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Preface 

International Energy Agency 
In order to strengthen cooperation in the vital area of energy policy, an Agreement on an 
International Energy Programme was formulated among a number of industrialized countries 
in November 1974. The International Energy Agency (IEA) was established as an 
autonomous body within the Organization for Economic Cooperation and Development 
(OECD) to administer that agreement. Twenty-one countries arc currently members of the 
IEA, with the Commission of the European Communities participating under a special 
arrangement. 

As one element of the International Energy Programme, the Participants undertake 
cooperative activities in energy research, development, and demonstration. A number of new 
and improved energy technologies which have the potential of making signif"1cant 
conmbutions to our energy needs were identified for collaborative efforts. The IEA 
Committee on Energy Research and Development (CRO), assisted by a small Secretariat 
staff, coordinates the energy research, development, and demonstration programme. 

Energy Conservation in Buildings and Community Systems 
As one element of the Energy Programme, the IEA encourages research and development in a 
number of areas related to energy. In one of these areas, energy conservation in buildings, the 
IEA is encouraging various exercises to predict more accurately the energy use of buildings, 
including comparison of existing corn uter programmes, building monitonng, comparison of J calculation methods, as well as air qu ity and inhabitant behavior studies. 

The Executive Committee 
Overall control of the R&D programme "Energy Conservation in Buildings and Community 
Systems" is maintained by an Executive Committee, which not only monitors existing 
projects but identifies new areas where collaborative effort may be beneficial. The Executivc 
Committee ensures all projects fit into a predetermined strategy without unnecessary overlap 
or duplication but with effective liaison and communication. 

Annex V Air Infiltration and Ventilation Centre 
The IEA Executivc Committee (Building and Community Systems) has highlighted areas 
where the level of knowledge is unsatisfactory and there was unanimous agreement that 
infiltration was the area about which least was known. An infiltration group was formed 
drawing experts from most progressive countries, their long term aim to encourage joint 
international research and increase the world pool of knowledge on infiltration and 
ventilation. Much valuable but sporadic and uncoordinated research was already taking place 
and after some initial groundwork the experts group recommended to their executive the 
formation of an Air Infiltration and Ventilation Centre. This recommendation was accepted 
and proposals for its establishment were invited internationally. 

The aims of the Centre arc the standardization of techniques, the validation of models, the 
catalogue and transfer of information, and the encouragement of research. It is intended to be 
a review body for current world research, to ensure full dissemination of this research and, 
based on a knowledge of work already done, to give direction and fm basis for future 
research in the Participating Countries. 

The Participants in this task are Belgium, Canada, Denmark, Germany, Finland, France, 
Italy, Netherlands, New Zealand, Norway, Sweden, Switzerland, United Kingdom United 
S tatcs of America. 
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Annex XX: Optimization of Air Flow Patterns Within Buildings 
The prediction and the control of the air flow patterns through the building and in the rooms is 
necessary to provide an efficient ventilation. Planning methods should allow that prediction 
from the earliest stage of a project, in order to enhance the comfort and the air quality while 
saving energy. 

Recent developments in measurement and calculation techniques open new ways to study 
these phenomena. The general scope of the Annex XX is to evaluate the single zone existing 
models and to help the development of multizone simulation programs. This project has two 
subtasks: 
- Subtask 1: Air and contaminant flow patterns in a room 
- Subtask 2: Air and contaminant flows as well between the zones in a building as from or to 

outside. The scopes of this subtask are to develop new multizone algorithms (e.g. for flow 
patterns through large o nings, for inhabitant behavior, etc); to provide data for the 
evaluation and the use o computer models and to contribute to the development of new 
measurement methods. 

P" 
This handbook is a result of the strong collaboration between the Annex XX, subtask 2 and 
the AIVC. The latest dcvclopments in measurement methods related to ventilation were 
described by Annex 20 participants and large portions of the Measurement Techniques Guide 
first published in 1988 by the AIVC and describing the techniques already known at that time 
w e n  reviewed and integrated, in order to make this handbook more complete. 

Countries participating to this subtask are Belgium, France, Netherlands, Sweden, 
Switzerland, United h g d o m  and USA. Moreover, Canada, Denmark, Germany, Finland, 
Italy, and Norway participated in Annex XX, subtask 1. 
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1.1 Structure of the Handbook 

1. Structure of the Handbook 
This handbook is concerned with the measurement of those ammeters which are Im runt in ahing 
m understanding of air infiltration d ventilation. 7he kkdbook has been desged  so &U the 
material suited to your panicular level of interest or cumnt expertise, is readily accessible. The flow 
chm in Figure 1.1 illustrates the suucture. 

I .2: Introduction 
Background 

I 
1.3: Selecting a Technique 
Where is the problem? 

Figure I .I : Structure of the handbook 

The introduction provides a general overview of infiltration and ventilation in buildings. Ventilation 
studies are discussed and the aims of the handbook outlined. 

Part I defines the parameters which are important, presents the reasons why they should be measured 
and gives a guide to the selection of techniques for particular a plications. Summaries of the main 
techniques available are presented, which are cross referenced wl 2 the main body of the handbook. 

Part II prtsents the theory and practice of measuring the airdptness of the building envelope and its 
components. Leakage location and leakage path distribution wlthln the building is also examined. 

Part 111 presents the theory and practice of measuring air exchange rates and the related contaminant 
flow rates. Air exchange between a building and the external environment is examined, as is the air 
exchange between the various internal spaces of a building. 

Part IV presents some measurement methods which may be useful to qualify the indoor air and the 
efficiency of the ventilation system. Measurement of contaminant concentrations are however not 
described, since another book will be necessary to describe all the possible methods to analyze the 
thousands of possible contaminants. 

Part V Describes measuEment methods which are able to qualify a system, namely to measuFe the 
flow rates in the ventilation network and to control its tightness. 

Appendices are provided either to give information on general tools as units transformations, error 
analysis, identification methods or to llghten the main text of information which may be use l l  only to 
specialists. 

A glossary and an index are also provided to facilitate the use of this handbook. 
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1.2 Introduction 

2. Introduction 
The provision of an adequate supply of outdoor air suitable for the needs of the occupants is an 
important aspect of building design and construction. Ventilation (the transport of air Into, through and 
out of a building) can be moted by natural or artificial forces. It Is necessary to understand this 
process, since It affects the energy consumption and internal environment of a building. 
Excessive ventilalion will put an undue burden on the building's healin system and may lead to 
energy wastage, or an unacceptable thermal climate within the building. 8, ufflcient ventilation can 
cause problems ~leladng to the quality of the air within tfie building. The internal environment can 
become uncomfortable or, in extreme cases, harmful to the building occupants. There are a variety of 
methods by which buildings can be ventilated. 

The only means of vendladon h some bufldings is air infiltration. TNs Is an endrely passive process 
and relies upon the fortuitous leakage of air through various cracks and gaps in the building envelope. 
Typical leakage paths are Illusbated in Figure 2.1. 

Jolnt8 b b l r u n  jolrtr and b.8@mnl 

8lr , 

F k r  draln 
Ia lr  mlar8  lhrough wnplng Ill.) 

b 

k l t c h n  
vmnt8 

Figure 2.1 : Qpical leakage paths in buildings [Elrnroth and Levin, 19831. 

The amount of air entering and leaving the building is dependent upon the pressurc differential across 
the building and the characteristics and distribution of the leakage paths in the envelope. Pressure 
differentials can be caused by the dynamic action of the wind. In this case air will generally enter 
through cracks on the windward side of the building and leave through similar openings on the 
leeward side. A difference in air density due to any indoortoutdoor temperature difference will also 
produce a pressure differential across the building fabric. This is often referred to as the "stack effect". 
In a heated building air will rise within the structure, entering low down and leaving higher up. 
Alternatively it may move in the o posite d i r d o n  if the air in the building is cooler than that outside. 
In reality the combined effect o wind and temperature produces complex and variable air flow 
patterns throughout the building. 

P 
2.2 Natural Ventilation 
In the infiltration process, the amount of air entering a building is primarily governed by the wind 
speed, wind direction, indoortoutdoor tempecature difference and air leakage characteristics of the 
building. Because the climate L unpredictable, the spedfic air flow due to infiltration is a variable 
parameter which is beyond the control of the occupants. In order to harness the climatic arameters 
which influence M-tration, buildings can be purposely provided with natural ventilation. &S usually 
consists of controllable apertures which are strategically placed in the building envelope. In this case 
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the positioning of these openings, and the behavior of the occupants in relation to them, are also 
factors which influence the rate of air flow into the building. 

2.3. Mechanical Ventilation 
To obtain more control over ventilation it is necessary to intmduce mechanical stems into the 
building. Air can be removed from a building by a mechanical extract fan or it can "r, driven into a 
space using a supply system. Extract ventilation necessitates the provision of sufRcient openings in the 
building envelope, to ensure that the incoming air may easrly replace that which is extracted. 
Similarly, with a supply system the displaced air has to leave the building through any advenddous or 
purpose provided openings in the building fabric. Whilst to some extent negating the influence of 
climatic parameters, the correct functioning of mechanical extract or supply systems will still depend 
upon the air leakage characteristics of the building envelope. A third type of mechanical system is a 
combination of the previous two techniques, this is the balanced ventilation, in which separate systems 
are used to supply and extract air from the building. In a totally balanced system there is no net 
pressure effect due to the operation of the fans, therefore the amount of air enterlng and leaving the 
building will be influenced by climatic parameters producing uncontrollable variable pressure 
differentials across leakage paths in the building fabric. 

2.4. Internal Air Movement 
The bulk movement of air into and out of a building, whether it is promoted by natural or artificial 
forces, causes air to flow between the various intemal spaces of the building. Thfs exchange of air 
between internal spaces is of particular importance in relation to the movement of airborne 
contaminants and moisture from one part of the building to another. An illustration of this would be 
the effect of air flow between occu ied spaces in a dwelling and the cold, unheated roof space above. ,,l' Here warm moist air could be ca ed from the living artas and cause condensation problems on the 
cold internal surfaces of the roof space. Air flow throughout the building cannot be ignored when 
considering the ventilation process. 

2.5. Ventilation Studies 
It is clear from the preceding discussion that the ventilation of buildings is an important and complex 
process, which is influenced by a variety of constructional, behavioral and environmental parameters. 
It is because of these com lexities that ventilation is often regarded as one of the least understood 
aspects of building phys P CS. In recent years research and development in two major areas, 
mathematical modelling and measurement techd ues. has led to a greater depth of knowledge in the 
field of air infiltration and ventilation. Theore 9 cal methods are now available which enable air 
exchange rates, both with the environment and between the internal spaces of the building to be 
evaluated. If these models art to be effective1 applied, considerable computational power and large 
amounts of input data must be used. Altema d' vely simplified calculation techniques can be utilized. 
These require less effort to rform but the output is comspondingly limited. Mathematical modelling 
methods have previously n examined in detail by the Air Infiltration and Ventilation Cem 
[Liddarnent, 19861. 

L 
2.6. Measurement Techniques 
A great deal of effort has been devoted to the development of measurement techniques for air 
infiltration and ventilation. Several of these techniques have been previously examined by the 
International Energy Agency as part of a wider programme concemhg residential building energy 
anal sis [IEA Annex 111,19831. Now techniques are available which enable the flow rate of air into a 
buil &I ' g, under normal environmental conditions, to be evaluated. Measurement methods also exist 
which allow the air exchange rate between the internal spaces of a building to be quantified. 
Evaluadon of the overall airtightness of the building shell has become routine and, in some countries, 
mandatory. The location and distribution of air leakage sites can be determined, and the air leakage 
characteristics of specific building components or leakage paths can be evaluated. 

Measurement techni ues are the fundamental means of acquiring a greater understanding of air 
inflltradon and v e n t k o n ,  in that they enable primary data to be obtained from the evaluation of 
existing structures. This document examines, in detail, many of the measurement techniques used for 
air infiltration and ventilation studies. The broad aims of the handbook are to identify the parameters 
which require evaluating, indicate the variety of measurement techniques which are available, provide 
detailed information about several techniques, and offer advice regarding the selection of a technique 
for a particular application. 
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3. Selecting a Technique 
This chapter intends to give the infonnation which may help the user in choosing the measurement 
techniques able to solve his problems. 

