger of the two motive forces. h~en Qw equals Qs • Qsw is 24~ 
greater than either Qw or Qs • 

Calculate infiltration rate caused by both wind and stack action for the same building as 
in Examples 1 and 2 for wind speed of 20 mph (8.94 m/s). outside temperature of 0 F (-18 C) and 
inside temperature of 75 F (24 C). 

From the results of Examples 1 and 2. 

Q • 5240 cfm (2.45 ml/s) w 
Qs • 7180 cfm (3.39 m3/s) • 



Since Qs is larger than Qw' from Eq 16, 

• Qsml 52~0 
Q-- = 7180 = 0.7311 

1r& 

Qws 3 3 
-- .. 1 + 0.24 (0.730)' = 1.085 
Qlrg .(a1so from Fig. 9) 

Qws = 7180 x I.OM5 

= 7790 cfm (3.67 m3/s) 
8253 cfm (computer result 

The calculation of infiltration rates on a floor-hy-floor or zollc-hy-:onc h:lsi~ "ould 
require a differ~nt approach than the one for o\'erall infiltration ratl'. Thc ~omplltl'r rt'sult~ 
indicated that the pr~ssure difference across thc exteriur wall at any le~el can Ilc arrroximatcJ 
by the algt'braic sum of the pressure diffcrt'nccs caused by wind and stack action. 

where 

APwS = pressure difference caused by wind and stack action 

APw = pressure difference caused by wind action 

APs pressure difference caused by stack action 

(l i) 

Although the pressure difference caused by the building air handling system was not included in 
~iS study. it likely can be added to the right hand side of E~ 17. 

~. The pressure difference caused by stack action at an)' level is given by 

'Ps • 0.52 Y P h [T:io 1 

h = distance from neutral pressure level, ft (m) 

Note - h~en SI units are used constant 0.52 in Eq 18 is replaced by 0.0342. 

Replacing h by (I3-N) II in Eq 18, 

",here 

N : :~::o:; ~:~:~'u0Hrl above ground to building height 

Assuming p = 14.7 psia (101.3 KPa), 

~ = 0.5 (neutral pressure level at mid-height) 

and Ti = 530 R (294 K), 

Eq 19 becomes 

APs c 0.0143 Y (O.S-N) H 
[ 

"T6-oT 1 
Note - h~en 51 units a~c used constant 0.0143 in Eq 20 is replaced by 11.68. 

(18 ) 

(19) 

(20) 

For wind acting normal to the long wall. equations for pressure difference caust'd by "ind 
Were developed from pressure difference coefficient, Cpo given in Fig. S. They are as follows: 
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Windward Wall 

·fromN"O~olJ.' 

An (0 7" ."J II!I"!! V2
s 

X 10- 5 
...... w c • - tl) 11.~6 ., 

Note - ~'hen 51 units arc Uq·J replace constant 10-5 by 0.0275 

from N - 0.7 to 1.0 

AP w 0: 1. OS l12!l \'! x 10- 5 (21 J 

Note - When 51 uni ts are used replace constant 1. OS x 10- 5 hy 0.02R9 

Leeward Wall 

AP = _1.271\2/3 V2 x 10- 6 
w s 

(23) 

Note - ~hen 51 units are used replace constant 1.27 x 10-6 by 0.0035. 

Side Wall 

AP w ,. -3.64 1l2/l V~ x 10-'6 (2·1) 

Note - When 51 units are used replace constant 3.64 x 10-6 by 0.010 

For wind angles other than normal to the long wall apply factors from Eq 4. 5. 6 and 7 or Fig. It 

to pressure differences obtained from Eq 21. 

Example 4 

Calculate infiltration rates on the 5th floor of a 'lO-story building 100 ft (31 m) hy lSI) ft 
(46 m) and floor height of 10 ft (3.05 m) caused by a 20 mph (S.94 m/s) wind acting directly 

(~~~on the long wall and outside temperature of 0 F (-18 C) and inside temperature of 75 F (24 C). 
~y • 1; Cw • 0.66 (0.93xI0- 4 ). 

(, o! 
" 

. S 7S 
= 0.0143 x 1 (0.5 - 20) 200 (460) 

= 0.116 in. of water (29.0 Pal 

0.123 in. of water (computer result) 

Windward Wall 

AP = (0.72 5 
+ 0.48 x 20) 2002/ 3 202 x 10- 5 

w .. 0.115 in • of water (28.6 Pal 

0.116 in. of water (computer 

AP ws :: 0.115 + 0.116 

I: 0.231 in. of water (S7.S Pal 

0.223 in. of water (computer 

~s .. 0.66 x 10 x ISO (0.231)°·65 

• 382 cfm (O.IS m3/s) 

378 cfm (computer result) 

Leeward Wall 

AP • 
W 

-1.27 X 2002/ 3 202 

II: -0.017 in. of water 

-0.015 in. of water 

AP .. -0.017 + 0.116 ws 

X 10-6 

(4.32 Pal 

(computer 

result) 

result) 

result) 

• 0.099 in. of water (24.6 Pa) 

(20) 

(21 ) 

(17) 

(11 ) 

(23) 

(17) 



. . 

ce o c 0.66 x 10 x ISO (0.099)°·65 
"'ws 

• 220 cfrn (0.17 ml/s) 

214 cfm (computer result) 

Side \ti.JJ~ 

~P~ • -3.b4 x 200 2/ 3 202 x 10-6 (24 J 

= -0.50 in. of water (12.4 Pal 

-0.049 in. of water (computer result) 

~Pws = -0.050 + 0.116 (17 ) 

= 0.066 in. of ~ater (l b. 4 I'a) 

0.059 in. of water (computer result ) 

~s = 0.6b x 10 x 100 lO.066)O.65 (11 J 

= 113 cfm (0.10 m3/s) 

106 cfm (computer result) 

The total infiltration for the 5th floor is 382 + 214 + 2 ~ lOb = 808 cfm (O.3M m3/s). 
Computer result is 804 cfm. 

SUlo~\ARY 

I 
By applying the pressure data obtained from a wind tunnel model stud), to a computer model 
building, a simple procedure for ~3lculating exterior wall pressure differences and air 

f~iltration. rates for various wind velocities and direction was developed. The wind tunnel 
\.\Jessure data "ere assumed to apply to buildings of allY height and width to length ratio of 

1:1 to 1;2. Although they were obtained for a building in a suburban terrain, these data woulJ 
apply to most buildings except those in a large city center. A limited study on the effect of 
nearby buildings indicated that infiltration rates can be reduced by as much as 60·. of those 
for a fully exposed building. 

Procedures for calculating infiltration rates caused by the combined action of wind and 
temperature difference forces were developed for the total building or for individual floors 
or zones. This study has indicated that the overall infiltration rate is governed hy the larger 
of the two motive forces and that the exterior wall pressure differences at any level caused by 
wind and stack action are additive. 

Procedures for infiltration calculations which are illustrated by examples can he used for 
proper sizing of ~NAC systems and for energy load analysis on an hour hy hour basis. The 
results obtained by using the procedures given in this paper can be expected to be in good 
agreement with those obtained from the use of a computer model building. 
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STUDIES ON EXTERIOR WALL AIR TIGHTNESS 
AND AIR INFILTRATION OF TALL BUILDINGS 

(;U )/.:(;F 1. T-\·'vlUR,\. !'.E. 
\1"",/"., \'/1/\ \I 

U IIA y, SIIAW, !',E, 

Ollt' (>1' the rUIlL't'iollS of tht' extcI'it)l' I\:III~ oj' hllildings is to sl'l'arate- olltdpor elelllt'nts frolll thl' 
in:;i,k l'IIVil'()nmcnt, ililiiding l'n\'t'luj'cs ;ll'e Ill)t nOlln:llly l'OIllI'Il'tcly air tight ,lIld thc)' permi.t 
SOllie' ,'I"" <,I' ;Iir illtu ;Int! (llIt 11f the-In thrnllgh joints and cLicks in the Ilia 1 I Llbric. This Ie-akagc 
or :Ii)' l'1)111 rihutl'~" to hl':ltillg and cooli.ng IO:lds ;!nd must be taken into account in any energy 
:Illall'si'; "I' hui Idings :lIld lil'sign of II V;\(: syqems, 

Inri II:]';Iti(111 rates dl'pcnJ primarily on the air IC'akagc char:lctcristics of exterior ",aIls anJ 
to a lessl'r C'xtent on those of int.erior sep;lrations sllch as floor construction, interior parti
I i()ns and \·;ll'iOIl5 servin' ~;hafts, !\ l'eli:Jhle prediction of the infiltration rates of multi
st()I'l'" hui ldings 1S halllj'ered, at present, hy the scarcity of information on the actual air leak
agt' l'i1:lractl'ristics of C'xterior I,alls, 

Th, .. \:It i"Il;!1 Rese-:ll'ch C\'llllci I of C:lIlada h:ls taken measurements of the air leakage character
istics of IMI' exterior 1\;llls of eight lIIulti-storey office buildings locatcd in Ott~lIl1a, Canada. 
Var:,in,I', in r1l'i)',ht from II to 2:: stories, I.;ith curtain lVall construction and fixed glazing, t.hey 
wel'e 1111'111' dlll'ill!: the si:\t iI'S alld l';lrly seventies. The results of the measurements arc report.ed 
in this p:lj)cr, ,\ llIethod for caIcuI:ning infi1tr;ltion rates caused by stack action has been 
dl'v('llll','d :Inc! i,; :'1'1'1 il'd to heat loss caiclilatiolls using thc mcasured Ivall leakage values. 

The 1'l';.111 t~; '.\1' ai I' 1e;11-;1,1!C' l1IeaSlIl'CllIents of the cxt(~rior Ivai Is of four mUlti-storcy bui Idings wcre 
!t'jI<lr't\'d I,,: SII'!.\, S.lIlc!Cl' ,llld '1:llIIura,l TI~is project ,,';IS subsequently cxpalldcd to include four 
:ldditioll:11 1!,llildings, \Ising the s:lIne test l1Iethod Crable I), Briefly, it involvc-d prcssurizing 
:111 tYI'ical floul' Sjl;ICCS j'cthcell the gr~l\lnJ floor and thc top mechanical floor, using 100"6 out-
side' ,IiI' fe'l' the central sllpply air systems \\'ith return ~lnJ exhaust. syst.ems shut down. SupplY 
,I i r r:II\'~; 1\\'1'1..' \':1 ri cd :lllti tile l'ollcllmi tant pressure differences across the pressuri zed l'nclosure 
1'(,\'''1',1<''', T" 1'1I.';III'C st:I')lc I'l'l',.;sure eli. frercnces across the blli Iding enclosure, thc tests were 
cOlldtIL'('d dlll'ill): lIllOl'CllpieJ periods ;rnd l>ihen there ",as Jjt:tle or no wind, 

[11l',i, r ~;tc:td)'-q:ltl' l'Ollllitiull thL' rate of slIpply of outside :Iil' equ;lls the Slim of the air Ie:lk-
:Ii'" r.'I(,s (111'(>I''',h the l'xt(.'riul' 1,:1115 (,j' typic;lI rJoors, hottom :Ind top scparations (Fig, I). It 
l':lll I", ("\l'r(':;~;'.".1 :I~; fol I(\h~;: 

N 11 nb n 

I)s I: \' l,\ i\P IV) t .. + C1/\ (111'1\ ) + C i\ t fII' ) (I) 
" I, \" j t: t t 

I'· 

1;,'1', '[:1>11111':1, I'il'jsi<.>n Pi' Itllilciing I{('scarl'h, N:lt.ional l<csl';lrch Counl'i] of CanaJa, Ott:JIII:l, Canada. 
(',y, SII:I"', I)ivision of Bllilding Res('arch, National Research Council of Canada, Ottawa, Canada. 
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I) ttlt:1I tllltdll(ll' :Iil" :'lll'ply I"ale, cflll 
!' 

II 1'111\\' l' ,\Pl'IICII t 

t: 1'10'" "()l'rril:il'lll, cflll/(sq fl) till. of l"ater)11 

l'i'l'SSIII'l' differl'ncc, 1', 
I 

I' in. of \Yater 
0' 

I' TIISilIL- presSlIre, ill. of water 

I' 

;\ 

!Ii tot:1! Illllllhcr of floors "'ith typical I,all constrllction 

h hottol\J sl?jlarati(111 

TIl<' \':IiUl'S of Qs' i>l\,,' ,:'.I'b and :\I't call bc measured. By obtaining several sets of these values 

it i:, !,q's~;iblr to deterJllille the valucs (If f10lV coefficients C
IV

' ell and C
t 

and thc flow cxponents 

lilY' Ill, :111.1 lit' ,It-fining ail' leakage' characteristics of thc three separations. Details of test 

IIIt'thl,d" :Illtl,l:it:1 ;In;J\ysis :In' givC'1l in Ref I. 

llSI l:iSULIS 

nil' 1':lllll':; Ill' 1'10\\ l'ol'!'!'iciCIlt. :Ind c,\pullent, :IS defined ill 1.:'1 for the eight test buildings, 
art' ):il't'll ill T:II'[('~. 11:;il1l! these v:IIII(',;, tit ... over-all :lir leakage rates in terms of cfm per 
"'il'l "I' ()llt,;idl' \\':111 :Ir,'a VS pressurc diffcl'l'lIce \\'ere plotted on Fig. 2. These values, I,hich 
ill,'llld" I'll(' ;Iil' ic:i1':lge \,:ltl'S through the top alld I)ottom as wcll as through the exterior "aIls, 
;Ire usci'1I1 in .,stilll:lting th(' supply :Iir ratc~ l'equired for pressurizing a building. It should be 
Ilott'd th,lt it',lk:lgt' vallll'S of the tnp separ'l.tion, gi\'(~n in Table 2, include leakage flows through 
tit" c'I,,';l'd <'XIt;Il'ISt <Ialllpt'I'S at the top of the retllrn and cxhaust systems (shut downdul'ing the 
I ,,~ t ~; ) , 

TIll' dCPClldl'II(C' (If the l'\tcriOI' 1\':111 air le;lk<lgo ratcs on pressure difference is shown in Fig, 
,'i. Th,::'c' ;Iir It.'nk'l),:e r;lt('s varied 1'1'0111 0.12 to 0,48 cflll pCI' sq ft of I"all area at ,. pressure 
dii'ft,],'IIt'l' or O .. ;/l ill, ,'f h':ltl'I' pressure alld c(lllc:tituted from 20 to SSe,. of the over-;:1l1 air lcak-
,I)!t' r;llt':' or tltl' Il',q 11IIi Idillgs. Tlll'S(' values arc I,cll ahove the st<lndard;> specified by the 
,\;Itillll;1I ,\';,,<,,';,lti(l11 of ,\rc:Ititcctllr:l! ~ktal ~1;lnufal'turer:; (NAAM~l): 0.06 cfm per sq ft of I"all 
:11't'a ;11 tli,' :<!I!It' l'I'l':'sllr,' di tTCl't.'III.'(', The ext('riLll' facadl's of three of the test buildings, D, E 
'Ilid II. \\l'rl' "l!Il<;tl'llc'll'tI 111'1111'1':11 1':lncls; thost' of the relllainillg tcst huildings were of precast 
l'UII"\" IC' 1';1I1l' Is , '\' tht': 1\;111 1II:ltl'\'Ll!s arc \'l'latively illlperme;Jhlc to air, it is prob<lble that 
Ihl' ,Iii' ic:ti,;I"I' ,',ltl.'S dCl'l'lld .. d ilia ill 1\' on tile design of wall joints and the '~ay they I,ere put to
)!t'thl'r, Blii Idill)~s I' and II, I,hieh I\','rc constnlcted with close supervision of workmanship on wall 
,iointill!: ttl ::Iinil'lizl' air infiltr:ltitln, g:IVl' thl' lowl'st leakagc r;Jtes; and whcrc joint. scals 
:Ippl'art'.! ill;I,It-qll:lte, rClIll'tii:11 II1l'aSIII'l'S I,(,IT 1:lkl'n. 

C,\I.U)J,I\II (J~ 01 1\1: 1l.'lll/\ll ().\ RATE L\lJSEIl Ill' SI,\CI\ ACT ION 

Air infiltl':ltion ill:l huilding is l':llIsed hy both ,\'ind and stack action. The calculation of infil-
tralioll l"lt,':: clllc;ed h!' h'ind is quite complex. for the wind pressure distribution ovcr the sur
fat't' or a 11IIiltIing depends (In ',ind spl'l'd :llId direction, building shapc and the nature of the 
SIIlT()Ulldil1); t('rr:lin, includin,~ adjacent huildings, The litcrature on wind pressures on actual 
;llltI IOr)tIl'l huildings in hllullt.I:ll'y-la)'cr ,vind tllnnels is extensive. Pressure mcasurements have been 
m;ltI" prililarily to devcllll' d:ILI for qruetur;11 load calclllations and not for infiltration calcula-
lioll:', \,;liidl r('qllil'l' J;J(lre d('t;lilcd <.1:11.;1 un hind prc~sllrt's both horizontally and vertically. If 
willd prl'sslln~ d:!t:! for;t building :l1'C ;Ivailahlt', infiltr;Jtion rates caused by both \dnd and stack 
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'lctioll can be calculated Idth the aid of a digital computer and an appropriate mathematical 
lIIud (' 1 . 3 , I, • ~ 

TIll' illfi ltr;ltioll riltes caused hy stat'k a~'t ion alolH~, which tends t.o govern the infiltration 
rate llf;1 IIl111ti-storey hllilding durin)'. cold I.;eatller, ('an he ('alculated relatively casily.' The;' 
dCl'iv;)t iOIl of the l'quat illn is <IS follows: 
Theoretical pressure differenn' across cxterior walls caused hy stack effect is given by 6 

I'll' '" ll.52 I' h 

where 

p barometric pressure, lb/sq in. 

h vcrtical distance from neutral zone, ft 

LIT 

T. 
) 

positive sign ahove Ileut ra I 

negati\'C sign be I 01, ncut ra 1 

tempcrature difference, T. -
1 

absolute tempvrat ure jnside, 

:one 

zonc 

T 
0' 

R 

To absolute tempcrat Ul'C outsi de, R 

F 

[_.!:\J~_) T.T 
I () 

(2) 

The IIcutr;1I :Calle is thl' level at whIch inside and olltside pressurcs arc equal. Eq 2 indi
C:lt('~ that /.11' and 1\1' h<lve the same signs for all locations above the neutral zone and, conve'rsely, 
0I'Jl(l~itc ~Tglls hl'loh' the nClItral zone. Thus there ,>'111 be infiltration through the walls of the 
l(l\\'cr stOJ'L'Y" and exfi Itriltion through the "aIls of thc upper storeys when the temperature in
side the hui Iding is hi ghcr than thc air temperature outside. Thi~ means that air flo"'s up"ard 
\\'ithin tIll' hILi lding dllrill)'. the ,dnter months. The flow pattern is reversed during the slimmer 
mOllths ,\'Ill'll tht air tellllwratllre olltside is hi~!hcr than that illSillc. 

Actual pfl'sslire difference depends on the resistances to flow of both the cxterior and inte-
rior ""parations. rt is lcss than the theoretical pressure difference indicated by Eq 2 
llL'l'uu:-:e uf tl\l' l'('SiSt:IIIl't' to air mo\'ement associated '~ilh interior components such a~ partitions, 
floor con~trlll'tjons and "'alls of verUcal ~hafts. The upward flow caused by stack <lction during 
col d \',(,:lth('r takes p);ICt' from floor to floor through openi ngs in the floor construction and 
through vertical sh;lfts. It can be expected thnt most up"ard flow "'ill occur in the vcrtical 
shaft~ /lCCIIISC their 1'l'~;i~talH:e (frict.ion 1055t's) Nill be considerably less than, that associated 
ldth floors, \\'hich act a~ resistances ill ~cries. foor this discllssion, t.herefore, th" floor con
struction is cOllsidert'd to be "i-r tight. 

With this ;\s~lIl11l'tion, the theoretical l're~~\lre differcncc given by Eq 2 is that bet,~ecn out-
side the \lui lding and inside a shaft at the S:lnJC level. It is distributcd across the exterior 
"';iI/';, illtcrio)' l'artit](lns and the \\'alls of vertical shafts. The IIInnner of distribution depends 
IIpOIl the rt'~i,;talll:c of c,I,-h of the';l' sepal'ations in relation to that of the combined resistances 
at the ~ailll' )(-,·d. If the rcs,istanccs of the' exterior and interior separations are uniform from 
floor to fJ(l(lJ', the ratio of actu;iI (exterior Ilialls) to theoretical pressure differences- will be 
COllst;lIlt for the ,dlOle hei ght of a huilding . 