3.1.Strategy of Selection. 
Measurements in buildings art useful for two essential purposes, these are: 
1- for commissioning a new building or part of it, in particular its ventilation system, to check the 

comct operation of the new system, to set conmls and dampen and to locate faults. 
2- to detect possible m a l h d o n s  in existing buildings (e.g. sick buildings) and to diagnose their 

causes. 
In both cases, malfunctions have an effect not only on comfort and indoor air quality, but also on the 
energy needs of the building, as well for heating or conditionning the air as for the fans. 
These objectives may be applied to three different domains: the building and its elements, the indoor 
air quality and the ventilation system. More precisely, measurements can give the following 
information: 

To characterize the building or building elements: 
- locate the main leakages; 
- measure the total leakage of the building for a given pressure difference; 
- measure the leakage characteristics of the building or of building elements; 
- measure the leakage distribution in the building. 

To characterize the indoor air quality and the room-ventilation system 
- determine the age of the air at different locations in the room; 
- derive a ma of the contaminant concentration resulting from contaminant sources, ventilation 

system and i$ r flow pattern. 
- determine the air exchange efficiency or the fresh air distribution within the room; 
- determine the ventilation efficiency, that is the efficiency in extracting the contaminants generated 

in the room. 

To characterize the ventilation system: 
- measure the global air change rate in a room, a zone or a building; 
- measure the air flow rates between rooms or zones and between rooms or zones and the outside; 
- determine the flow rate in the air ducts (inlet, exuaction, short-circuits); 
- determine the efficiency of the ventilation system, that is the ratio of the system supplied fresh air 

to the total fresh air flow rate including infiltration 
Each articular need cited above requires its own measurement methods. Hence the real question is 
not "&ch mewrement method shall I use?" but "What information do I really need?". lhus the 
starting point is to deflne clearly the problem to be solved. Once this is done, the choice of 
measurement method is much easier. 

The parameters which may be obtalned through each measurement technique are presented in section 
3.2 and tht detailed selection method is presented in section 3.3. 

3.2. Measurable Parameters 
This section examines those parameters which arc of interest in air infiltration and ventilation studies. 

3.2.1. Air Leakage CharactcrLrtics 

Thc ratt of air flow is dependent upon a range of variable influencing factors. A basic approach in air 
Mltratlon and ventilation studies and in budding evaluation is to uy to negate the influence of these 
variable factors and evaluate the air leakage characteristics of the building fabric only. 

Leakage paths occur in both the external envelope and intemal partitions of a building. If there is a 
p r e m  difference across a leakage path, then air will flow through it. Under normal operating 
conditions, pressure differences are caused by the wind, indoor/outdoor temperature differtnce and 
mechanical vendladon systems. In order to evaluate the leakage performance of the building envelope 
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mechanical ventilation systems. In order to evaluate the leakage performance of the building envelope 
it is these variable pressuns which must be eliminated. 

Evaluation of the air leakage characteristics of a structun consists of superimposing a known amficial 
pressure difference across the envelope or component and measuring the air flow rate through i t  

In any building then arc many potential l& e sites, these may be either adventitious or Intentional. t A knowledge of the location of these sites is a rst step towards evaluating the envelope in terms of air 
leakage. Several techniques exist which enable leakage sites to be located. These techniques are 
discussed in part II. 
In order to characterize the leakage performance of the building completely, it is necessary to 
determine quantitatively the nlationship between the air flow through, and the pressure differential 
across, the leakage paths. The actual reladonship may depend upon the natuR of the leaka e path. The 
building envelo can be examined in its entirety or, if more detail is required, rela onships for 
individual buil 3 ng components or leakage paths can be developed. 

f 
3.23. Muldwns Air Flow Rates 
The bulk movement of air into and out of a building causes air to flow between the various internal 
spaces of that building and between these intemal zones and the extemal space, which can be also 
considered as a zone. These air flows are, in terms of both rate and direction, a variable parameter 
dependent U n construction details, ventilation S m operation, climatic effects and occupancy 

P anems. T l f '  S variable air movement plays a vi p role in heat transfer and in the distribution of 
nternally generated pollutants throughout the ventilated space. 

O k n  ventilation requinments m derived by making the assumption that both the ventilating air and 
pollutant a n  uniformly mixed throughout the building. Such conditions may not prevail in practice. 
Pollution sources are often located at a parricular point in a large interior space or confined to an 
individual room within a building. The pollution from a particular source may not be evenly 
distributed throughout the ventilated space. In this case it would be incorrect to treat the entire 
building as a single enclosed space. 

A consequence of internal air movement llution migration. This can be detrimental to either the 
fabric or occupants of the building. In for example, air flow directions must be kept under 
conuol, in order to prevent the and germs from one am to another. A well known 
phenomenon is the migration of humidity from moisture reduction zones, such as kitchens, to 
unheated areas, such as bedrooms or attlcs (see Rgun 3.1). can cause condensation and mould 
growth problems. Therefore, in order to gain a complete understanding of the ventilation behavior of a 
building. it is desirable to know the rate of air exchange between the various internal spaces of the 
structun. 

IT Livingroom 

Kitchen = 
Figure 3.1: Airflows in a building divided into 4 zones. 

The techniques used to measure these interzonal air flows involve the use of an inert tracer gas which 
is rtleased lnto the building. However, because of the complex natun of these air flows, it may be 
necessary to utilize sophisticated equipment and more than one tracer gas. The measurement of 
interzonal air flows using these methods is discussed in further detail in part In, whereas the 
techniques for the determination of the air flow rates in a mechanical ventilation system are presented 
in pan V. 
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3.23. Air Change Rate or Spec@ Air Flow Ratc and Nominal Time Constant 

The exchanges between the building and the external space, that is the amount of air which enters and 
leaves a building is of fundamental importance in air infiltration and ventilation studies. One 
convenient way of quantifying this air flow rate is to relate it to the volume of the actual space (whole 
house volume or room volume). The air change rate or the speciflc air flow rate of a building is a 
measure of the bulk movement of air into and out of a space and is defined as the volumetric rate at 
which air enters (or leaves) a space divided by the volume of the space. Often the air change rate is 
expressed In air changes per hour (ACH). One air change per hour means that the total volume of air 
passing through an enclosed space In one hour is equal to the volume of that space (see Figure 3.2). 

Speaking in terns of energy use, one air change means that a volume of air comsponding to the 
indoor volume is exchanged, thus heated or cooled, with the comsponding energy consumption. 

However, speaking in terns of indoor air quality, this does not necessarily mean that the air is 
completely renewed (or the contaminants completely removed) after one hour. The time it takes to 
exchange (replace) the air in the actual space is dealt with in Part IV of the handbook. 
The nominal time constant .r Is the reciprocal of the specific air flow rate, that is the ratio of the 
volume of the space to the air ffow rate going through that space. 

Figure 3 3 :  Schematic illustration of the air change rate or specific airflaw rate. 

The nominal time constant has several physical interpretations. The average residence time of the 
supply air is equal to the nominal time constant. Furthermore, the time it takes to evacuate a 
contaminant present in an enclosure (the contaminant source being eliminated) is determined by the 
nominal time constant. For example, assumin complete mixin , hence homogeneous contaminant 

of a contaminant. 
B f concentration, it takes a time interval equal to ve times the nom nal time constant to eliminate 99 96 

The air change rate of a building has major implications with regard to both indoor air quality and 
energy consumption. The internal environment of a building must satisfy the physiological needs of 
the occupants. Fundamentally this implies that the occupants should be able to breath in a normal and 
comfortable manner. Respiration requires the intake of oxygen. Human tolerance to variations in the 
percentage of oxygen in air is relatively high and it is unlikely that a harmful shortage of oxygen will 
ever occur in occupied buildings. For a given level of activity, breathing rate is primaril controlled by K, the concentration of carbon dioxide in the lungs. Outdoor air contains about 0.03% c n dioxide by 
volume. If inhaled air contains 2% carbon dioxide, the depth of breathing increases. If concentrations 
reach 3-54, respiration becomes difficult and the atmosphere is noticeably unpleasant. Concentrations 
above 6 8  are considered to be dangerous. 

There are two basic approaches for the control of internal pollutants; these are: 
- removal or reduction of the pollutant source 
- dilution by ventilation once the pollutant is airborne. 

Since exhaled air contains carbon dioxide, outdoor air must be supplied to occupied spaces in order to 
dilute the internal concentration to an acceptable level. This air flow rate represents a basic ventilation 
requirement for occupied buildings. 

In addition to carbon dioxide, there are a number of other internally generated contaminants which 
pollute indoor air. In general, each pollutant requires a different ventilation rate to ensure adequate 
dilution and removal. The amount of fresh air supplied to a building must at a l l  times exceed the rate 
necessary to disperse the pollutant requiring most ventilation. Actual building ventilation requirements 
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ventdadon requirements is given by IEA-ECB Annex IX [IEA ANNEX IX, 19871. 

In all cases where heating or cooling is needed, the necessity for outdoor air gives rise to significant 
energy losses. An increase in standards relating to the thermal insulation of buildings tends to 
i n c m  this signl g cance, as the heat loss due to conduction is diminished. In the cast of cold air 
entering a heated building, and assuming the need to maintain the thennal environment within the 
structure, the ventilation energy loss H is given by Equation 3.1. 

where 
p is the density of air [kglm3] 
C, its specific heat capacity [J/kg.K] or [ W g . K ]  
n the specific air flow rate or air change rate [S-'] or [h-'] 
V the volume of space [m3] 
Ti the internal temperature [K or 'C] and 
To the external air temperature [K or 'C]. 

On substituting typical values for heat capacity and density, Equation 3.1 reduces to the approximate 
expression: 

where n shall be expressed in [h-l] 

Unless heat recovery is utilized, the heat load due to any ventilation requirement Is unavoidable. If, 
however, the amount of air entering a building exceeds that required to control the internal 
environment, an unnecessary burden is placed on the heating system. At the design stage, the principal 
task is to minimize energy consumption whilst maintaining good indoor air quality. In ordcr to achieve 
this goal, mathematical methods have been developed and these are now capable of pla ' g an r important mle in the determination of suitable ventilation strategies [Feustel und Dieris, 19 I ] .  Air 
change rate is a variable parameter which is dependent upon climatic influences, conshuctional 
details, and occu ant effects. For existing buildings, practical methods can be utilized to evaluate the 
air change rate o p a building under normal climatic and usage conditions. Measurements of air change 
rate involve releasing an inert tracer gas in a building and monitoring its concentration with time. 
Several distinct techniques exist and these are discussed in Section 2.1. These measurements enable a 
building to be assessed in terms of its ability to provide adequate ventilation for its occupants, and 
allows the actual energy loss due to infiltration and ventilation to be evaluated. 

3.2.4. Emiency and effectiveness 

The purpose of any natural or mechanical ventilation system is to replace the polluted air by fresh air 
in order to satisfy the needs of occupants. Ventilation should fulfil1 this task without using too much 
energy. Several efficiency concepts are used to qualify how well the task is fulfilled; these include: 
- air exchange efficiency: this is a measure of how effectively the air present in a room is replaced 

by fresh air from the ventilation system, that is how close the nominal time constant is to the time 
needed to completely change the air. 

- ventilation effectiveness: this expresses how ckly a contaminant is removed from a given 
location or from a given space. It is the ratio o the contaminant concentration at the location of 
interest to the concentration in the exhaust air. 

9" 
- efficiency of a ventilation system: this expresses the portion of fresh air which is introduced into 

the space through the ventilation system. 

The techniques to measure the first two efflciencies are presented in part IV, whereas the measurement 
of the efficiency of the ventilation system is described in part V. 

3.2.5. Contaminants Concentrations 
Internal pollutants are deAned as any constituent of indoor air which has a detrimental effect on the 
health of occupants, reduces amenity, or damages building fabric. Typical indoor contaminants 
include moisturrt, gaseous and pafticulate pollutants from indoor combustion processes (e.g. cooking. 
heating, tobacco smoking), toxic chemicals and odors from cooking and cleaning, odors from humans, 
and a wide assortment of chemicals released from building materials and furnishings. Among the less 
common pollutants are the diverse range of odors, chemicals and particdates which are produced 
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within industrial and cornrne~ial buildings. 

Contaminants arc ass& in terms of their source smngth, external and internal conumtrations, 
discomfort effects and toxicity. Measurement methods to determine these quantities Include [IEA 
ANNEX M, 19871 chemical. analysis methods, hysical analysis (spc~meters, gas 
chromatographers) and panel judging of odors [Fmger, 19 L!' 81. 
It is not possible to present in thls handbook all these methods for the measurement of every possible 
contaminant. However, some analysk methods which are presented in part III may be used to measure 
some common contaminants such as moisture or carbon dioxide, 

3.3. Application and Selection 
This section deals with the selection of measurement techniques for particular applications. 

3.3.1. General Process of Selection 

The process of selecting a measuRment technique takes place in three broadly defined stages. 

1 Application, Objective of Measurements: The fist  task is to clearly define the plrpose for which 
the measurement is required, that is to clearly define the problem to be solved or the questions to 
be answered. 

2 Parameters: The specific parameters to be measured must then be decided upon. Section 3.2 
presents more detailed information regarding the parameters covered by this handbook. t 

3 Selection: Several techniques may be available for the measurement of the required parameters. 
As well as technical considerations, the flnal choice of technique may often be affected by more 
mundane issues such as available finance, time allocation, manpower and personnel expertise. 

3.33. Selecting a Measurement Technique 

In order to aid the selection of a measurement technique for any given a plication, two series of tables e art pmented. Tables 3.1 to 3.4 describe several applications wMc require air Infllmtion and 
venhlation rate measurements to be performed. The applications art classified under the following 
general subject headhgs: 

Building d i y s i s  
Commissio ng 
Conformity to standards 
Evaluation of mathematical models 

Table 3.1. 
Table 3.2. 
Table 3.3. 
Table 3.4. 

A brief description of each application is given and the parameters requiring measurement are 
presented. Finally guidance as to the type of technique(s) suitable for each application is provided. 

Tables 3.5 to 3.11 present summaries of the main measurement techniques examined by this 
handbook. The techniques a n  grouped under the following general headings: 

Leakage location and qualitative methods Table 3.5. 
Building envelope aimghtness methods Table 3.6. 
Building component airtightness methods Table 3.7. 
Air change rate methods Table 3.8. 
Intemnal air flow methods Table 3.9. 
Air flows in ducts Table 3.10. 
Age of air measurement methods Table 3.1 1. 

For each technique a list of equipment is given and the actual measured quantities are presented. 
Specific factors which may govern the selection of a particular technique are indicated, and each 
technique is cross-referenced with the main body of the handbook. 

The informadon presented in this Section and Tables 3.1 to 3.1 1 does not necessarily preclude the use 
of other techniques for these or any other infiltration and ventilation related a plications. For 

recommendation is given hen for the selection of methods for research pulpose. 
L fundamental research, any method, even those which are not known today, may used and no 
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Table 3.1: Building diagnosis 
The purpose is to obtain more infoxmation on an existing building in order to h o w  its energy flows, to 
plan retrofit measures, to troubleshoot problems in the ventilation system or to find the causes of 
indoor air quality problems. 

ObJective Evaluated Parameters Technique and reference? 

Energy diagram of a Energy use [Fracastoro, Lyberg 19831 
building Indoor temperature [Fracastoro, Lyberg 19831 
(Sankey diagram) Outdoor temperature [Fracastoro, Lyberg 19831 

Solar radiation [Fracastoro, Lybcrg 19831 
U-Values GO-9869 
Air change rate Single tracer III 
Efficiency of boilers 

Retrofit an existing Leak detection I12.3 
building Air tightness I12.2 and II.2.4 

Air flows in HVAC V.3 
Energy use [Fracastoro, Lybcrg 19831 
If the energy use is too high, 
determine the energy diagram. 

Troubleshooting in Air flow rates V .3 
ventilation system Airtightness V S  

Indoor air quality Diseases Questionnaire, odor 
[Fanger, 19881 

Contaminant concentrations 
Ventilation efficiency . IV.5 

Table 3.2: Commissioning 
The purpose of these measurements is to verify the performances of the building and its ventilation 
system, and to assist in adjusting ventilation controls and dampers. 

ObJectives Evaluated Parameters Technique and reference 

Verifying and adjusting the Air flow rates V.3 
ventilation system Ai dghtness VS 
Verifymg the airtightness of the 
building fabric Air leakage Kt2.2 

Table 3.3: Compliance to Standards 
The purpose of these measurements is to determine if the examined building or component complies 
with relevant standards. 

I Objective Evaluated Parameters Technique and reference I 
Ventilation rate standards Air change rate m 

Air change efficiency I V 5  

I Envelope ainighmess standards Air Leakage 11.2.2 I 
I Components airtightness standards Air Leakage 11.2.4 I 

t I.Refuences in italics arc not part of this Handbook but quoted in the bibliography. 

1.12 



1.3, Selectlnfi a technique 

Table 3.4: Evaluation of Mathematical Models 
The objective of these measurements is to pmvide input data for inflltradon and ventilation simula~on 
codes. Once debugged and evaluated with simple benchmarks, these codes should be evaluated by the 
comparison of their nsults with accurately measured test cases. 

Category of data Evaluated Parameters 

Input data Meteorological data 
Indoor temperatures 
Pmsurt coefficients 
Leakage distribution 
Inhabitant behavior 

Network characteristics 

Fans characteristics 

Technique and reference 

[Fracastoro, Lyberg 19831 
[Fracastoro, Lyberg 19831 
Wind tunnel eaperiments 
II.2.4 
Record windows and doors openin s and 
fm switching. [Roulet et AI, 19911 
Flow/pressure drop 
Discharge coefficients 
Flow/pressun 

Validation data Input data with high accuracy See above 
Air flow rates m 
Pressure differences II.3.1 

Table 3.5.: Leakage Location and Qualitative Methods 
See sectlons n.2.3 and 11.4.2 

Technique Equipment Measured quantities Factors affecting selection. 

Acoustic Sound source Sound intensity at Low equipment cost. 
Detection Sound meter locations around the Experience required to use 
method building the method effectively. 

Prone to spurious noise. 

Infi'ared imaging IR camera Surface temperature High equipment cost. 
Depressurization Depressurizing distribution Information obtained quickly. 

equipment Skill required to interpret 
thamographs. 
Depressurization enhance the 
sensitivity. 

Smoke leak Smoke production Examination of Low equipment cost. 
Visualization device smoke movement Simple to use but skill required 

Depressurizing to use the method effectively. 
equipment Time consuming unless limited 

investigation. 

Bubble Helium supply Examination of Medium equipment cost 
visualization Bubble enerator k Bubble movement Oood for laboratory use 

Soap so ution Experience required 
Dcprcssurizing equipment to use the method effectively 

Pulse Microphone or fast Pressure variations Still under development 
pressurlzation recording manometer 
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Table 3.6.: Building Envelope Airtightness Methods 
See sections 11.2.2 and II.4.1 

Technique Equipment Measured quantities Facton affecting selection. 

DC PressurizationSuitable air handling Air flow ratc I&al f a  large, mechanically 
Internal Fan system in the building Pressure differential across ventilated buildings. 

Means of measuring thc envelopc Requires knowledge of HVAC 
flow rate Building volume andor Achievable preswa diffmcndal 
Differential manometer. envelope area may be limited 

DC PressurizadonFan with panel Air flow ratc Commercially available 
External Fan Fan flow controller Pressure differential across equipment 

Flow rate measurement the envelope 
device Building volume and/or Blows large volumes of air 
Diffcrcntial manometer. envelope arca through thc building. 

AC PrtssurizationDoor panel with volume Bellows volume change Operates at low pressures 
drive bellows Pressure variation in the Commercially available 
Monitor building Displaces small volumcs of air 
Manometer Building volume andor through the building. 
Control hardware envelope area Less subject to wind. 
and software Does not measurn large leaks. 

Table 3.7.: Building Component Airtightness Methods 
See sections II.2.4 and 11.4.3 

Technique Equipment Measured quantities Factors affecting selection. 

Direct Sealing box Air Flow ra&c through Good for building having a 
component Fan with controller component large n u m b  of replicated 
testing Flow rato Pressure diffaencc components. 

measurement device across component 
Differential Time and skill required to use 
manometer. Component dimensions the method. 

Indirect Pressurization quipnent Air Flow rate through Docs not apply to components 
component (sec table 3.6) envelope which cannot be sealed. 
testing with Pressure difference 
taping Sealing products as acrass envelope Timc and skill required for 

plastic sheet, tape. Sealed components area efficient sealing . 

Multi-fan testing Two or m m  sets of Air Flow rate through Skillrequiredtobce 
pressurization main test fan ressurc differentials 
quipment h ore than thnt quipmenm 
Pressure differential Pressure difference ma be required in complex 
measurement and across test components bu' dings. 
control devices 

J 
and across other partitions Susceptible to wind effects. 

Combination of Pressurization equipment Air Flow rate through fan Measure inter-zonal leakages 
pressurization (see table 3.6) Pressure difference Several components can be 
and vacer gas Tracer gas ~ i p m e n t  across envelope measured simultaneously 

(See table 3 ) Tracer gas concentrations with several tracers. 

Stack effect Hot wire anemometer Flow trough a large opening Low cost equipment 
method for high T h  or m m  Temperature and pressure Suitable for high rise buildings 
rise buildings thmometas differentials at three or more Limited available infamation 

3 or more diffmntial levels Susceptible to meteorological 
manometers conditions. 
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Table 3.8.: Air Change Rate Methods 
The purpose is to measure the air flow rate entering a single zone andfor the resultant air change raw 
or specific air flow rate. 

Technique Equipment Measured quantities Factors affecting selection. 

Pulse injection Tracer gas, injection Traca concentration versus 
device and muing fans time 

Decay method Air sampling system 
Gas analyzcr Zone volume 
Recorder or data logger 

Constant Decay quipment + Tracer concantracion versus 
injection rate Constant injection rate time 

control device Tracer flow rate 
Zone volume 

Equipment commercially 
available 
Air change conditions are 

ad over the measurement ave3. pai 

Allows the estimation of 
variable air change rate 
Risk of hi@ tracer 
conccnmon. 

Constant Decay equipment + Tracer concentration vmus Allows continuous measure- 
concentration Injection ratc control time ment of variable flow rate. 

system, including data Traca flow rate Allows the combining of 
10 ger computer and Zone volume several zones. 
s o b k .  Higher material cost. 

Table 3.9.: Interzonal Air Flow Methods 
The purpose of these measurements is to determine intetzonal air flow rates and internal-external air 
flow rates. All these methods require skill and knowledge of rather complex mathematics. 

Technique Equipment Measured quantities Factors affecting selection. 

Single tracer Depends on method Tracer concentfation Requires several sets of 
Sec table 3.8 versus time, measurements during which 

Tracer flow rate conditions remain constant 
Volumes of the zones. 

Multi tracer Several tracers Traca concentrations for Can provide continuous infor- 
active sampling Corresponding gas each tracer in each zone mation even with variable air 

anal yzer(s) flow rates. 
Several injection devices Tracer flow rate Practical with up to 5 tracers 
Sampling system in each Mainly used for research 
zone Volumes of the zones. P W x s  
Data logger, computer, 
software 

Multi tracer In each zone: Tracer doses for 
passive sampUng one tracer eminn each nacer in each zone 

one or two passive 
samplers 
In the lab: Volumes of the zones. 
Desorber, 
Special gas chromatographer 
Data logger, computer, 
software 

Provides average information 
on flow ram when they do 
not vary much. 
With variable air flows, 
provides good information 
on contaminant spreading. 
hct ica l  with up to 7 trace.rs 
Needs small tracer amounts 
Can be used for many 
measurements in the field. 