Eq 2 call 1>(' modified to take this into ;ICl:ount 

liP = 0.52 '( P h [/~) 
] 0 

(3) 

r;i! i,l of ;Jl'tual to theoH'tic;Jl prl'!'!'lIrc di fference. 

If the cxt·:rior I,all i,; much tighter than thc interior separnti()lls, the vallie of '( will 
:11'1'1'(1:1('11 tlllity: if' it i,; IIIl1eh looser, tht' valUl' of y will approach zero. The valucs for y deter-
milll'd <,xperinwlltally for a fely multi-storey officc buildings 7 ranged from 0.63 to 0.88. 
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ThL' rate 01" ,111'1"101, through an infinitc'simal :lfL'a of t.he exteriur wall is given by 
n 

C tl f\ ((II' J \oJ 
W \oJ 

dQ air leakage rate through an area di\ of the exterior \';;111, cfm 
w w 

n 
C flo\\' coefficient, cfm/(sC] ft)(in. L1f \.;atl'r) W 

\oJ 

n 
II' 

r 1(1\, ,'xIH1Ilcn t 

C'Jlllhilling Eq :; ;lIld 4 gi.ves 

I, Ill' re 

C 
\oJ 

( AT ) 
[O.S2 Y P h lTT 

. I 0 

S I'L'rililctl'r of the huilding, ft. 

I 
/l \, 

Sdh 

( ,1 ) 

(S) 

I:or :1 i>lIi Iding hith a L:('nst:lllt L'ross-~cction:11 area :lIld it uniform distrihution of leakage 
l'l'l'ni/lg~; hith hL'i,\~ht, an eqllation for the total air infilt.r:ltion ratc can be obtained by integra-
ting E~I S from the gl'oulld 1('vL'1 to the 11l'utral ZOIlt'. The IIclltr:l1 zone Ic\'el can Iyc expl'essed 
:1,' r~ll \dll'n' ~~ i~ thl' ratio [11' the height of the neutral zonc and thc building height II in ft. 

Thus, 
n • I 

l\oJ (rl,IL_~' 
n • 1 

(6) 
\>' 

1\, i-; thl' t"t:1l r:ltc of infiltratiun for the lI'hole building. 

,\'; thi" ('qll:lti ... n :ISSIIIllI'S a \\'111 h'itll a uniform :Iil' IC':d,:I)!L' L·II;II':ll't, .. risti,·, a separate 
illl"i It r:ll il"l 1)I::'t i,,';~; CIIL'II);1t iPIl Il~'inl', 1:1\ :; and ,) :,Iwuld he 1i1:l1!P for the \:\t('rior IVai Is of 
til, ,I~r(llilill rl,'PI' ·iIICL' tlieir air Il'akagc valul's (c'lId t.o he higher thall tliose of utlieI' fluurs, 

1\IILIR\IIUi\ JIIAII.('JSSJ:S C,\liSI;J) BY S'L\LK ;\CllON 

I r011l Fig, ,:.,:Iir Il,,,j..'lgc valuc:< for a tight, avcr:lgc :!lId It'o"c h'all \o/en' a:isigllC'd arhitrarily for 
I".'lt I()~s ,';.1Iuil:Jtidll. ,\ flo\\' t'XPOlll'lIl, 1\;, (If (l.hS ',oJ:lS :J."~IIII:l·d flit' thesl' \"all~; (it varied froll\ 

1I.:,'i In (I,"'; for till' test l'lli ltiin':sL TIlt' floh! c('cfficit'lits 1'1'1'(' :1~;':lIi1l('d as follohs: 

11'111 
T i .i'.!! t Ill'O:~; 

\.\ \'1'1 

:\ir I.l';i1'<I\~l' I~"tl', 
cfm/sq ft 

<I t ll.:~ in. \\:1 It' r 

(1,(1(, 

IJ. II) 

1·loh' COl'fficil'nt, C 
h' 

~·.rl?/( >','1 f,t.I,t i!l,:". ~':.I_~'::'!:L(~~~): . 
(). I.:; 

IJ •. ::! 

1 •• ~() 

'111l':',(' V:lIII' .. :; h'dl pr,lj'<lhly ;11'1'1," tl) L''<tt.'t'i(1r I,:ills of curtain 1':111 C()lIstrllctioll I.;ith fixed glazing 
h,1 lIot to L:x(C'ricll' '.',;ills of masonl')' const ructi 011. ~ll'asurC'lilC'nt~; 011 onC' hui ldi n): R of the Lltter 
"''il':(rilctillil illdil,;Jtl'd th;lt it~; leakage r:ltes al'l' considerahly higher thon those sholoJll on I:ig, 3, 

Th l' l' lj 1 J: " i till I (l r i n r i I t r:l t i (111 r: I t l' , I:q (', call he s iJllpl i ri cd for proct i.cli pllrposcs h)' 
:1::.-ullling til'_' folloh'illg: y = ll.ilO, Jl = 
IIll's\' ":llu(',.: ill 1"1 h 

lel.7 Ilsia, T, = S3()R, 11 = !l.bS, B = (l.S!), Subst.ituting 
I \~ , 

() 
'"\.; 

(II J I . ('S (7) 

~; :1' ,., ,',,;. .. ,r!l. 

.. 

1. 
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The sensi'hlc heat load due to infjltration is given by 8 

y 

where 

y sensible he~t loss, Btu/hr 

Suilsti,lut'in): rq 7 in Eq 8 ):ivt's 

f_
I, __ ",)O.hS I 

Y =: (). () I (l6 C S 'I' ( I fiT II I) - h:, 
I~ 

o 

The latent heat loss when indoor humidity r:ltio ]s to he maintained at a constant level is 
given by ') 

(8) 

(9) 

z ( 1 ()) 

I.;he rc 

Z 1ll':I! rC'qllirC'd tll increase JIIoistlire cOlltent of infiltr;ltion air from I\' to 1\1" Btu/hr 
o J 

\\, humidity ratio of indoor air, pounds of I~ater per pound of dry air 
1 

IV hllmidit.y ratio of outdoor air, pounds of I~ater per poulld of dry air 
" 

Sllbstitllting 1:'1 7 in Eq 10 gives 

( 1 1 ) 

Illti Itr:ltioll rates \,er(' calculated for the four air leak:Jge valucs and various bui Jding 
hci);ilt,.; llsing Eq 7. e:Xl'resscd in :Iir eh,lllgl'''; pcr hOllr and ;lssllming a floor plan 150 ft sq. -\ 
tl'lIIl'l'r;lt lilT di rrCl'l'IlC(, 1)1' 7() F \v;IS ;IS':UIII('d hl't \,'('e\1 i nd()or and out<loor 1I:i I', The resul ts of these 
calnd,llion,: ll'ig, 4) illdil'ated that air change rates increase I"ith building height as I-Iell d" 

"ilil illl'n';I':ill)! I,all Il';il\;I~:e valucs, 

Thl'~:l' ,;illll~~ 1I1;IY I'c l'OIIlI';Il'l'd "'ith tht' I)II'tdl'or ,Iir relJllilTllIl'nt for ventilation. ;\SIIIU\I: 
',;1,\\11\1'11 (I,'_7.,!r: gi\'es tile m,inillnml requirC'd vcntilation ;lir without tempering or filtering 
;I~ I:, ,'1'111 per person for gelleral ofi:ice space (O.IS efm per sq ft, b,lsed on 10 persons pCI' 1000 
:;q rt of flonr area). Tilis reprl'sl'llt~ O.~) air change per hour. As this value is milch higher 
th;11l tile v;lllles sillll-,'n Oil Fig, 4, it appears that air infiltration hy itself I-lill not Iisually 
s;lti:;ry thl' 1't'llti1:llinli T''''1IIiJ'l'lIIcnt. 

TIll' o.;('II:-:ibll' 'Ilid 1;lll'llt illfiltr;Jtil'" h<.';lt I()';~',es I\'ere l';llclllatl.'ll using lOt( ~l ilnd II, aSSLI/ll' 
illg all indoor'-lllltdoor telllperatlire differellce of 70 F, a hUlllidity r;ltio for indoors of 0,004:' III 
of (""t I'r pCI' III of dry :Ii r (70 F, 'jO<:. lUI) alld Olle for outdoors of 0.0006 Ib of I-Iater pcr Ib of 
dr.\' ,liT' (01', XC]':, lUI), Till' reslilts of the c;llclllatioll r.iven in Btu per hour per square foot of 
w;111 :11",,;1 ;Irl' :;hl)l';11 ill l'ig. :; for variou:; blli Idillg height.s. I'or this examplc, the blcnt heat 
In:;:;l'S ;1)"(' 21"\"0 of the :'l'nsiblc heat losses. 

1'1 l"il!. (', \Il'.' infi 1\ r;lt iClll hl';!! ]()';ses (sl'Il~;illlc pIllS btent) ;Ire comparcd with tIl(' total he;lt 
1"";Sl'~; titroll,l:h the exterior \';alls (infiltration plus transmission). Thc over-al1.U v;t/liC I,as 
'1"~;lIIIICd to -Ill' 1).50, \,ith ,'aIm's of 0.1:- for the insuLttcd halls ;llld 0.55 for double-glazed win-
dOl,,,, l'hil'l! constituted ,l()'~. of the tot;l1 \';all ;Irea. Trallsmi~sion heat loss was 21.0 iltu/(hr) 
(s'l ft) at ;1 t'~lIlperatllrC' differellce of 70 F. !'or a bllilding I-lith an average wall leakage value, 
tIlt.' pl'rcent;Ij~l' of tout! heat loss contrihllted hy air infiltr:ltioll \<aried from 22 to 4(/~ for 
huilding heights of 200 to lllOO ft, I'l'spel'til'l'ly; these vallles ;Irc rcduced to 9 to 22~-, for 
huilding~ hillt rl'lati\'l'I~' air-tight .,'alls. ,\s infiltrati0n heat losses increase I~lth building 
height, the si):nificallc(' of ;lir tightncss for h'alls of tall buildings is apparent. 

The v,-'nt i 1;11' ion I'cqlli rClIIl'nt for general officc space of 15 cflll of outdoor air per person 
dl'llI;tllds ;111 olltell,lIlr ait· ~lll'ply or o.:;() l'flll per sq ft of olltside wall <ll'ca,;tssuming a floor 
dillll'n5ioll of ISO h.\' JSO ft illld floor height of 10 ft. Using Eq 8 and 10, the heat loss 
(scn:;ibl.e pllh btl'llt) .,;15 55.6 Btu/thr) (sCI ft) of IVall arC'a at a temperature diffcr(;nee of 70 F 



:111.1 I1m'idit,1 1':ltio, i;ld"(lr~;, (,f' 11,(1017 II, "J!' \I'atel' !','1' 11> of dry a ii' and, outdoors, of O,U()Ot> It, 
0" "':Itl'~ 1'<'1' Ii> of dl')' :Iir, Thi~; heatin.l! !o:ld illlpo~('d hy ventilation air has beer, compan'd Idth 
tl\(1,;c Pi" 1 l':!n~'!\li s;; i()n :111<1 in fi It 1':11 ion t!lrl'lIgh a 1';:111 of average air t i ,1;1ttness i II Fig, 7, It 
\:1;11' hI.' ,~I.'l'Jl th;lt thl' 1"'111 i 1;ltion hc;!ting :o:ld is the largest component of the tot:11 I~eatillg load 
(ilifillr:ltipil plus 1I':IIISlIIis;;ioll plus ventilatiulI), l'ot';1 2()(I-ft high building it constitutes 
l>7': or tilt.' tll!;11 hl':llin.l: Ip;ld, llihl'I'l';IS illfiltr:llioll hl';l1.ing IO:ld is oilly 7'~, ASllilAE Standard 
"':"~:; pl'l'II~it,; l'l'dIlOi()lt in thl' v('litilati()1l air to S ,'fill pcr (>c'rsilll (O,OS cflll per sq 1't. of flnor 
:11'(':1) if 1!1(' :Iil' is tl'llIi'l'l'l'd :lIld filtl'l'l'd, TlIi:,; rl'<i1ll'liI11l ill lIenli!:ltion air results in heat 
111:':-;,':: dill' tn Vl'lIti !:llil'T1 and illf'iltt'atiPIl or 'Ill :11lt\ ,I 2"0 of the total heat loss, respectively, 
ilurill': IJlI(h'~'llpil'd I'l'l'i()ds ",ilh IlO vl'nt.il:ltioll air, the infiltration heat loss is 22~o of thL' total 
.-nr ':'II~s or :lver:I)',I' ;Iit' t.i)',I!'tlll'SS and ~l':; for tight I,'alls, 

';hc'~;6 Cllt'lt!;ltiPIl'; l','c(»):llizl'd q:ld, :1l'tiPll ;ilol1(, :11 ;t ):iv('Il,illside-ollt.~;ide temperature dif-
fl'r,,'IlI~l', I t is 1'1'01>:11>1(' that illfiltJ'aqon rates of tall huildi,ngs depend primarily on stack 
actillil Jurillg cold I"eather and average \\ind velocity. The ~nfiltration rates calculated in the 
previous c,xamples would have been somew,hat higher if wind action ,bad alsohee 

;',C9.1j):p~1:ete",an:41ysi$>:wQul d invo 1 ve :iintegra'd.on '!of heat 10sses"6vgr th~!::s'eii'soTi;fF 
+bp:t,il,<wind>~['ln;d;;tick action. ','i::-,' ' y , ";'( ";y , ,," 
1:":iP',":' ,',:' '" 
HlEiVLLOSSES CAUSED BY 

,h'i~M2~;,' : '", ',; "~"';~' 
,J ~IiV~q;,'systems are;sometimes de 
it' ;;ih'el:t;\1trarlc'e leve'f/by means 0 

~pre~sur;;~:~"'and th~!eby 1 o\,er 't 
ig:rolmd level",·ait'd.nfiltrati 
!:tj#:~,~:'o (S"MPI)l t ~I~?ut s~ de 'a 
io£,':B,; thc'il'at1.O of~,the 
,~~~.~~:l exfU:fr:lti9Rf'~,ate " 
i:(/3",1.", 0.5) is, about<'.3.2; i. 
~r~j~ ... 2':,l:ime$:::~t'h<e,~ in:filtr 
'!7~b~t;top,~6-r,,: the: ~u'ilding' 
,):6°f$,~;a ',h~ghVheai:ib'g i cost' , 

pro'/idecf".'th" ground fIoorenc1osu 

CO~CLlISIO~S 

I, The :lir !t':lka!.!e rates of the- exterior walls of eight test buildings varied considerably, 
.. 'itb \':1111l'~ (If O.l~ to O,,1R cfm per sq ft of I"all are-a'at a pre-ssllrc difference of 0.30 in, of 
I,att.'!'. Tiley 1,(,1'(' IlILlL'h above that sl'eci fied hy an indu~tr)' standard of 0.06 cfm per sq ft of .. 'nil 
ar":1 ilt tl:(' ~;:IlIlC P1'(':-;su1'e diffefence, 

2, rnr a h:dl Idth an'rage- air tightllt'ss and lJ value of 0,30 Btu!(hr)(sq ft)(F),the percentage 
of t'ltal: heat los,S through the \\'alls contributed by infiltration during cold'l"eathl~r varied from 
21 to ,1(,:, fllr building heights of 200 to 1000 ft, respectively; these valuc~ arc reduced ttl ~l to 
2,~' for hllildings with 1'C'lat.ivC'l~' air-tight ",aIls, They llHlicate the necessity of assuring rc-
[:ltivt.'I), air-tight halls h:r tall buildings, 

:'i, ,\ir inCi Itl'ation :lIone cannot be felied upon to provide ,In adequate amount of outdoor air 
fur ventilation llf buildings with curtain I,all C'onstrllcti,on and fixed glazing, The heating load 
C:IIl"I.'J 11" vl'ntilatioll';lir I\as fOllnd to be a major c()mpoJ1e-nt of the total heating load . 

. 1. Hcdlll'ill!', :Iil' infiltl':llillll by mcchallic:tJ1y pressurizing a hllilding call mean a hig~l he;tting 
,'''~; t Pl'Il;1 II y , 

2 

c.\', Sh:lh'. P,~t. Salldcl', (;'-1', T:llllura, ))"ir l.eak;lf.e- ~1l'asurClllcllts of the Exterior Walls of 
Tall Bui Idings,)) ASIiRAF TRANSACTJONS, vol 79, rart 2, 1973, pr. 40-48. 

1';;Jtillnal Association of Architectural ~letal ~lanufacturers, ~letal Curtain Wall ~Ianual, 
Spcl'ifil'ations, pp, 4-9, December 1962, 

1' .. /, ,1;Jl'klll;tJl, ))A Study of the Natur<ll Ventilation of Tall Office Buildings," J_l?urna~_~f._t_~! 
_1_II~ti_!lltY,-'i .. ~Le~.~_t,i_ltF __ ;:.:'_d,y~'_n_~~!..tJ..J_l.~_li!,IK0~~.!:~, vol 38, August 1970, pr, 103-118, 

I, 1<,1:, Barrett ;IJHI n,l", 1.0cklin, ))Computer Analysis of Stack Effect in lIigh-Rise Buildings," 
ASIIH;\I' THANS,\CT I O!\S, v01 74, pa rt II, 1968, pp, 155 -169, 
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DISCUSSION 

DAVID T. HARR.JE, Senior Research Engineer and Lecturer, Princeton Univ., 
Princetoll, N,J: lIas there been any at.tempt to \lS(~ the central shaft with blowing 
downward at the neutral line to attempt to benefit both the upper and lower por
tions of ·the building through reduced air infiltration? 

TAMUI~: computer studies on this approach to reduce infiltration are given in a 
paper entitled "Building Pressures Caused by Chimney Action and Mechanical Ven
tilat.ion" by A.G. Wilson and myself (lISHPAE TI~NSAC'l'IONS, vol. 73, Part II, 1967). 
TIle reduction of pressure differences across the exterior walls would depend on 
the recirculation rate and the internal resistance of a buildingJ inside pressures 
of a buil.ding witll a low internal resistance will not be altered significantly to 
affect the pressure differences across the exterior walls. 

It ~~110111d be re.coCjnized that if both infiltration and exfiltration are elim
inated by tllis means, then the pressure differences caused by stack action would 
he transferred from the exterior walls to the walls of vertical shafts which can 
give rise to difficulties in operating elevator and stair doors. It is probable 
that effective operation of this system with changing condition of wind and stack 
action would be difficult. The preferred approach to minimize infiltration is 
lly conlructing outside walls that are relatively air tight rather than by using 
ventilati.on fans as suggested or for building pressurization. 

Hot·lTd,]) rf. ,JENNEH, NM:;l\, llampton, Vl\: In regards to infiltration due to wind on 
low-ris~ building, what does your study show? 

: .;.; ~~ 

\(,j,) TAl-1UPA: It was stated that infiltration rates of hiqh rise buildings depend 
prim<l.ri 1y on stack action during colf1 weather and average wind velocity. It is 
expcctcc1 tha t. the effect of wind act: on compared to that of stack action would 
\>(' ql"(),'!tcr for 10w-ris,-~ buildings th,1l1 for high-rif,e buildingsJ that due to stack 
ilCt:iol1, 11Owevcr, it should not be neglected as field studies indicate that even 
for IIOUSC!S its effect is significant. 
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Air Exchanf;e and Ventilation System )leasurements in the 
N6rris Cotton Federal Office Building in Manchester, New Hampshire 

by 

Charles H. Hunt 
Thermal Engineering Section 

Building Environment Div~sion 
Institute for Applied Technology 

SUl!U:1ary 

Air exchan8e rates and c~rbon dioxi.de levels ~ere determined for 
the Norris Co:ton Feiernl Office Building in Manchester, New Hampshire 
during the \vccl, of Febr1lary 14-18, 1977, 

Measured air exchange rates, avernged for the entire building, ~ere 
of the order of 0.7 to 0.8 air changes per hour when ·the buildin~'s venti
lation SystCD W2S in the conplete rccirculati.on mode and 0.9 to 1.0 air 
changes per hour when the ventilating system for floors 4-7 ~as operated 
in the vari;1l>1[~ voJ.ur:<e 17":0(:C and introducing frc.;h outdoor air into the 
buildinE; • 

Carbon ~ioxidc ~cnccntra~ions of 875 to 2~~O ppm per million were 
found on floors 4-7 ~rllen the central ventilation system was not operating 
<'.nu l~OI::C\,'lv;.t 1cr::; \,'licr, th~ sy~tl~l!1 Wc.s opcr~tQd \dth c.or~plct('. recircula
tion. ConcCIl~rntio~s o~ floors 1-3 ranged from 675 to 875 ppm with co~
plc~e recirculation. T~ese level~ arc less than the OSHA standard of 
5000 pp~ for nn S-hour Jay or 2900 ppm !m?licit in the 5 cf~ per person 
minir.:U:il outside air requirer.lcnt in :\~.ER .. \r: Vcntilatton Stalida:.-d 62-73. 
lloHcver J SO~le of th.?sc }.c:vc.ls 2.re higher th<1.r, the CO? levels i!:"!plicLt in 
the ASIlRAF: rccon:;:ic:':lGCC. ventilation ra~c 0: 15-25 efra-per pcrf:on for offJce 
space. 