I Introduction Part 

Table 3.10: Air flows in ducts 

Technique Equipment Measured quantities Factors affecting selection. 

Flow rate Hot wire anemometer Air sped at several Requires sbnight ducts 
in a duct Means to locate the locations in the duct. Time consuming 
Velocity method anemometer in the duct Low cost. 

Flow rate Tracer gas 
in a duct Injecdon device 
Tracer gas method Sampling tuba 

Gas analyzer 
Racorda or data logger 

Flow rates in a Same as for single duct 
ventilation but several tracers or 
network several sets of 

measurements 

Tracer concentration Requires good mixing 
versus time B e t  for curved ducts and fans 

Relatively fast 
Tracer flow rate or doses 

Tracer concentrations Requires good mixing 
versus time Can provide all flow rates in 
Ttacer flow rates one measurement. 

Efficiency Same as for flow rates Tracer concentrations Result directly deduced from 
of the ventilation in ventilation network versus time the measurements on network. 
system Tracer flow rate 

~ 

Air tighmess Sealing products Air flow rate Result depends on careful 
of a duct Differential manometers Differential pressure sealing. 
or network Flow metering device 

Leak detection Smoke generator Observation of smoke Only the visible ducts can be 
in ducts Sealing products leaving the ducts inspected. 

Table 3.11: Age of Air Measurement method 
These measurements are useful for indoor air quality evaluation. 

Technique Equipment Measured quantities Factors affecting selection. 

Local mean Traca gas Tracer concentration vmus Similar to single mcer decay 
age of d r  Injection device time method far air change rate. 

Sampling device 
Gas analyzer 

Mapping Tracer gas Tracer concentration vusus Similar to single bacer, multi- 
experiments Injection device time zone decay method for air 

Sampling system Coordinates of sampling change rate. 
Gas analyzer locations 

Room mean age Tracer gas Tracer concentration versus Similar to local mean age of air. 
of air Irljaction device time in the exhaust duct. 

Sampling system 
Oas analyze-r 

Air change 'IhmX kW Room mean age of air See "Room mean age" 
efficiency Injection device and 

Sampling system Nominal time constant "Air change rate" 
Gas analyzer 

Ventilation Sampling system Concentration 
efficiency Gas analyzer of contaminants 

Difficulty depends on the 
contaminant 
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II. Air Leakage M ~ ~ e I n e n t  Methods 

Symbols and Units 
A area, cross section . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  .[m2] 

Af m s s  section of a float. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1m2] 
AL equivalent leakage area . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Ip21 
a coefficient representing the laminar part of the quadradc law . . . . . . . . . . . . . .  [Pa s/m3] 
b coefficient representing the turbulent part of the quadratic law . . . . . . . . . . . . .  [Pa s2/m6] 
c coefficient representing the pmsure diffemce at zem flow in the quadratic law . . . . . . .  [Pal 
C leakage coemcient . . . . . . . . . . . . . . . . . . . . . . . . . . .  [m3s-l Pa-*l or [ k g d  Pa"] 
C, leakage coeffldent at standard conditions (e.g. 20 'C and 101.3 kPa.) . . . . . . . .  [m3s-l Pas"] 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  cg tracer gas volume concentration .[-l 
Cd discharge coefficient. taking account for friction losses . . . . . . . . . . . . . . . . . . . . .  1-1 
D diameter or average side of a duct . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  .[p] 
g acceleration of gravity, which is about 9.8 1 . . . . . . . . . . . . . . . . . . . . . . . . .  .[m/s2] 
K calibration coeffldent . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  [-l 
M average molecular weight of the air, that is 0,02894 . . . . . . . . . . . . . . . . . . .  [kghnole] 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  m mass [kg1 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  n flowexponent(0.5 n 1) .  [-l 

p pressure. sound pressure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  [Pal 
Q mass air flow rate . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  .[kgls] 
q Volume air flow rate . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  [m3s-'1 
q~ Volume air flow rate through a fan . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  ~ m ~ s - ~ ]  
R gas constant (8.3 1696 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  [Jlmole K] 
Re Reynolds number . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  [-l 
S tracer injection mass flow rate . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  [kgls] 
S(X) estimate of a standard deviation a(x) of a quantity X. 
(v) average velocity of a fluid . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  [m3/sl 
T absolute temperature . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  [K] 
T, external air temperature, . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  [K] 
Ti Internalairtemperatun, . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  [K] 
T(P,v) . .confidence interval of the Student distribution with V degrees of freedom and a probability P. 
V volume . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  [m3] 

VI volume of a float in a rotameter . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  [m3] 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  v whdsp=ed [m/s] 

xi measurcdquandty 
... y = y(xl, +..) quantity obtained by interpreting the measurements 

z vertical position taken from the ground . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  [m] 
10 position of the neutral plane . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  [m] 
a angle between the horizontal and an incllned tube . . . . . . . . . . . . . . . . . . . . . . . .  [-l 
p reduction ratio, which is the ratio of the smallest diameter to the diameter of the pipe. . . . .  .[-l 
Ah liquid column height difference . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  .[m] 
Ap pressure difference across a leakage . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  [Pal 
At time interval . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  .[S] 
6y error on the variable y 

viscosity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  [kg/(s.m)l 
v = Np: kinematic viscosity, which is about 15 10-6 m2/s for the air . . . . . . . . . . . . .  [m2/s] 
p densi . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  kg/m3] 
W rotation speed . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Ss-l] 
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1. Introduction 
The increasing requirements with re on leakage data of buildings and components 
in these buildings have resulted in a varie of measurement methods. Some of 
thcsc are frequently used, whi ?' e others are only applied by a few 
researchers. The main reasons for such a limited use are the need of sophisticated equipment, highly 
specialized technicians, very time consuming measurements, or a combination of these. 
Measu~ment pmccdures for determining the aiztightness of whole buildings or for determining the 
airti tness of building components in the laboratory arc very well described in various publications &: and a number of standards. 

The development of multizone ventilation computer codes requires measured data sets for model 
validation These data sets must include detailed information concemhg the ma tude and f? distribution of leakage paths. It is rcalisdc to expect a wider use of these computer codes the hture 
to assist in a design of efRdently ventilated buildings. For the evaluation of the performances of 
existing buildings, an approximate deteminatfon of the leakage distribution is also necessary. In 
additlon, m a r c h  on pollutant distribution in buildings (e.g. radon and water vapor) requires 
information on leakage paths. Moreover, information on the leakage distribution is needed in the 
framework of upgrading the airtightness performance of buildings. 

For almost each problem there is in principle an a pro riate technl ue available. These techniques and 1 associated applications are summarized in Tables 9.5, $6 and 3.7 o Part I. 

Whole building pressurization is clearly the most widely used technique and this is covered by several 
national and international standards describing in detail the procedure to be followed. Such a well 
described situation is not found for techniques aiming to quantify the inter-zonal leakage within 
buildings. 

The re ired level of accuracy clearly varies from one application to another. It ranges from very 
detalle 8" data in the case of model validadon to an approximate estimate of the leakage distribution in 
the case of a global pressurization test. This means the= is a need for various types of methods. It is 
also clear that the magnitude of the flow rates can vary over wide ranges, typically from less than 1 
drn3/s to more than 100 m3/s. 

This part of the guide is intended to help the user in selecting the appropriate measurement method for 
building airtightness and leakage path evaluation. 
Section 2 presents an overview of the basic principles of whole building and component leakage 
memments .  

Pressure and air flow rate measuring instruments, which are the basic needs for air leakage 
determination. are descdbed in Section 3.. 

Section 4 provides a comprehensive descri don of current pressurization techniques covering both P qualitative and quantitative measurements o component leakage determination. 

Section 5 addresses the treatment of measured data, while section 6 presents an overview of the 
available equipment. 

Finally the current standards for airtightness measurements are briefly reviewed. 
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2. Principles of the Pressurization Techniques 
This chapter examines the basic principle and practice of evaluating building envelope and building 
component aidghtness by pressurization and related techniques. 

2.1. General Principle 

2.1.1. Basic Measurement Conditions and Relations 
The main reason for conducting buildin airtightness measurements is to characterize the leakage of 
the building fabric in the absence of c~rnacic or other variable parameters influencing the mdts. 
Therefore the building (or part of the building or a particular component) is pressurized or 
depressurized in order to create a pressure difference large enough to minimize influences from wind 
and tempemre diffemnces, on the results. This pressure differential is built up and maintained by 
means of a fan, forcing an air flow through the envelo or component to be evaluated. This amplified 
air flow can be put in evidence by both qualita r ve (visualization, ...) as well as quantitative 
(measurement of the air flow for a given pressure difference) techniques in order to assess the leakage 
locations, areas and characteristics. 

The following general models can be used for the characterization of the air leakage: 

The power law: 

q=cApn 

and the quadratic law: 

A p = a $ + b q + c  

when: 
q is the volume air flow rate through the leakage site [m3/s]; 

Ap is the pressure difference across the leakage site [Pal; 
n is the flow exponent (0.5 n 1); 
C is the air flow coefficient [m3s-l~a-*]. and 
a and b an coefficients representing respectively the turbulent and 

law P a  s/m3 and Pa s2/m61. 
laminar parts of the quadmtic 

c is an optional constant representing the zero-flow pressure difference [Pal. Note that including 
this constant ensures that the quadratic curve fit is not forced through the origin as is the case 
with the power curve fit. 

Equations (2.1) and (2.2) can also be written in terns of mass air flow rates. 

The purpose of quantitative pressurization measurements is to determine these coefficients and 
exponents of either of the above models describing the air flow through the envelope or component. 

2.12. Types of Techniques 

There an two basic approaches to the evaluation of building ain.ightness: DC pressurization and AC 
ressurization The former technique has been in use for many years and currently measurements can L? made in many types of building often using commercial1 available equipment (see Section 6.3). 

DC pressurization is also the subject of several national stan d a d s  and guidelines (see Section 7). The 
second technique, AC pressurization, has been developed more m n t l y .  It has yet to be used 
extensively in fleld work but because of potential advantages it may have over DC pressurization, it 
too will be considered here. These general pressurization techniques are introduced in Section 2.2. 

To evaluate component leakages a number of qualitative and quantitative methods are used. These are 
briefly described in sections 2.3 and 2.4 respectively. 

Mon detailed descriptions of a l l  these techniques are given in chapter 4. 

2.13. Error Analysis 

It is useful to perform a complete e m r  analysis before (and of course also after) carrying a 
measurement with any of the techniques described below. Since the leakage characteristic is not 
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linear, surprising causes of errors can be revealed by such a study, and their knowledge allow to 
improve the measurement technf , and therefore confidence in the results [Herrlin and Modera, 4" 1988, F12rbringer and Rorrlct, 199 ] 

2.2. Methods for Whole Building Evaluation 

2.2.1. DC Presswizadon, Ex~srnal Fan 
The majority of measurements in this category have been performed in small residential buildings. 
The technique usually involves replacing an external door with a panel containing a powerful, variable 
speed fan A correctly designed panel will not quire the existing door to be removed from its hinges. 
Initially develo and used as a research tool, several commercial blower doors are now available 
(see Section 6. r' ). These can be adjusted to fit snugly into any domestic door frame. Air flow through 
the fan creates an artificial, uniform, static pressure within the building. Internal and external pressure 
taps an made and a manometer is used to measure the induced pressure differential across the 
building envelope. It has become common practice to test buildings up to a pressure difference of 50 
Pa. 