1. Introduction 

The GSA'~orri5 Cotton Fedcral Office Building in Manchester, New 
lIalllpsld rc~ J1<1S b2cn dcsibncu and ·built to esc a fr:Jction of toe eneq;y. 
required to heat, cool, and illuminate conventional buildings of s~ni1ar 
size. S08e of the energy saving features in the shell design include 
cubic;}l ~;!l.:!PC to nini:::i;:c surface to \'oh:i::e r<1tio, sl::0.11 winco'" 11reas 
\-lith double glaz1.-::;, 2nd no ,,'indo\,s on tl:c north side of the building. 
Many other energy conserving fcat~res arc included in the building hard
ware and operation. The building is a demonstration unit and is equipped 
to continuously ~onitor and store various energy related parameters such 
as temperature, hU2idity, air and water flo~s, solar radiation, indoor 
illumination, and electric power and g:Js consumption. 

The building \,as riecic<ltecl October 8,1976, and during its first 
winter of opersticn has used more energy th~n was predicted. A coc?re
hcnsive enalysis of b~!lding pcrfor~ancc is in progress. As a part of 
this cnalysis measurC8cnts ~ere rn~de of the co~bined a~ount of air ctiming 
into the building ::h,~cugh leCll:.o.g2 Clnd thrcu.;h design ventilation. J:~e 

sulfur hexafluoric2 (SF6) tracer techniq~c was used for the purpose. A 
description of the particular system used has been given previously [1, 
2 J • -

In addition to trac2r ~c~sutements of ventilation, spot checks of 
carbull dioxide were m2cie ~n each of the floors. During the week of 
February 14-18, 1977 when these measurements were made, the building 
\Vas op(,r;tting in the co!:;plerc rcc:i.rr:uLltion IT:od0. If.lIch of the tir.1C'. and 
in addition, the main venti12tion systcr.l.scrviIl[; floors tj throuzh 7 
was cut off entirely for a few days. This was done to maintail1 confort 
in the building and it afforded an 0PFo:rtunity to n1E:asure carbon dioxide 
levels under condi tion:; of restrictcc ventilation and cor.:pare ttem with 
the J:\axi;'H~r:l 1(:\'e1 pcr::;ittcd by the OSEA sumdard or those predicted from 
the ASlil\"\!~ vcntil<ltiol: stand:o.rd. 

This letter repcrt is p:rcllr:llna:ry in Ilature and confines itself to 
the vcntil"tion uspccts. 

2. Description of the V(~ntil;:itio;1 System 

floors 1-3 and 4-7 of the btlilding are served by separate ventilat
i.nr, SySlf'I::S. The l:iai.n [C:Jtllres cf these sy"t.er.:~~ <1rc represented sche
mat :i.c;,lly j n Fif,llrcs L\ :-:n<1 113. These di:cgr;.!!;.:, include only elcl:1cnts 
\.Jl1i.ch control the ::11.::'11 airtlcHvs to ;md fron the ouiJ.dinC. Figure 2 is 
a nore de.t,-oilCll di.;1p·Zl1;; Sh0\.'inL tcilet exhdllsts <ind components of the 
IlVAC systc:n. 
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3. SF6 Tracer Heasure:nents 

SF6 ,,,as injccted into the ventilating system ir..mediately upstrea.r:! 
from the return fans, F2 and F4 in Figures lA and IB respectively, and 
it was monitored i:1 the output of these fans. A .. :lOunts of the order of 
100-120 nl for cach system were required to establish initial con~e~tra
tions sliflhtly below 10 parts per billion in the ventilated space. In 
repeat runs, smaller asounts were injected to bring the concentraticn 
back to tile desired startin~ level. Initially about an hour was allowed 
for the tracer to distribute and for the concentration decay rate to 
stabilize; thereafter about 10 minutes elapsed between the addition of 
a small increment of tracer and the start of measurerJents of concentra
tion decay rate. 

4. Air Exchange Rates 

The ventilating systems were op~ratcd with the outside air dacpers, 
D1 and D4 in Figures lA and IB, closed to obtain nominal 100 percent 
recirculation. This ~lso required opening of dampers D3 and D6. In the 
first measurements, SF6 was i~trDduced only to the main ventilation syste~ 
of floors 4-7. In this way any air rising from the lower fleors due to 
the stack effect would be essentially free of tracer. It was felt thGt 
compbrison of measercm0nts obtained thie way with meas~rements obt2i~ed 
with tracer distributed throughout the e:1tirc building would provide an 
approximate e~tiDate of the relative cnountsof air lea~age to floors 
4-7 fran the outside and from the lower floors. The results after addi~g 
SF6 to floors 4-7 are shown in coluDns A and Hof Table 1. Tracer was 
then added to the enti:::c buildi!1[;, and the rasul ts are sho,m in coIt.:or:s 
C and D of the table. Apparent infiltration rates of 0.65 and 0.79 air 
changes per hour were obtained for floors 4-7 when the air from the lower 
floors contained no tr2cer and 0.58 and 0.49 ai.r changes per hour w~e:1 
·tracer was introduced to tllC entire building. TIlis sutecsts that approxi
mately 0.1 to 0.2 air changes per hour wns due to ai~ rising from the 
Im,'cr floor:;. 

The air lcakage rates in floors 1-3 were hisher than in the upper 
floors when operating in the ncmi~al 100 percent recirculation rnode*. 

In the final tracer meas~rc~cnts, the outside air dampers to floors 
4-7 were opened and operated in the variable volume mode. The dampers to 
floors 1-3 were nct opened Lecausc of prohlclJS in supplying sufficient 
heat to these floors. Under t:hesc: conditions, ;:liT exch.:1nge rates for the 
upper floors _Jere iJi[~h('r thim to the lm.:cr rJoors as Dif,ht be expected. 
The results arc shown in columns E and F of Table 1. 

Actually tLc outside .::;ir l1:'I:lpCr~; to floor;, 1-3 ,,-'ere not set in the 
c 1 O~; (' cl C (\ :1(: i t 1 C;1 b l: t J 11.<;~' (' \. t.i. () n i 11 (1 i cr'. !"c' (\ t '1 r~!:, to 1, Q C 1. ()~; e d • 
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The nir leakage rates in floors 1-3 were lower when the outside air 
dampers to"the upper floors were opened than when the whole building was 
()peratr~d nOld,nally tdth 100 percent recirculi1tcd air. The reason for 
this app·arent cecre2.s(> is not kno":n. It sUf,t.;ests' that 1) possibly there 
was so~e u~~dentified leakage path fr08 t!10 upper to the lower floors, or 
2) the building '.,';;S Op(~r;lt::,nG un(]cl: a ~'lil:.ht !lC::t1tive pt'es~~tJre Hhen all 
the uutsiJc .:1::'r d1l:::PC:::' arc clo~;ecl, .::md opcn~r<'. c.:>.rr,pers l:2.ised this pres-, 
fjUrC to d.crc it ~,·.1s r:Ol"C nearly cqt:al to the outside prcs,;ure. 

Weighted average RJr exchange rates for the entire building were cal
culnted assu;:liab that floors 1-3 represented 3/7ths of t;le buildir.i; \'olu::1e 
and floors 4-7 4/7th:.. The results nrc shown in the bottom line of Table 
1. Air exchange rates of the order of 0.7 to 0.8 changes per hour were 
obtained with complete recirculation and 0.9 to 1 air cllanges per hour with 
the upper floors ope!:ating in the varia~l(! volL:~e moce. These estimates 
i~cJ,ude air cxcllange ~uc to toilet exhatlsts nnd possibly a s?ecial exhaust 
froD the 6th floor as well as natural leakages. According to the vsntila
tion desi~n for the buildi::;, the cOlabineci t02,let eX;1CJ.usts a",ount to 
3968 cfm. This correspor.ds to 0.2~ air changes per hour for a 1,000,000 ft 3 

building. The exhaust from the ~edical exa~ining room on the 4th floor is 
given oS 1.')92 cfm or ahout 0.1 air changes per hour ,<hen averaged for the 
entire ~uilding. 

( 
"d'" Th(~ result~; of the ahove llH:(JStlrC;',1f>nts 2.re still bcd,ng analy~ed to 

determine what implications they have for the energy use in the building. 
As mentioned previously, during this first winter of operation, the build
ing has used more energy than was originally predicted using a computer 
sir.lUlation and hour-by-holl!' ~."eathel· dnta. Hov:cver I the assuIT,ption used 
in the CO~lputercalclllatio~s was that the overall air change rate due to 
ventilation and natural air leakage would be constant year around and 
equal to 0.48 per hour. 

To deterninc hO\,' n:uch air lC2.kcd into the> building froD the base:nent 
200-<220 1:11 of SF6 w2.S .rcle2sed in the basc:~(·nt and conccntriltions \~"ere 

r.lOnitored on the u?;)c:- floors. Sf:lnll il1CrCi~~es in tracer concentrz:.tiN'. 
were ODSCr'lCd on floors 1-3 2-no 4-7, hut they ,,'orc tco 5;::311 to be me::l
surcd qua~titativcly under the conditions of tIle experif:lent. A ~lightJ,y 
f;r'cate1' inc1'e<.ise ,·:as observed in the penthouse near the elevator. This 
sug~ests that the elev.:1to1' shaft is one of the leakage paths. 

6. Carbon Dioxide Concentrations 

Prior to r.::::ki:'g air l',:~chimGI' mO.1sure!:'c!,ts described in the previous 
sections, the [:lidn vC';1U,1i:tinf, ~:y:~rc:;] to' floors 4-7 .!as shut do\vn I,.;hile 

c • 
~, .. 
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opportunity to J:wasure carben dioxide levc1s in t!)(~ b:.lildin; '.:::; ::::.:.i-
ti~ns of restricted ventilation. Carbon dioxide i5 ;iven' off ~y _c~~~ 
«1"a, rate 1..lhich is cependclit on the lC':el of activi~:.·. Ab~ut (',... i C."!:" 

per person has been offered as an esti~ate of t;,'t)ic.1 output ::c:' .... 
not enge.Zed in r.e:avy ..... 'ork [3]. Carbon dioxice concentration i.=: ;-: ':'~' .. 
pied building cnn be used as an indicator of ~hether ventilatio~ L ;~c~ 

The ASHRAE' ventilation standard [ld reco::m:er:ds a rdni::lU::l of 5 cf~., ~::::.' 

air per person. This may be translated into about 2500 ppn C02 C~::·· 
to the ventilation air per person which added to the normal backz:·:~.:~ 
level of C02, acounts to about 2900 ppm. 

Air samples 1..lere collected on each floor in small balloons rl~rir~ t~e 

afternoon of February 15 and the morning of February 16. Sa~pli~~ ~oi~:s 
were not selected to be representative for the entire ~loor, b~: sa=?~ss 

1..lere taken fron the roo:::s cont2ining the I::CSt people. Thi·s ,,;':-,5 t:::J ,:-.;~·_·~.·xi

mate maxi:::ut:l levels of C02. T!1c results are shot''ll in Tc.blE5 ~~ ,:~r:c. 3. ~:l2 

highest level of C02 recorded in these rneasure~ents was 248C ppo Qr 2.~0~t 
5.5 tices .the measured outdoor level. This concentration ~as obt~i~~} in 
a roo~ while several people were taking an examination. 

= At present there is no consensus as to the extent to ~!1ich o~t2ide air 
may ~e restricted to save energy without jeopardizing indoor air G~21ity. 
However, fro~ the point of view of C02 alone, the building ,net t~e pxist
ing OSHA st2ndard t.;, 6) of 5000 ppm for an 8-hour exposure. lt ... :a~ also 
belo\.J the Co"2 level of about 2900 ppal implicit in the ASHRAE 5 cfl:", per 
person minimum ventilation require~ent, but exceeded ihe levels i~plicit' 
in the ASH~~E reco~~ended rate of 15-25 cfm per person for office space. 
It should be noted that the AS!l!V\E standard toJQS prepared before energy 
conservation became a recognized national priority. 

It should also be noted that the highest levels of C02 were always 
observed on the 4th floor. As previously mentioned, there is a special 
exhaust of 1592 efn fron the 4th floor. Thi~ ventil?tes a nedical exani
nation roc~a. The high C02 concentr<ltions sU;;f,est that perhaps this e:<haust 
was not operating during any of the C02 or tracer tests. 

Carbon dioxide concentration cay also be used to make an csticatc of 
the air infiltration rate of the building. To do this, use is Q~de of the 
relationship 

c '" C 
<» 0 

(1) 

or 

G 
(la) v .. 



---------

'\-,here 

c ~ indoor 0oncentration after infinite time* 
co 

c ~ concentration in outside air 
o 

G - rate of generation 

v '" rate at '\o,'11ich ouuddc air enters building 

Table 4 sho~s the results of additional mcasure~ents made of C02 con
centrations during the afternoon of FebrVary 17, 1977 with the ventilation 
system 0:1 clnd in the complete recirculation wode. The total nur.:ber of 
people in th~ building at the ti~e was esti~ated to be 277 and the average 
of the C02 levels listed is 881 ppm. Thus at a generaticn rate of 0.75 dh 
per person 

G "" 277 

c ~. 441 
0 

c ~ 881 
00 

nnd. 

~{ 0.75 

x 10-6 

x 10-6 

v = 

208 cfh 

208 
-6 (881 - 440) x 10 

- 0.46 x 10-6 efh .-

In a 1,000,000 it 3 building this corresponds to 0.46 air changes per 
hour. 1bis is less than the coopirablc air e~change rates given in Table 

.1 of 0.67 and 0.82 air changes per :lOt:r. Ho,.;cvcr, the CO 2 sarr:ples ' ... 'ere 
tak~n in the rOOGS witll the cost pecple to look for areas of inadequate 
ventilation. The average C02 level in tile building was probably less than 
881 PFm used in the calculatiori. 
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Table 1 Air Exchange Rates in the Korris Cotton Federal Of~ice Building 
in :t-;nnchester, ~ie\,' ECJ.::i~shire, Februa::-y 17, 19771 

Tracer Added Only 
to Floors 4-7 

A B 

0.65 . 0.79 

Air Char.ses Per ,. riour 

Tracer Added to h'hole Building 

Main rans On 
Outside Dn~pers Closed 

C D 

1.13 0.92 

.53 40 . -

.'82 .67 

Eain Fans On 
FJ.oors 4-7 D<l:::pers VAV2 

Floors 1-3 Da~?ers Closed 

E F 

0.81 0.79 

1.13 1.05 

.99 .94 

~ 2utside temperature 25° F at 6:00 p.n., 20° F at 7:00 p.m., wirtd velocity of order of 6 mi/hr. 

" 
L '::\V ::= Variable Air Volume •. 
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Table 2 

• 

., 

Carbon Dioxide in Air Sanples Taken Fron V~rious Floors in the 
Norris Cotton Federal Office Building, February 15, 1977, 3:00 
to 5:00 p.m. l 

---.. ---~ 

Floor 
No. of People 

on Floor 
No. of People 

in Room Sampled 

Ratio Indoor 
Outdoor C02 

Concentration 

I 

2 48 30 700 1.6 

3 32 9 675 1.5 

4 17 It 1500 3.4 

5 55 15 1250 2.8 

6 60 17 1175 2.7 

7 26 12 1225 2.8 

1 
tl:1 i.n ~\.lpp 1 y nne! re t urn f;1Tl~;' to floor t; 4 -7 shu t off. }Jain supply and 
return fans to. floors 1-3 on with outside air d2Dpers closed. 
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Tab-Ie 3 Carbon Dioxide in Air S:J.I:lples Taken From Various Floors in the 
Norris Cotton Federal Office Building, February 16, 1977, 10:30 
to 12:00 a.m. l 

Ratio Indoor 

Floor 
No. of People 

on Floor. 
No. of People 

in Room Sampled 
C02. 
ppm 

Outdoor C02 
Concentration 

1 39 20 750 1.7 

2 52 26 700 1.6 

3 52 12 700 1.6 
/ 

/ , 
24l.0 2 

5.5
2 

It 56 11 

5 - 48 23 990 2.3 

6 58 19 1075 2.4 
l 

7 34 17 875 . 2.0 

1 }!2.in supp1y and return fans to floors If-7 shut off. }lair. supply and 
return fa:1s to floors 1-3 running with outside air da,;lp'ers closed. 

2 Sa~plc taken in 430 ft 2 room whi1e people were t~king an examination. 
Comfort conditions were rather poor due to high temperature and rela
tive humidity. 
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Table 4 

Floor 

1 

2 

3 

4 

5 

6 
.-

7 

, 

Carbon Dioxide in Air Sanples Taken from Various Flvcr; : .:~ 

t~orris Cotton Federal Office Buildi:l~, Fcb,:';3ry'17, J ',';;, _, .;~, 

to 2:30 p.m. l , 2 

No. of People 
on. Floor 

36 

55 

36 

51 

31 

47 

21 

~o. of People 
in ROOI,: Sampled 

21 

32 

12 

16 

22 

16 

12 

Rntio!.' .. · 

.. 
ConC:t2::.:r,j~ ::-~~; 

875 2.0 

800 1.8 

650 1.5 

1350 3.1 

850 1.9 

865 2.0 

775 1.8 

-'. }fai.n supply ,:~d return [;:',n5 to floors !1-7 turned on with outside air 
dampers clo~;ed. 

2 Outside air co~ccntration of CO2 440 ppm at 5:50 p.m . 

, , 



Symbols ln Figures 1,\ <1nd In 

• 

Fl and F 
3 

Supply fans 

F 
2 

and F4 Exhaust fans 

Dl and D It Outside air intake d.:lElpCrS 

D2 and D5 Exhaust d2f:1pCrS 

D3 and D6 Return dampers 

.. 
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VentilAtIon Rate" .tn :1 Nl:H-St(}rL')[iice tluild~ 

* 1<tn. J. Kelnhofer 

C.M. Hunt 

D.A. Didion 

In t~e course of retrof:tting a building for 
energy cO~lserva!~ion, it is u3ua:ily necessai:"y to 
establish t~1~ conditions prior to bcg!~ni~g the 
alte:-ntio:1s, The extent of t!1is dete=ination 
de?~nd6 u?cn the detail to which cne wants to 
a~alyze the results. For inst~n~e, =ecorcis of 
enerGY bills before Bnd a~ter t~e retrofit can be 
used to identify the magni:ude of the ene:'gy savings 
;,ut are not li~ely to indic2te the ::lagnitude of 
savings as a ~esult of any particula:' conservation 
step. A~ the other ~xt=c~e, ccmplete sub~e:~=in6 
0:.' each ener~y system and an estcblist:r.e:l: of the 
exi.;ting co::-.:.ort cm:citions in the bui.iding are 
required. ~'t\'is latter dete:-mir.,ztion is r.ecc3::>ar:, 
so th~t if the cilergy sav!ngd arc due in part to 
oaking the space lesg confortable (which requirEs 
~irtually co engin2ering i~~07~t1on), this ~ay be 
o'J.1.y noted. 