Some means must also be provided to enable the volumebic flow ratt through the fan to be evaluated. 
The aim of this type of measurcment is to relate the ressure differential across the envelope to the air 
flow rate requid  to produce it. In general the gher the flow rate required to produce a given 
pressure difference, the less airtight the building. 

hp 

The air flow required to produce a ven pressure difference under pressurization (alr flow in) will not 8 necessarily be identical to the ow required to produce the same pressure differential under 
depressurization (air flow out). This difference is due, in the main, to the fact that certain building 
elements can act as fla valves. For example, some types of window will be forced into their Frames R under pressurization W le the reverse will be aue for evacuation. This implies that the actual leakage 
area of the building envelope will be a function of the type of test conducted. [Baker, Sharples, and 
Ward, 19861 suggest that, in addition to this effect, the asymmetric geometry of some cracks with 
respect to the flow direction may explain significant changes In leakage characteristics with no 
associated change in leakage area This type of crack may occur around casement windows where one 
leg of an L-shaped crack may be longer than the other. Hence, ideally, the fan and flow measuring 
mechanism must be reversible. 

The general configuration for a pressurization/depressurization test is shown in Figure 2.1. The 
measurement procedure will depend upon the purpose of the test and the exact equipment used. 

J l l 

Pressure measuring 
Device 

Figure 2.1: Schunatic of whole building airtfghhress test (@er [IS0 9972,19911) 

Theoretically there is no limit to the size of building which can be examined with DC pressurization. 
However, the maximum volume of enclosure which may be pressurized is governed by the overall 
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airtighmess of the suucture and the size of the available fan. Even if large fans are available, in large 
leaky structures it may be possible to only achieve a limited range of prcssure differentials. Several 
researchers have used trailer mounted fans with maximum flow c adties of about 25 m3/s to examine 
buildings with volumes in the region of 50 000 m3 (see, for examp "P e, [Shav ,  19811). 

2.22. DC Prsssurlzotlon, Internal Fan 

Because of the size and cost of trailer mounted equipment and the inhercnt difficulties of 
transportation and required manpower, other techniques have been developed for the examination of 
large buildings. One method is to create the required pressure diffemtial using the building's existing 
air handling system (see Figure 2.2). This technique relies on the building possessing a suitable 
mechanical ventilation system which can be adjusted to meet the needs of the measurement. 
Essentially, the supply fans am operated while all ntum and extract fans are turned off. All r e m  
dampers must be closed so that the air supplied to the building can only leave through the leakage 
sites. Further details of this type of technique are provided in Section 4.1.2. 
The analysis of measurements results pmceds along the same lines as that for small buildings, but 
because of the large building volume it may not be possible to achieve a ressure difference of 50 Pa. 
Persily and Grot [1986]. for example, compad the results of seve building measurements by 
quoting the volume flow rate at a pressure difference of 25 Pa. 

rat' 

DC ressurization is subject to the disturbing influence of natural prtssurc fluctuations created by the 
winf Hence most measurements in a DC pressurization test are made at pressurr differentials far 
above those created by natural forces. This may lead to inaccuracy if the results are extrapolated to 
lower prcssure differentials. 

Extract damper Outdoor air damper 
(closed) (open) 

Return 
damper 
(closed) 

t" Floor return 
- dampers 

(closed) 

Floor supply \ 
dampers 4-$ 

(open1 

Figure 26: Schematic of DC pressurization using internal fans [Persil and Grot, 19861. Statc qffm 
and dampers during pressuriza&m test conditions are shawn between l rackets. 
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AC pressurization is a technique which allows building airtightness to be examined at similar pressure 
differentials with minimal interference from climatic forces. In this techni e a small varying pressure P difference is created across the building envelope. which is distinguishab e from naturally occumng 
pressure fluctuations. Because of this, air flow through the envelope, induced by tht applied pressure 
differential, can be evaluated [Modera and S h e m n ,  19851. 

In ractice a piston is used to create a continuous harmonic change in the internal volume of the P bui ding under test. This creates a time-varying pressure difference across the envelope. The 
airtightness of the building affects the amplitude and phase of the pressure change due to the harmonic 
volume change. 

By measuring the amplitude of the pressure response inside the building and the phase relationship 
between this pressure and the velocity of the piston, the air flow through the envelope can be 
evaluated. The effects of air leakage sites are evident using this method, however large openings (such 
as open windows, which should anyway be closed during the test) can go undetected. 

2.2.4. Pulse pressudzution 
Methods avoiding the installation of heavy instruments could be useful, even if they are not very 
accurate. Such a method is even patented [Yuil, 19851 but was not widely diffused. 

Based upon the theory of pressure evolution in a leaky cavity, a decay technique that could be used to 
quantify the leakage was developed and tested [ S h e m n  and Modera, 19881. The pressure is 
suddenly enhanced in the measured volume. e . by slamming the entrance door. The leakage 
characteristics m identified by fitting the measu raf pressure decay on theoretical values. 

2.3. Methods for Qualitative Evaluation of Component Leakages, Leak Visualization 
There are a number of measurement techniques which provide qualitative information about air 
infiltration and ventilation. Several of these methods are designed to provide information about the 
sources of air leakage in buildings. The most sophisticated of these methods is infrared imaging or 
thermography. In this technique thermal radiation, which depends on the surface temperature, is 
converted by the infrared radiation sensing system (thermographic camera) to a visible thermal image. 
In order to detect leaka e defects, the building is usually depressurized using a DC technique. This 
infrared method works L st when there Is a distinct temperature difference between the inside and 
outside of the building. The ingress of cold external air then cools the surfaces adjacent to the cracks. 
These cold a m  are revealed on the thermal image and hence leaks can be located. It is also possible 
to detect air leakage from the living space to the m f  space by and observing 
the flow of w m  air into the attic. A full account of the use o of thermography to air 
infiltration and airtightness measurements is given by 

Thermal h a n g  equipment is expensive and requires a high level of expertise for effective operation. 
The main difficulty lies in being able to separate air leakage paths from other thermal anomalies in the 
envelope such as thermal bridges. Smoke visualizations offer a cheaper and easier alternative for leak 
detection. Smoke can be produced in several ways, the most convenient often being a hand-held puffer 
and smoke stick. This techni ue simply involves ressurizing a buildin and using a smoke source to % 
larger openings such as internal doors. 

E r trace the paths followed by e lealung air. Smo e can also be used or flow Visualization through 

Sound waves pass readily through many of the same openings in the building envelope that allow air 
leaka e. Acoustic detection of leakage paths is therefore ssible. A steady or wobbling Mgh- itched 
soun d source is placed within the building and leaks are "ctened for" on the external surface. 1 small 
microphone or stethoscope is used and leaks cornspond to an increase in the intensity of transmitted 
sound [ S o 4  and Peterscn, 19861. 
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2.4. Quantitative Determination of Building Component Airtightness 
The most accurate way for determining component leakage is testing the component in the laboratory. 
This is a standardized procedure for windows and doors in many countries. This procedure is not at all 
appmpriate for testing walls or roof components in real buildings, therefore other techniques to be 
used on site have been developed. 

A brief overview of the methods is given in this subsection while more detailed information is given in 
Section 4.3. 

The leakage characteristics of individual external building components can be evaluated from site 
measurements. In its simplest form this consists of sealing a chamber over the interior face of the 
building component (see H re 2.3.). Air is su lied to or extractd from the chamber at a rate P W required to maintain a sped ed static pressure di ercnce across the specimen. The resultant air flow 
through the specimen and the specifled pressure difference arc recorded. 

Control  Valve 

- Air  Supply 
System 

Figure 2.3.: Schematic of component airtightness test using collector chamber (&er [ I S 0  9972, 
1991 J )  

This test is made more accurate if the pressure in the room containing the component is balanced to 
that in the collection chamber. This pressure balancing can be performed by using a secondary or 
auxiliary fan located in the room envelope. An example of this method is illustrated in Figure 2.4.. 
where fan 'a' is used to depressurize the room to a given pressure differential and fan 'b' is adjusted to 
maintain a zero pressure difference between the collection chamber and the room. The leakage flow 
through the target area is then measured at Q. The increase in accuracy is due to the elimination of 
unwanted leakage between the collecting chamber and the rest of the room. More details are given in 
4.3.1. 

Whole house fan pressurization may also be used for evaluating the leakage path distribution by 
selectively sealing different tendal leakage paths (using , for example, plastic sheeting or sticky 
tape) and measuring the res u r  ung changes in air flow rate. The fraction of the total air leaking through 
the sealed components of the building envelope can then be deduced. Further components may be 
sealed and pressurization repeated, hence this technique is often known as reductive sealing. As the 
components will be generally sealed from the inside, it is preferable that an over-pressure rather than 
an under-pressure be created within the building. Pressurization will tend to force the seal onto the 
component while a negative pressure will tend to act against the seal making it less airtight. 
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T E S T  S P A C E  

Figure 2.4.: Use of secondary fan W increase accuracy of building component airtightness test (Mter 
[Baker and Valentine, 19871) 

Site measurements of com nent leaka e can also be made by using a pressure compensating flow 
rate meter (e.g. [ P W ,  l F 871). This d evice operates on the zero pressure principle whereby the 
resistance of the measuring instrument is com mated by means of an integral fan. This 
equipment was originally developed for measu ir ng the flow rate at the supply and exhaust gri 'r es of Of 
mechanical vendladon systems. When correctly adjusted the presence of the device does not influence 
the air flow and therefore the flow rate can be determined directly. 

For this particular application a collection chamber is placed over the area where the cracks are 
situated and the flow meter is placed over an opening In the box. By compensating the pressure 
difference the air flow through the cracks is evaluated. 

The collection chamber does not need to be airtight, since at nearly zero pressure differential, 
unwanted leak flows will be minimal. 

??? of device can also be used to assess leakage distribution during pressurization tests (see 
Figure 3.). 
The building is pressurized in the normal way (see Stction 2.2.) and a shield of hardboard is placed in 
the openin of an internal door. The flow meter is placed over an opening in the shield and at pressure 
compensa d on the air flow through the room facade is indicated. Bypass flows through adjacent 
internal walls will be minimal near pressure compensation. However large internal leaks may make it 
impossible to see when compensation is reached. 

Building component airtightness measurements can be performed under controlled laboratory 
conditions. A test chamber is used. into which various test specimens a n  fitted. The air flow through 
and the pressure difference across the test specimen can be accurately determined under laboratory 
conditions. This type of test enables large numbers of specimens to be examined under similar 
conditions. The results of such tests are often reported in terns of leakage per unit area or leakage per 
unit crack length. It must be noted that laboratory based measurements may produce significantly 
different Ilesults to site evaluations of seemingly identical components. This is mainly due to the fact 
that laboratory workmanship may be under closer control than that on site. 
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Figure 2.5.: Pressure compensating flaw meter being used during pressurization test (@er [ P w ,  
19871) 

The air leakage through the whole surface of individual external or internal walls can be evaluated 
using a technique known as balanced fan pressurization. This method is particularly appropriate for 
large multi-cell buildings such as apartment blocks or multi-family dwellings. For example consider 
one apartment in a multi apartment building. The apartment will have a single external wall with up to 
five other walls being shared with adjoining corridors or apartments. If a normal fan pressurization test 
such as that described in Secdon 2.2. is performed, the measured leakage will include the leakage to 
several internal zones. 

If however the pressure in these other zones is balanced with that in the main test zone, i.e. zero 
pressm difference across internal walls, then no air leakage will occur through internal flow paths and 
only the leakage to the external environment will be evaluated. 

In order to achieve this pressure balance each surrounding zone must be pressurized along with the 
main measurtment zone. Thus more than one set of fan pressurization equipment is required for this 
type of test. Also control procedures are needed in order to maintain zem pressure differences whert 
required (see Section 4.3.3). 

The technique is not limited to multi-compartment buildings but it may also be used in a variety of 
other situations. For example, in a row of terraced houses. one house is pressurized in the normal 
manner whilst the adjacent houses are balanced to the same pressure. This enables the leakage through 
the external walls of the dwelling to be separated from the leakage through the partition walls. 
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3. Pressure and Air Flow Measurements 
This cha ter presents the principles of various instruments used to measure air flow rates and pressure 
differen f als. These arameters are used to determine the leakage characteristics of buildings or 
building elements. dditional methods especially dedicated to flow measurements in ducts are 
described in Part V. 

K 
3.1. Differential Pressure Equipment 
Sensitive differential manometers are necessary to assess the variation of air leakage with pressun. 
The required pressure range k 0 to 70 Pa, with a minimum accuracy of 1 Pa. 