The inte::lt of t~e p::oject cisclissed .cn this ;oa?er 
~ns to eE~2~11$~1 this CO~?:2:e ~t~cr~y a~rl co~fort 

~ecord fo= & ty~ical c~lt~3~cry office buildi~; 
prior to t.ne s!;:a=~ of E. ret::-ofit pro6,ran:. 
Establis~':::'~g PtOf!S2 CC:lc.1;::!..ons r·.::qui-red t.:-.at 
Qea3ure~~n~s-be IDaee of t~e a~r infiltration 
that occ~==ed in the bcil~i~g. ~e3su=e=e~ts t~d 

to be mad2 in the air ~a~~ling Sy3t~~ &5 ~lE:l as at 
other pl.ace3 :!.;",sice the bl!ilding. L1.e me tISUT2!!!ent.s 
in the a"r ~£ndling syste~ includec the total, 
velocity, and static head preSSlire ~~ich could be 
used to cc=pute air flow rates throligh the use of 
t~8ditional tech~iques. I~ addition, the t=acer 
gea techn~~~e was utilized si~ultuncou51y (it~ring 

the 8a~e ~ay) so that it W33 ;oc8ib:e to ~n~e a 
comrarison between the t"-fO !!lethods. The 
specific t::acer gas used was sulfu:: hexafluo:idc 
(5F6) and the apparatus i~cludcd a small gca 

*Dr. Kelnl;oiC!!" is a Profe,s.3cr of !fecbanicu~ 
Fngineericg at Catholic r~iveraity. 
Dr. Hur.t is' a Cher.:ical i;-.gineer in the Center :0:' 

Building Technology, NbS. 
Dr. Dicion 'is a Mecha~ical Engineer in the Center 
for Bu!lriing Technology, NBS. 
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chromatograph with nn electron capture detector 
plus other liccessori~~:.. ... i/ Similar apparatuses have 
been used to ce:err.:Jae air leakage rates in several 
houses and smaller structures with considerable 

success2 ,3.4,5( t1C"Wever they have not, to our 
knowledge. been uSed t.o measure air ~, . .:;akage rates 
of an occupied high rise office building. 

This study cannct be cited as conclusive proof that 
either of the techniques are absolutely correct; 
ho",'ever, it will an. shown that there is excellent 
agree~ent between the~. Considering that the two 
~ethods are based on corrplet~ly different physical 
pr!nc!ples, it does ilve so~e confidence thac 
either the direct mechod or the tracer gas method 
can be used to estimate a building's air exchange 
~ith its sCl"roundingn. 

Description 0: Test Bui)di"3 

The nine story, sGuare cro69-~ectional Vnion 
Plaza building, which was occupied by the Federal 
Power CouWl:'~sica in Jul /J 1973, is iocated in 
d~Jnt~~~ ~ashi~~tonJ D.C. Exterior dimensions of 
the building are 57.6m (189 ft) x 57.6m (189 ft) x 
23.3~ (93 ft). The exte:ior walls of floors three 
th=o~gh nine consist of p=~~nst concrete panels 
~ith exposed aggregate backed by batt insulation 
wi~h 1.3 em (:/2 in.) gypsl:~ board on the inside. 
Tne windovs are single pace of grey plate-glass, 
~!OImted in aluminum francs and sealed. Floors 
one and two have a mixture of store-front glass 
and face brick. 

The first floor is below street level, 1:lut there is 
adequate space around t~e base of the building to 
provide entrancew:oys or. all sides including a 
service entrance and loading dock. The only other 
openings in the building are located on the roof, 
as sho~~ in Figure 1. These include the elevator 
shaft vents, record lift shaft vent, toilet exhausts, 
door from west stairvell to penthouse, and first 
floor kitchen ~xhaust hood vent. 

.. 
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The core and per:meter zones of floors two th=oueh 
nine, which have approximately 277. glass relative 

" ·0 the exterior facing, are serviced by the :nairr 
"''\'ariable air volune system. Two air handlinz units, 

each rated at 49.1 m3/s (104,100 cfm), a=e loccted 
in the first-floor air handling room. One supplies 
air to the north ri'ser a:'ld the other to t::e south 
riser. On each !loor, the supply ducts· !rom each 
of the two risers join together at the end of their 
runs. The air-handler room acts as a plen~. 

Air \.:hich is dra ... -n through the ceiling of each floor 
returns to the air handler room via :he =ssorrry duct 
shafts in the space

1
not occupied by uupply eir risers. 

A maximum of 21.2 m Is (45,000 cfm) of ou:side 
air may be introcuced into the air h2ndle= =000 
through first-floor level air lo~v~rs con~ec:ing to 
the mechanical =oom, which has air inlet ds=pers 
to the outside. The first floor, wh!ch hes a 
lobby, snack bar, kitchen, cafeteria, liquor store, 
bank Dnd information center is suppl.ied ... !th air 
from a separate air handling unit independent of 
the main ay5 tem. 

Infil~ratlon Rates bv Tracer Gas 7ec~~isue 

In the measurement of air infiltration by the 
tracer dilution ~ethod,a tracer sas is distri~uted 
throughout D building, and the decay in concetitra
tion i8 oeasure.c! as a function 0: t1:ne. 'The :heory 
of the method can be briefly ou=llned by considering 
the governing equaL"ion fo-= ·the uniforn co:-~c~ntrat:!.on 
of a tracer gas in-:air as a fc.llction of tiT-a: 

(C - C ) ~ 
o i V (1) 

wh~re Co and Ci ar~ respectively the outside and 

inside concentrations of tracer at ti:ne L. v is 
tile rate at wtlich air enters :te building. It is 
also t~e rate 2= w~1ch air, leaves the bu!:~!ng 
unless there is a buildup or 103s 0: pre.ssu::e. V 
i~ the ventilated volu:ne of the building, and v/v 
is t~e air-infiltr~tion rate per unit tice. Ey 
proper selection of units, v/V has the units of air 
changes per hour. 

I [ the outside concentration of tracer is small 
enough nto be neglected, equation (1) can he 
reduced to: 

Equation (2) can ~e integrated to give: 

(2) 

v/V - (3) 

where Cto is the initial indoor concen:ra:ion of 
tracer. Equ'.l~t':'ons (2) and (::) r.sve the fer::! of 
the radioactive c!ecay law or the equation 
of the .. ell l:!!xe':! tank. Ec;uat;(.on (3) can be 501ve.d 
directly using specific values of the variab:es on 
the righ: hand sid~; however, when ~2nual calcula
tion is perfor~ec it is cor-non practice to plot 

Ci 
In - against t and calculat·e the infiltration 

Cio 
·ate from the slope of the line. It should also be 

" .. ,~ ,ted that it is not necessary to k,10W absolute 

323 

tracer concentrations to c1).lculate infiltration 
rstes since relative concentrations, Ci/C

io
' are all 

that are needed. 

Concentrations of SF6 in air were measured with a 
s~Bl: gas chror.atrogreph equipped with a pulse-mode 
elect=on capture dete~tor. Sanpling points are 
shown :,y nunber in Figure 2 which is an abridged 
diagram of the air handling units in the builGing 
and their associated space. Sulfur hexafluoride 
was metered into one of the fans at point A 
indicated in the Figure. End concentrations of the 
~as Wf~re rnDnitor2d cio~-ns!:re.?!I! at po:!.nt 1 in the 
supply 2uct. Spot chec~s were also mad0 at the other 
sc,mpling points to dete=.i.ne tracer uniformity. 
:n one series of tests, Ga~ples were taken from 
the corridors en cl oors t~o through nine as a 
:urth"r check on uniformity. 

To determine infiltraU.()n rates, thl? SF6 level was 
built up to a suitable level (usuallv about 20 ppb) 
allowing 15 minutes or longer to reach stendy state 
conditions. Samples ,:ere then taken at timed 
intervals from point 1 and analyzed. 

Figure 3 shows typical ulots of reletive concen
tr-sticn vs. tit:J.e from whic~) tr.e tC'tal sir ~xch&nge 
rates were calculated. These exchan~e rates 
were ffi2asured on two different cays with th~ 
?utside air vents closed, a&d ~ith the c~!tside air 
vents open. ~espectively. 7he calculated in~iltra
~iort rates are indicated beside the respective plots. 

Air EXC:Ht'1.:')C !\etes by D:~rcc_: : .. rea~~nent and 
Calculation Technicue 

The second, independent technique for deter
mining the total air exchan3e rates involVEd a 
combination of measuring and cclculat:.ng exhaust 
!'stes for the bui:cding. ;:t W"5 assumed thnt 
quasi-steady s:ate conditions existed a:'ld :hat total 
air leaving the building equaled that incoming. 

The building was well suited for determinir,g exhaust 
rates. As described above, entrences to the building 
are located only on the first floor, the wi~doW9 
cannot be opened, and all vents associated with 
the main air harrdling system 5er~icg floors two 
through nine as ~ell as t~e exhaust openings are 
located directly on the roof or in the penthouse. 

There are the vents for the elevator shafts, the 
record lift vent, exhacsts fro~ the me~sl and 
...... ~cr.H~ns' to!.lets. anc. the coor o?cn:"!lg to ~he 
penthouse fro~ the west stair~e:l. The ex~aust 
from the first floor kitchen vas not consi~ereci 
associated with the ma!.n air ha~:~:i\~R syste~. 
Further, direct neasurenent of?· ·~~re difference 
across exterior Wells 0: the bu: - indicated 
that floors two through nine 10.'2'· ·ays s::'ig~tly 

pressurized !Jy t'le mair: air ha:-,~.. '"nits. Thus. 
ey.filtration cO'lld occur thro'.:".c. <!xternal walls 
and do~'11 from the second floor t·" ::.e first floor. 
This is indicted conceptually ~n ::3ure 1. 



\ .. .1-/ 

To dete=ine the exfiltration rates through outsic!e 
air vents, elr flo,; l:ates through the roof ve:'".ts 
and exhaust units "ere deter.r.i:1cG fro", velocity 
measurements m~de with a vane anrmometer. The flow 
rates through ':~e W!l:ls of £l(;orr. t,,;o throu"h :1ine. 
and from the sec0no to the first floor were 
calculated. :he values of the two components were 
added to obtal~ the total exfiltration rates. 7he 
results are presente~ in Ta~le 1 for cwo different 
conditio:1s, ou.tside air vent'.; closed and open. 

All of the (,xhaust 5yste::> velocities ... ere mensuIp.d 
... ith a vone anemometer at the roof vent locntion. 
Each vent has a grill si~i:ar to that on the recorrl 
lift vent located on the north side of the penthouse. 
The flow rate tr,rough any g::ill is: 

Q AVnS[m3/s] 
A - vent Ilreo (grill oft) (m2

j 

ij - averaGe velocity across the face of the vent 
Within the griil (~/sl 

~ - ratio of ij with grill on to ij with grill off 

B - ratio of ij based on long periods of operation 
to ij based on short tests. 