Two basic principles m used for such low pressure measurements. These are: a) liquid column 
manometers, (a U-tube filled with a light liquid, generally water) and b) membrane manometers, 
(measuring the bending of a membrane). The properties of such instruments, , are summarized in table 
3.1 and described in further detail below. 

3.1.1. Uquld Column Manometer 

These manometers are U-tubes filled with a liquid of density p. If a pressure difference, Ap, is applied 
between both tubes, the difference in liquid column height, Ah, is: 

Instrument type 

U-tube 
Inclined tube 
Micromanometer 
Membrane, mechanical 
Membrane, electronic 

where g is the acceleration of gravity, about 9.81 [rn/s21. 

Table 3.1.: Properties of some pressure measuring devices. 

Range 
[Pal 

0 to 16 
0 to 2500 

-10 to 3000 
Any 

0 to 20 
0 to 200 

Indicated 
Accuracy 

Pa l  

10 
1 
1 

1 to 10 5% 
0.1 
1 

With water, a differential pressure of 1 Pa gives a variation in height of 0.1 mm, which is too small for 
the precision reqdred. Two ways at t  used to enhance the sensitivity which are draft gauges and 

Comments 

Simple but not sensitive 
Must be levelled 
Not readily portable 
Not very sensitive 
Requires power but provides a 
a recorder output 

micromanometers. 

Figure 3.1.: Inclined manometer 

Draft gauges or inclined manometers are U-gauges set to an angle (Figure 3.1). In such instruments, 
only one branch of the tube is inclined and the other is a reservoir. The sensitivity is enhanced by 
llsin a, when a is the angle between the horizontal and the inclined tube. Then: 
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Ah= 
P 8 4  

sin a 
It is recommended that l/sin a be not larger than 10, that is a 2 5.74'. Since the sensitivity depends on 
a the instrument must be carefully levelled before use. 
Micromanometers arc U-tube manometers w h e ~  the level of the liquid L observed with an amplifying 
optical system. One system is a Anely engraved glass rule Bxed on a floater following the liquld level. 
The level is read on the glass rule either with a microscope or with an optical projection system. 

3.13. Membmne Manometers (Mechankal, Capacltlve, Inductive) 
A pressun difference applied to both sides of a membrane bends h towards the low-pressure side. 
Several S sttms are used to measure the bending, these arc a) mechanical, b) capacitive or c) inductive 
systems &g. 3.2). 

Figure 33: Schematic representation of various systems for membrane manometers. 

The mechanical system uses a pulley and a lever to act on the indicating needle. 

Electrical transducers are used in modem and sensitive instruments. In the capacitive system, the 
surface of the membrane is one plate of a variable capacitor, the capacitance of which varies according 
the distance between that membrane and a reference, fuced plate. 

In the inductive system, the membrane moves an iron core between three coils acting as a transformer. 
This core couples the primary, central coil either to the left or the right coil. If an alternating current is 
brought to the central coil, the voltage drop through the external coils is a measure of the position of 
the membrane. 

3.2. Air Flow Rate Measurement Equipment 
Many methods are used to measure air or tracer gas flow rates with each having its advantages and 
disadvantages. It is therefore necessary to select the most appropriate according to the application. 'Ihe 
available instruments and their properties are summarized in table 3.2. 

Instrument type 

Micro-orifice 
Balance 
Gasometer or volume displacement 
Soap bubble flow-meter 
Variable area flow meter 
Sharp Edge Orifice 
Nozzle 
Venturi 
Tracer Gas 

Range 
[m3/sl 

10-6 to 10-3 
10-14 to 10-2 

Any 
10-s to 10-6 
104to 10-2 
Re > 5000 
Re > 5000 
Re > 5000 

Any 

Attainable 
Accuracy 

Application 

For gases under pressure 
For ases in containers 
~alitratlon 
Very low flow rates 
Low flow rates 
Flows in pipes 
Flows in pipes 
id., low pressure dmp 
Field measurements 

--. 

Table 31.: Characteristic offlaw rates measurement method&. Re is thc Reynolds number. 



II.3 Pressure and Air Flow Measurements 

3.2.1. M k r o - O w e  Method 

This method is based on measuring the pressure drop across a small orifice opening of diameter 
between 10 and 1 mm. The micro-orifice technique is mainly used for p ~ c i s e  injection of minute P' quantities o tracer gas but may also be used for the determination of residual leakage thrw very 
airtight or ve small enclosures. It is suitable for flow rates between less than 1 $ and 
a roximately~ l Vs and has long term stability. Leakage measurement m made b imposing a tired 

cl '  $flow rate and measuring ihc resulting p m r e  differential a m s s  the clement un er Bt. 
~f the pressure diffennct across the orifice is suf~ciently high (e.g. for air or ~ 2 0  more than ca. 2.105 
Pa) then the gas flow is supersonic and a linear relation exists between the pnssure difference and the 
mass flow rate through the orifice. 

An example of a tracer gas dosing valve is showed in Figun 3.3. One of the disadvantages of the 
method is the limited variation in flow rate which can be realized by one orifice. 

A similar technique having the same performances L the mass flow controller (see Section 5.2.1). 

Figure 33.: Tracer gas injection valve 

3.21. Balance Method 

The change in weight over time of a gas cylinder releasing gas, in combination with the known density 
of the gas, allows the flow rate from the cylinder to be determined. Usual gas cylinder are used and 
placed on an electronic balance. The gas flow rate is controlled by the pressure relief valve. The use of 
the balance method is suitable for the determination of the airtlgfitness of very aimght andfor very 
small enclosures if more classical methods using a fan are not possible. 
The volume air flow rate, qv, is calculated as: 

where: 
m(t) is the mass indicated on the balance at time t [kg] 

P is the density of the gas [kghn3] 
At is the time interval [S] 

The expansion of the gas at especially high flow rates cools the gas and sometimes creates fitezing 
problems. This can be avoided by turning the bottle upside down. 
Figure 3.4 shows the set-up while table 3.3 gives the properties of some gases. 
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I ELECTRONIC BALANCE I 

Figure 3.4.: Gas bottle on an electronic balance 

3.23. Gasometer and Volume Displacement 

The gasometer Is used for calibration purposes. Basically, it is a gr;lduated container floating upside 
down on a liquid. The gas is introduced into the container which rises in proportion to the quantity of 
the gas injected (fig. 3.5). 

Figure 35.: Principle of a gasometer. 

The flow rate is deduced from the time needed to full a given volume In the container. The accuracy 
depends on the volume of the container (which itself limits the measurable flow rate) but may be as 
good as 0.5 % provided a constant temperature is maintained. 

The rotatlng cylinder gas flow meter (fig. 3.6) is suitable for gas flows from 10-7 to 10-3 m3/s. The 
gas flowing into this flow meter fills the chambers contained in a cylinder fixed to the axis. The 
bottom of the cyllnder is submerged into a liquid, and the Incoming gas makes the axis rotate at an 
an e pm donal to the volume of gas. A needle flxed to the cylinder and a counter indicates the P" vo ume o gas which has passed through the instrument. 

To get accurate measurements, the level of Instrument, and the liquid within it shall be exactly 
adjusted and the instrument shall be horizontal. The pressure and temperature in the circuit must also 
be accurately controlled and known. Fmm thesc indications the mass flow can be deduced. 

Special cart should be taken if the measured gas is soluble in the liquid of the flow meter. In this case, 
the solution must be saturated and time is required to reach an equilibrium after each change in 
temperature or pressure. 
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Figure 3.6: Rotating gas flow meter [Compagnie des Compteurs, 197.5) 

3.2.4. Soap Bubblc Flow Meter 
This very simple and portable instrument can be used in the field for the measurement of very low 
flow rates. The gas is passed into a U- tube, in the bottom of which a soap solution fills a rubber bottle 
(fig. 3.7). Pressing that bottle makes the gas bubble through the soap solution with result that one or 
more soap films are traveling through the graduated tube. The travel time between the start mark and 
the mark corresponding to a suitable volume is measured with a chronograph and the flow rate is 
deduced from the ratio of the measured volume to the time interval. 

Figure 3.7: Soap bubble 

Start mark 

meter 

solution 
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3.25. Varbbk Area Flow Meter (Rotameters) 
The rotameter consists of a float that is free to move vertically in a transparent tapered tube (fig. 3.8). 
The metcnd fluid enters at the nanow bottom end of the tube and moves upwards passing through the 
annular space between the float and the walls of the tube. Since the ana of that annular space grows 
with the height, the float finds an equilibrium position at which its weight is compensated by the thrust 
of the fluid. 

MCTCRINC, 
FLOAT 

U P PER 
CLOAT STOP 

- -  - 

FLOAT S T O P  

C A P A C I T Y  S C A L E  
OR REFERENCE 

RANSPARENT 

Figure 3.8: Cu! through a variable area flaw meter [ASHRAE, 19891. 

The mass flow, Q, is given by: 

and is nearly proportional to the area of the annular space, A [ASHRAE, 19891. 
In this equation, is the acceleration of gravity, p and p are respectively the density of the float and 1 of the measured uid, V is the volume and Af the Lmss section of the float. The calibration coefficiew 
K, should be determinth for each instrument and for each measured fluid. K may depend on the 
Reynolds number, and hence on the flow rate. 
It is remembered that the Reynolds number is deflned as 

where (v) is the average velocity, D is the diameter (or the average size) of the duct and v the 
kinematic viscosity, which is about 15 I O - ~  m2/s for the air. 

This instrument is reliable, accurate and relatively cheap if the diameter of the tube is less than 0.1 m. 
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33.6. O w e ,  Nozzle and Venturl Flowmeters 

sure in a pipe with a section of restricted area can be calculated by the Bemoulli 
law, prov ded ere is neither friction nor compression. A reladonship can hence be found between a The chmT in, 

ressure difference along the flow line and the comspondhg flow mu. which may itself be deduced 
!mm a differential pressure measurement. 

However, since there is a slight Mcdon, the mass flow k: 

where: 

C is the discharge coeffldent, taking account for friction losses, 
A is the smallest cross section in the flow 
Ap is the pressure difference between two taps properly located, 

p is the reduction ratio, which is the d o  of the smallest diameter to the diameter of the pipe. 

The flow may be restricted with an orifice plate (fig. 3.9), a nozzle (flg. 3.10) or a Venturi tube (fig. 
3.11). 

FLOW 
L 

Figure 3.9: Orifice plate and location of the pressure taps [ASHRAE, 19891 

The most sophisticated and expensive is the Venturi tube in which the discharge coefficient is nearly 1 
and constant for Re > 2x105 and higher than 0.94 if Re > 50 000. Moreover, this device does not 
induce large pressure drop in the flow. 

At the other end of the spectrum is the simple and cheap orifice plate, which induces a large pressure 
drop and shows discharge coefficients which may be as low as 0.6, depending on the Reynolds 
number. The characteristics of the nozzle lie in between. 

It follows that, even if discharge coefftcients are found in the literature (e.g. [ASHRAE, 19891). it is 
recommended to calibrate the orifices and the nozzles for the full flow range and for each pressure tap 
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location used. The Venturi needs a calibration only for high accuracy measurements or for low 
Reynolds numbers. 
All thcse flow meters shall be mounted between two straight pipes. the upstream pipe being up to 30 
pipe diameters long, depending on the type of perturbation upstream. and the downstream part at least 
3 diameters long. If a straightening vane 2 diameters long is installed upstream, the distance between 
this vane and the flow meter may be reduced down to 10 diameters. 

Here again, the device which Is most sensitive to perturbation is the orifice, hen  the nozzle. The 
Venturl tube Is the less sensitive. 

PICK W A L L  CONNECTIONS 1 -  -H 4.10 AND t o  

' I " " i r A \  CONNCCTIONS 2 OR Y O R E  THROAT 
TAP6 IN  SAMf 

T R 9 N I V E R S C  PLANE 

Figure 3.10: Nozzles and location of the pressure taps [ASHRAE, 19891 

Figure 3.11: Venturi tube [ASHRAE, 19891 

3.2.7. Tracer Gas 
To measure the air flows with tracer gases, a known quantity of tracer is injected in a section of the 
flow to be measud.  Its concentration is measured downstream at a location w h e ~  the tracer is well 
mixed with the air. 

If the tracer is injected at a constant flow rate, S, and when a steady state is reached, the mass air flow 
rate, Q, is: 
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where the integral is taken during all the time when Cg(t) - Cgo # 0. 

This method can be used in ducts with significant flow pemrbadons and in rooms, at grilles etc. Its 
accuracy depends not only on the accuracy of the injection and of the analyzcr, but also on the quality 
of the mixing. It is therefore possible but difficult to get a precision better than S %. This accuracy is 
however good enough for most field measurements. 
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4. Current techniques 

4.1. Envelope leakage 

4.1.1. DC Prsssurltadon, External Fan 
Aim of the method:-This technique is used to evaluate various aspects of the air leakage of the 
building envelope at induced pressure differences. 

Principle: A fan mounted in a duct which pierces the building envelope is used to create either excess 
over-pressure or excess under-pressure inside the building. This causes air to leave or enter the 
buildmg via the cracks and interstices in the building envelope. The volume flow of air entering or 
leaving in such a manner is quivalent to that displaced by the fan. By measuring the flow rate 
r e q u i d  to create a range of pressure differentials the air leakage chmctcristics of the building 
envelop can be determined. 

Range of application: This techni ue has been applied mainly in dwellings often using commercially 
available equipment (See Section 2 .3. for a fdl account of this type of equipment). Larger buildings 
can be examined, providing a fan system which can displace an appropriate volume of air is available. 

This technique is designed to evaluate the air leaka characteristics of a building away from the P natural influences of the climate. Therefore it is pre erable to conduct the measurements when the 
wind speed and indoor/outdoor temperatun difference are at a minimum [ I S 0  9972,19911. Othenvise 
these climatic parameters may introduce unnecessary errors into the results. In exmme cases they may 
make it impossible to take stable readings of the flow rate and pressure differential. 

The equipment and lnstrumentatlon can be divided into four basic components. These components 
are discussed below: 

The varlubleflow mte fan causes air to flow into (pressurization) or out of (d ressurization) the 'P building under test. It must be possible to create a range of flow rates through the an thus enabling a 
variety of pressure differentials to be created across the building envelope. If large buildings are to be 
tested it may be necessary to use several fans in unison. 

A door panel enables the fan to be held in place in an existing aperture in the building envelope. In 
most practical cases the aperture used is a door frame. Essentially two typcs of panel exist. One made 
from solid panels, the other made from a flexible sheet (see Secdon 6.3. for more information about 
this subject). The main prerequisite for any panel system is that it must be able to fUl and seal off the 
aperture into which it is placed and at the same time holding the fan fimly in p i d o n .  Blower doors 
are door panels with a fan, calibrated in such a way that the air flow rate is deduced by thc fan speed 
and pressure differential. 

A f low measuring instrument. For this measurement method it is essential that two parameters be 
accurately evaluated, the first being the flow rate through the fan duct. Several techniques can be used 
to make this measurement. These are discussed in more detail in 2.3 and the importance of accuracy 
for the measurement of this parameter is examined in Section 5. 

Setting up and operating details: Several countries have standards relating to this type of 
measurement [Colthorpc, 19901, and these are examined in Section 7. There are several commercially 
available "blower doors" on the market and these each come with their own set of introductions (set 
Section 6.2.). Manufacturers directions should be followed carefully and completely when conducting 
a test. Several general points are discussed below. 

The building should be first configured to meet the needs of the current measurtment. In practice this 
means setting windows, vents and other apertures to the position desired by the measurement As the 
aim of the technique is to produce a uniform pressure difference across all parts of the envelope. 
internal doors are generally left open. If the results art rcquired in terms of air change rate, then the 
internal volume of the building must be evaluated. Several country standards give guidance as to how 
this volume should be evaluated and in general it can be calculated either from site measurements, 
using a tape measure, or from scale drawings using a ruler and conversion factor. 

Once these preliminary setting up details have been performed, the door panel and fan can be fitted 
into the door frame. Care must then be taken to ensure that the panel system is secure and well sealed. 
Internal and external pressure tapes must be made and in several commercial blower doors an external 
pressure tap is located in the door panel itself. A more sophisticated approach involves leading tubes 
to all four external faces of a building and bringing them back to a small airtight vesseL One tube leads 
off from the vessel to the pressure differential instrument. The vessel essentially averages the 
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pressures at the four faces of the envelope. Thls is particularly useful when the building is completely 
detached and the test is being conducted under variable wind conditions. 
Another important decision to make is whether to pressurize or depmssurlze the building. Some 
standards demand that both modes be performed and average results taken. The fan must then be set 
up to the required flow direction to be produced. The choice of location for instrumentation such as the 
flow rate meter and pressure differential measurement device is, in many ways arbitrary, though in 
cold climates the desirability of placing the equipment on the inside of the structure is obvious. 

A pressurization of the building is almost always possible without any difficulties. However, leakage 
determination by using smoke tests, IRdetection is not so eas A depressurization is more convenient 
for leakage determination since the air often enters the build k g. Open fireplaces arc o k n  very dirty 
and sometimes create serious dust problems inside the occupied space. Therefore a plrtssurization 
measurement might be the only possible technique in such cases. Onc should also avoid the 
functioning of open heating systems (fuel, oil, gas, coal,..) during a depressurization since al l  
combustion pmducts will come into the occupied space. 

Taking the readings: Once the 1 ment is installed it is usual to take several pairs of readings of air 
flow rate and pressure differcntiTX) range of pressun differentials should be examined, and several 
standards quote the pressun range to be used. A useful rule of thumb guide is to examine pressures in 
the range 10-60 Pa if this is achievable (see also [IS0 9972,19911). The readings can be registered by 
hand or. as is quite often the case in commerdal blower doors. recorded automatically by some device 
such as microcomputer. If both p~ssurization and depressurization are required, then the fan flow 
must be nversed and the above mentioned process repeated. 

Measurement duration: In small domestic buildings using a commerdal blower door the 
measurements, including the preparation and installation, may take as little as one hour to complete. In 
larger buildings where more equipment and preparation is required the measurement process may take 
longer. 

Presentation of results: A procedure as given in the ISO-standard [IS0 9972, 19911 is appropriate. 
Sec also Section 5.4. 
Measurement accuracy: Two parameters are evaluated in this technlque: air flow rate and pressure 
difference. If the results are expressed in terns of the air change rate. then the volume of the building 
must be evaluated. If other expressions of the results are made, then parameters such as the building 
envelope area must be evaluated. 

An examination of the standards relating to the performance of this type of technique indicate that the 
following accuracy is desirable: 

Flow Rate f5% 
Pressure Difference f 2Pa 

The measurement of building volume should also be performed with care, and although no standards 
of accuracies exist, it should be possible to evaluate the internal volume of a test space to within 5 %, 
especially if detailed architectural drawings are available. 

One of the m m  important factors with regard to the accuracy of this measurement techni ue is wind 
velodty and indoor+utdoor temperature difference. These effects generate na tdi pressure 
dffemces across the buildin envelope, which affect the measurement lrtsults b superimposing 
themselves on the pressure di f! erences generated b the fan. Moreover, the wind in uces turbulence, t' 'z 
which 'ves rise to randomly variable pressure dif erendals. The higher the wind velocity and lower 
the in a uced pressure, the greater the potential inaccuracy. It is therefore advisable to conduct 
pressurization tests at low wind sp"" . Several standards give maximum wind 
temperature differences at which vali measurements can be made (see d o n  7 and table "tl""" .2). If the 
outdoor pressure is averaged over the four walls and If the pressure and flow signals are time 
averaged, unbiased leakage area mcasunments can be obtained with a scatter smaller than 11 96 using 
fan pressurization technique, as far as the wind sped is lower than 5 m/s [Modcra and WiLron, 19901. 

When pressurization tests art performed, cold outside air is often blown into the building and wann 
internal air is discharged through the leaks. It is the flow of the cold outdoor air which is measured 
during the test. Volume flow rates must be comcted to give a value for tk rate of air flow through the 
leaks in the building envelope These corrections are given in Section 5.2. If the mass flow rates are 
measured, no correction is needed. 

A full discussion on fan pressurization measurement errots, calibration procedures and comction 
factors is presented in [Kronvall, 19801. 
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4.13. DC Pressudzuhn, Internal Fan 

This technique is used to evaluate various aspects of the air leakage of the building envelope at 
Induced pressure differentials. 

Principle of the method: The measurement prlnclple for the DC pressurization-interval fan technique 
is very similar to the external fan pressurization method described in Section 4.1.1. The only major 
dlfference being that instead of an external fan the building's air-handling system is used to produce a 
pressure differential across the envelope. This causes air to leave or enter the building via the cracks 
and interstices in the building envelope. The volume flow of air entering or leaving in this manner Is 
equkalent to the total flow through the air-handllng system. By measuring the flow required to create 
a range of pressure differentials the air leakage characteristics of the building envelope can be 
determined. 

Range of application: This technique has been mainly used in office block-type bulldings where the 
movement of large volumes of air is needed to create the required pressure differentials. 

However, the technique can be a plied in any building where a sultable air-handling system 1s already P installed. The criteria for suitabi ity are that the system must be able to produce pressure differentials 
across the building envelope in the required ranee and that it must be possible to accurately measure 
the total air flow rate through the system when it IS in operation. 

Equipment and instrumentation: The essential equipment for U s  technique is a suitable air- 
handllng system, some method of evaluating the air flow through it and a means of measuring the 
pressure differential across the building envelope. 

Many types of air handling system are used in buildings. Before attemptlng this type of measurement 
in any building the suhabllity of the installed system must be assessed. This technique rcquim the 
system to be operated in a non-standard manner. Basically it must be possible to a m g e  the 
ventilation system so that the building becomes either pressurized or depressurized. In ressurization, P for example, it must be possible to operate the supply fans while the return and exhaust ans are turned 
off. Return dampers must also be closed so that supply air flowing Into the building can only leave the 
interior through outside doors, windows and other leakage sites. The S stem air flow rate must be 

of fans in operation. 
r controllable through an appropriate range by adjusting damper positions, an speeds andfor the number 

It is recommended that the building services site englneer be consulted at all stages of the setting up 
procedure, thus making full use of detailed information about the operation of the air handling system. 

Several methods are available for the measurement of air flow rates in ventilation systems. An 
examination of all these techniques is beyond the scope of this report and they are well documented 
elsewhere (Sec for exam le [Svenrson 19831). One particular technique will, however, be examlned in 
detail. This method has &, n chosen for two reasons. Rrstly because h has been applied successfully 
to internal fan pressurization measurements in a variety of buildings systems [Perslly, 19861, and 
secondly because it has been developed from the same principles as the constant emission rate method 
for evaluating building air change rates (see Part III Section 3.4). 

Some alr flow measurement methods require long straight sections of duct preceding and/or following 
the measurement plane. With these methods if there is insufficient distance between the measurement 
point and the nearest disturbance to the flow (e.g. bend, damper or fan), then large e m s  in the 
measurement rcsults may occur. 

If, however, a tracer gas is used for the measurement of air flow rate then the distance from the nearest 
disturbance to the flow becomes less critical. Indeed it can be an advantage to have induced turbulence 
at the measurement location This is because the tracer gas method described here is most effective 
when a homogeneous mixture of air and tracer can be maintained. 

The method is based on injecting a known flow rate of tracer gas into the ventilation duct, usually at 
the upstream side of the supply fan. Further downstream when the tracer gas has become well mixed 
with the air by the fan, the tracer concentration is continuously monitored. Under condltlons of good 
mixing thc J r  flow rate can be determined from the tracer injection rate and the measured 
concentration using: 

S 

4' - 

where: 



II. Air Leakage Meagurement Methods 

q Air flow rate through ventilation system m3s-l, 
s Injection volume flow rate of tracer into ventilation system, and 

cg Volume concentration of tracer in ventilation system. 
If the air in the duct contains a certain initial concentration of tracer gas (this may occur due to 
recirculation via leaky return dampers, but should be avoided if possible) then a comcdon factor must 
be applied to the above equation. which becomes: 

S 

4'- 
cg- Cpd 

when cgd b the inidal volume concentradon of tracer gas in dun. 