The procedure for the elevator '1ents only ... as to 
measure ij for each vent with the grill off; because 
the grill slats nade the exit flow patterns quite 
distorted. While the main elevatcrs and record 
U.ft were ope::atil,g, 'I "'as deternined as the average 
of fiv~ readings taken with a vane ane~ometer over 
the face of ee~~ ve:1t for one minute periods. The 
air fl= thrololzh the record lift vent could be rl?ad 
from inside aT outside the grill, i.e., inside 0:: 
outside the penthouse. Thus, after fincing V for 
the record lift withou~ its g::ill by measuring from 
the outside, the grill ... as put in place and the 
readings repeated from inside the penthouse. The 
ratio of the two average readings was 0.528, which 
was co~sid(·.·cd t:-,e. same fo:- ~~ll vents 3l.r.C8 all 
grills were of [~e same configuration. It wa~ found 
that V detc=ined over loq; periods was sl1gh:ly 
lesa than that for one minute periods. This ... as 
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bec,,~se of the unsteady flo ... conditions due to the. 
so~ewh3t random operating cycle of the elevator3. 
S~vernl lunger tests were ~ade and it ~as deterffiin~ci 

t~Dt ij bascd on one minute tcst periods could be 
corrected satisfactorily by the factor 8 - 0.80. 
The j:.rocedure for the toilet exhausts was to 
~ca9ure the flow with the grill in place because 
it ~as a simple screen and the flo ... pattern "as 
regulnr. The" value was therefore 1. 

The leakage rnte
3
through the exterior walls of a 

building, Q in m /s, was calculated from: 

Q • q A 
...her.~ 

3 
q • leakagi rate per unit area m / 

(s . m ), depends on the wall 
construction (porosity) and the 
pressure difference, tP across 
the wall. 

2 A • tota~ exterior ... all area m 

In general little is kno'Nn about determining q 
theoretically for conventional or contemporary 
building construction. Usually q must be 
determined experimentally. Fortunately, some tests 
... ere carried out in Canada on buildings similar in 
construction to the FFC building, and the results 
were reported by Shml. et al.2.1 It ... as found that 
the leakage rates for the ... alls of these type 
buildings are approxir.1ately the sace as those 7/ 
tabulated in the ASHRAE Handbook of Fundamentals, 
for 13-inch plain brick wall. To use this data, 
tP ac::oss the wall must be kno'Nn. Therefore, 
measurer.1ents were made across the four ... alls 
of the FPC building uaing a sensitive pressure 
transducer. The measurements ... ere made at the 
secon~ floor level and at the ninth floor level, 
for ~he two cases, outRide air vents closed and 
outside air vents open. The pressure inside the 
building ... as always 'higher than outside the 
building. 

, 
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To determine q from the ASHF~E data, avera~e values 
of 6P from the second and ninth flnor data were 
u9('d. Thus, 

V1th out6ide air vents closed: 

~p - ~.97 Pa (0.028 inch H20) 

q _ 2.8 x 10-4 m3/(s • m2)(3.3 ft 3/(h . ft 2)) 

With outside air-venta open: 

~P - 27.4 Pa (0.11 inch 

q - 7.3 x 10-
4 

m
3
/(s 

H
2
0) 

m2)(8.6 ft 3/(h . ft 2)) 

During the days these tests were run the wind 
velocity averaged <5 HPH e·nd t:1e temperature 
differences betlJeen the interior ane! extzricr w<'.s 
<5"F. It would be reasonable to expect higher air 
exchange rates than d~te=inee! here under more 
severe weather conditions. 

The second stery floor corretruction ~as such that a 
porosity value one-half that af the exterior wall 
was assumed. The roof "'a~ aS6UIr.ed a:rtight. 

Final Results End Conclusions 

The aUffiQsry results of using ~oth the tracer 
gas and direct ~easurement technique are listed 
in Table 2. Th~·tracer gas results were directly 
in terms of air -ehang<'s per hOllr; however, the 
direct mensure=ent results were ~ot enc !t ~a9 
necessary to es cir.late th'! total Ul'.occl.lpiec volune 
(net air space) of the building. This net volume 
determination ~as made ~y tB~ing the difference 
between the total volume inc!:cated from the 
architectural c!rawings Pond t~e volume t:cupied by 
the furniture, etc., ~hich WaS approximately 15%. 
The occupied volu:ne was esti.DEtec from physical 
measurements in a typical office. -;:he net vol~J:e 
was then diviced into the tctal air flcw leaving 
the building to ~btein the figures listed in Table 
2. 

Since the direct measure=ente employed a vane 
anemometer, it cnn be aB6u~ed that the &bsolute 
accuracy of these mea9U=2~ents may be in error by 
10%. The tracer gas technique is estimated to have 
a standard deviation of .07 but a standard error 
of mean of only .03 air c~unges per hour, hased 
on experience in other applicctic:,s. 

It is regarded as somewhat fcrtuituous that the 
differences bet~een the two measurement methods 
was only about 3% with the fresh air vents at 
minimum and 6% ~ith the fresh air ven~s at maximum 
considering the typical error of many o~ the 
measurement techniques used the necessity 
for estimating some components of the ~~r exche:1ge. 
Ho-.;ever, there were a nurn!Jer ot' factors in this 
particular experiment which tended to reduce the 
errors in dete~ining total air exchange. 
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The fundamental c~ite~ia for the tracer gas technique 
to be accurate is good mixing and goad sampling. 
This building wng vent11.ated by t·"o fens within 
supply and return ducts which were interconnected 
on every floor. This ~n effect, made the entire 
building a single zone ventilation system. This 
effect was verified by noting that upon injection 
of the tracer in the supply fan at point A of 
Figure 2, detection of almost equal amounts was 
indicated at p06itions 4 and 3 at the same time. 
Also once the gas supply ·"ilS shut off, the decay 
rates at any of the measurement stations were the 
same. A second factor ~'hich made this test 
environment ideal was the weather. With low wind 
speeds, small interi-or/exterior temperature 
differences, and a continuously positive 
pressurized bui:d~ng, the variations du~ to stack 
effect, etc .• wi thin the building • .. ere miniEal. 
It was thu3 possible to obtain good sampling from 
the equipn.ent room alone with only spot checks on the 
second and ninth:. floors to ass~re uniformity. 
Applications ~here building and weather conditions 
deviate from those found here may require 
considerably more' effcrt and/or may result in 
considerably less accuracy. 

Two observations concerning this specific bUilding 
were that (1) the overall air sys~em was not 
balanced (positive pressure ccndition) and (2) a 
significant portion of conditioned air was being 
pUI:1ped out the elevator vents. This latter condition 
indicates that there would be good potential for 
energy conservation through either using thermal 
recovery fro~ the exhaust or by recycling of the 
air itself. 
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DISCUSSION 

Paper 8.4. Kelnhofer, Hunt and Didion, 
"Determinatio~ of Combined Air txfil
tration and Ve~tilation Rates in a Nine

. Story Office Building~ 

Please conunerit 
as methane). 
to SF6? 

on other tracer gases (such 
How do they (methane) compare 

David Didion - Response 

The only simultaneous comparison we have 
made of different tracer gases was between 

:SF6 with molecular wcight of 136 and He with 
a molecular we~ght of ~ (C. M. Hunt and 
D. M. Burch, ASHRAE Transactions 81, Part I, 
J86-201, 1975). This co~parison was per
formed in a 4-bedroom townhouse. The P.e 
results averaged slightly lower than those 
obtained with SF6 . The purpose of the corn
·parison v.as to eetermille if He disappear-ed 
faster- than SFA because of its faster- dif
fusion rate. chis effect was not observed. 

Other gases have been used as tracers such 
as: ethane (R. H. Elkins and C. W. Wensman, 
paper presented at Institute of Gas Tech
nology Confe~ence on Natural Gas Research 
and Technology, Chicago, Illinois, March 3. 
1971); nitrous oxide (0. M. Lidwell. ~. 
Hygiene 58. pp. 297-305. 1960); cartoOn di
oxide (J. E. Hill and T. Kusuda. ASHRAE 
Transactions 81, Par-t I. pp. 168-185, 1975); 
and c~r~on rno~oxide (R. Prado, a. c. LeonQrd, 
and V. W. Goldsch;n: .. dt, ?'c:r.cu,~ University Re
port). There are also additional gases 
which might be used as tracers. but we are 
unaWare of any s~multaneous co~parison of 
different ga§es other than the one cited. 

Charles Erlandson 

Was the positive pressure of .028" ·constant 
on all floors? Did you take reading-s at 
higher wind velocities? 

David Didion - Response 

Pressure differences across the outer walls 
were ~.,c<.isurud on the second BEd ninth floors 
only, and for practical purposes they did 
not vary from each other. Rcadings at high
er wind velocities were not taken. 

Preston 11c~Jall 

Could the OA be measured directly? If so. 
OA-exhaust air equals infiltration (or ex
filtration) and could be a check on the cal
culated exfiltration. 
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Di:vid Didion - Response 

A pitct.-6tatic tube traverse _ -:he outside 
air ducts could have been t: .:;) determir.l! 
outside air rate with the 0 :" air Vc·nt;; 

open. This was not done b'C'.., .. of timc 
limitations. Ilowever, your :.i, ;.Jcstion 1:, 
well taken and appreciated. 

In response to this question the authors' 
curiosity was sufficiently aroused to cause 
them to return to the building to obtain 
an outside air- quantity measurement. Con-
9idering that it was almost two years since 
the other measur-ements and that institution_ 
al constraints diSallowed a proper pitot 
traverse, th~ measurement could only be very 
approximate. The only convenient place to 
use a vaned anemometer was at the exit 
planes of the outside air ducts as they en
tered the fan room. Unfortunately the dam
pers are also at this plane and the airflow 
correction factors for such dampers is un
known. However. assuming a correction fac
tor of .8 the total air flow was determined 
to be about 37000 cfm for the dampers in 
the fully open position. 

John Palmer-

Was any attempt made to evaluate change in 
elevator- shaft openings in relation to out
side air vents being opened and closed? 

D<;vid Didi.on - Response 

The elevator shaft vents for- the building 
arc of fixed geometry and always open. If 
the exfiltration frem these vents could be 
reduced or eliminated. a substantial savings 
would result. 
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