The gas flow ratc can be measured with a calibrated float type variable orifice meter and the tracer 
concentration is evaluated using a suitable analyzer. In this way the flow rate through tbe vendlation 
system is calculated. 

Setting up and operating detalls: The first task is to ensure that the air-handling system on site can 
be conflgured to enable an over-pressure or under-pressure to be created within the building. Ideally 
no air should return to the vendlation supply fan. A schematic of an ideal internal fan configuration for 
this method is shown in Figure 4.1. Once the S stem has been set up the flow measument device, 
tracer gas or othenvisc, is installed. Pressure di b erential measurement devices an then located. With 
large buildings such as those often examined by this method h is often referable to measun the ThP diffemtial pressure at more than one location on the building envelope. S is because the larger the 
building the more the natural pressure differerns caused by wind and temperam will vary over the 
envelope and it may be necessary to obtain an average value for this parameter. 
The measurement at more than one location can be performed by having several instruments or by 
having a single measurement device linked to a variety of pressure taps via lengths of tubing and a 
pressure selectton switch. The exact number and location of the pressure taps depends upon the 
building shape and size. They should cover a range in height and be placed on mon than one side of 
the building. 
By adjusting the outside air intake dampers, the intake dampers on the fan or the fan speed itself, the 
air flow ratc can be set to the w i r e d  level. Once steady-state conditions have been reached then 
measurements of the flow ratc and pnssun differtntials can be made. Subsequent measurements are 
made after alterations to the flow rate. 
A range of pressure differentials should be examined and the actual range available will depend upon 
the volume and leakiness of the building as well as the air moving capabilities of the fan. The final 
data obtained from the test consists of pails of values of the air flow rate and average pressure 
differential a m s s  the envelope. 
The presentation of the results of this type of measurement is very similar to that of ressurization R tests performed using external fans. This wdl not be discussed further here. However, W en using this 
measurement technique it may not be possible to achieve a pressure difference of 50 Pa across the 
envelope. Therefo~lc if the air change rate of different buildings at the same pressure difference is to be 
compared, then a lower pressure differendal may have to be used. 
Measurement accuracy: Two main arameters are measured in this method, the flow rate through the 
ventilation system and the pressure cl' ifferendal across the envelope. The flow rate t h u  the system P is usually evaluated by an indirect method such as the tracer gas technique described in ection 6.8.3. 
If this method is used then tracer gas injection rates and tracer concentration must be evaluated. Ushg 
a calibrated flow meter it is possible to evaluate the tracer gas flow rate to an accuracy of 1 % and a 
good quality analyzer can be used to estimate the tracer concentration to 2 Q. 

Pressure differential measurements can be made with a vhety of instruments and it should be possible 
to evaluate pressure differentials at individual ints across the building envelope to 2 %. With large 

fP" buildings then may be a range of pressure di erentials existing across various points on the envelope 
and care must be taken when assigning a single value to this parameter. The variation of pressure 
differendal can be minimized by making measurements under calm conditions and low temperature 
differentials. While no standard exists for the internal fan pressurization technique it is nxommended 
that measurements be made when the wind speed is less than 2 m/s and the indoor outdoor 
temperatun difference is not greater than 20 'C. 
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TNs technique evaluates the equivalent leakage area of a building envelop at pressure differentials 
similar to those crated by natural wind and temperature effects. 

Prlndple of the method: Thls technique uses a piston to create a continuous harmonic change of a 
building's internal volume. In turn this creates a fluctuating rtsm diffennce across the building 
envelope [Shermun Md Modcro, 19861. 'lMs can be distingdshed from naturally occurring pm- 
fluctuations. 

By measuring the amplitude of the pressure response inside the building, and the phase relationshi 
between the presswe and the velocity of the piston the air flow through the envelope can be evaluate8 
Given this computed air flow and the measured pressure differentials the equivalent leakage area is 
determined directly. 

Range of appllcatlon: 'IMs tcc que has been used successfully in several domestic buildings with hs' volumes in the range 30(1500 m . Its only real limitation lies in its inability to measure large leaks 
such as undarnped chimmys or pardally open windows. Ttsts have shown that leaks over some 
critical size arc vcatcd by AC pressurization as though they were equal to that crltical size. 

Equipment and instrumentation: Any AC pressurization test apparatus must include components 
which perform the following basic functions: 

Volumc Dtfve: The U se of the drlve component is to provide a harmonic change in the internal 
volume of the k3* dhg, at a known or specified amplitude and frequency. A frequency range of 
0.2 - 4.0 Hz and a displacement range of 10 - 100 liters is adequate for residential buildings. 

The displacement monitoring component should be able to provide an instantaneous value of the 
ston velocity. TNs is one of the two inputs used to com ute the airtightness of the building. R type of displacement monitoring required will depend th on the drive component and the 

means by which it is driven. 
L 

Pressur~ Measurement: Thls component measures the instantaneous pressure response of the building 
to the induced volume changes. It is required only to measure the pmsure signals at the drive 
frrtquency and Its harmonics, other frequencies can be filtered out or eliminated with no loss of 
accuracy. 

AnulyslslContml: This component uses the velocity and pressure response signals to calculate and 
display the equivalent leakage a m  of the envelope. If automatic operation is desired then this 
component should be able to control the volume drive in order to attain a specified pressure 
response. 

Figure 4.1.: Schemaric of AC pressurization equipment [Modera and Sherman, 19851 
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Specific Description of a Working Device: Several o tions are available for the accomplishment of P each of the above named tasks. Several combinations o thcse options have been used to build working 
AC ressurization devices. Only one such device will be described in detail hert (set Figure 4.1). This 
pa ~t/' cular device is given attention because its viability has been proven in field trials, it is 
commercially available and it is similar to DC prtssurization blower door equipment. 

h this device the volume drive is provided by external bellows drive mounted in a door panel. A 
piston is connected to the flexible but airtight bellows and a scotch-yolk mechanism is used to turn the 
circular motion of a variable spetd motor into true harmonic motion at the iston face. Mounting the 
device in a door panel facilitates portability and ease of location in the buil mg envelope (See Figure 
4.2). 

d! 
The stroke of the scotch-yolk mechanism can be varied between 4 and 18 cm and this allows the 
volume drive to be adjusted between 10 - 15 liters. This displacement range has been found to be 
adequate for the testing of most domestic buildings. 

By adjusting the sR" of the DC motor the frequency of the device can be viuied between 0.1 and 4 
Hz. The speed of e piston is monitored by a wire-cable velocity transducer and the pressure response 
of the buildin is measured with a low frequency, AC-coupled condenser microphone whlch is 
sensitive to 0. % 1 Pa. Less expensive prtssurt transducers can be used instead of the low fnquency 
micmphone without loss of accuracy. 

Internal  External  

Figure 4.2.: Internal and external views of AC pressurization equipmen! [Modera and Shennan] 

Setting U and operating details: The main setting up procedure consists of fitting the door panel 
into a su P table exterior door f m e  and placing the pressure measurement microphone inside the 
building. This procedure requires approximately the same time as required for installing a DC 
prtssurization apparatus. The actual measurement time is short, approximately 3 minutes for a leakage 
area measurement. Tests have shown that the position of the microphone does not affect the measured 
pnssure signal even when placed on the second floor of a two storey house. When preparing the 
building for the test it must be noted that there is a limitation to the size of leaks which will be 
detected by AC prtssurization. So open windows and undamped chimneys may not be correctly 
evaluated. 

Presentation of results: This technique evaluates the equivalent leakage area of the building envelope 
at a chosen reference pressure. The equivalent leakage area is determined by assuming that the flow 
through the envelope is similar to perfect orifice flow. ?he reference prtssure is often taken as 4 Pa. 
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This p ~ s s u r e  differential L often representative of pressure differences created by natural forces. 
Ideall when examining several buildings the results should be presented in a tabular format which 
inclu d es other informadon about the building structure. 

Measurement accuracy: The results by this relatively new technique have been compared with those 
obtained from the more well known DC pressurization method (blower door tests). This type of 
comparison has shown that the values for leakage area obtained by DC and AC prtssurization agree 
reasonably well, but that the AC values are consistently lower than comsponding DC results. Because 
neither technique is a primary standard it cannot be determined which one is correct. 

For example there may be systematic errors assodated with DC pressurizadon due to the fact that 
leakage values quoted at low pressure dlfferendals (e.g. 4 Pa) have been extrapolated from 
measurements made at much higher pressures. 

However, AC pressurization mi t yield lower values than DC pressurization due to the effect of large 
leaks. In one test using the A 8' door panel the leakage through a window was measured as it was 
opened further and further. The results of this was that the measured leakage m a  increased with 
window opening up to a certain point after which the opening no longer affected the measured leakage 
area. This indicates that leaks over some critical size are mated by AC pressurization as though they 
were equal to that critical size. For the normal operating frequencies of AC pressurization the critical 
size of window opening is between 10 - 20 cm. 

For some applications the measurement of large leaks is not required so this cridcal leakage area factor 
must be seen only as a limitation and not as an absolute disadvantage. 

Comments: AC pressurization has several im rtant advantages over its DC counterpart. It operates at 6 pressures which normally drive inflltration. e measurement and analysis is done in real time, so the 
leakage area is measured continuously and essentially instantaneously, and only small volumes of air 
are exchanged with the atmos ere. The AC pressurization technique is also less sensitive to wind 
pressures than DC pressurlza 5" on. This can allow measurements to be made under variable wind 
conditions without degrading accuracy. 

Finally with a different choice of options for performing the volume drive, a device could be built 
which would perform AC pressurization without piercing the building envelope.Reproducible results, 
in agrwment with pressurization tests were obtained on a relatively small volume. 

Principle of the method: The evolution of the pressure with time. during and after putting in the 
measured enclosure a puff of air, is a function of time which depends on the capacity of the enclosure 
and on its leakage characteristics. The dependance can be found by writing an energy balance for the 
enclosure, assuming that the energy losses are due only to leakage. 

Range of application: since the method is still under development, its limits of appllcadon are not 
well known An obvious limitation is that the pwsure change due to leakage should be small during 
the transit time of sound waves across the enclosure. 

Equipment and instrumentation: the prtssurization equipment may not be required, dnce a pressure 
rturbation can be obtaintd by slamming a door. The instnrments needed are a manometer able to 

gllow the pressure decaying in a fraction of a second and a fast recording apparatus. 

Example: Measurements were performed using the decaying part of the function, after slamming the 
door of a 25 m3 cabin. Reproducible results, in agreement with pressurization tests were obtained on a 
relatively small volume [Sherrnan and Modera, 19881. 
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4.2. Methods for Qualitative Evaluation of Components Leakages 

4.2.1. Sound, UItresonk Lcak Detection 

This technique aims to detect air leaks by sound or ultrasonic transmission measurements. The 
technique ought to be licable for in dtu measuments usin everyday sound level meters. An 2 it evaluation of the me showed, however, that the technique f cd on two cases which occur very 
frequently in fleld measurements (foil-covered slits and slits coupled to damped cavities) [Ringger and 
Hartmann, 1989J. 

Principle: Thc sound transmission through welldefined slits of various gcornetrlcs (e.g. in a door) are 
measund (including slit covered with a foil). The sound pn=ssurrts on both sides of the element are 
measured and their difference calculated: 

Where pl is the sound pressure level at 0.5 cm from slit and p2 is the average pressure level in sender 
m m .  
A reference element without slits Is used to c o m a  for transnission through the door itself and a 
difference Ap, similar to Ap, has to be defined. Then the difference, AM = Aps - Ape, is used for the 
slit characterization 

Example: Tests were performed In a laboratory facility using a real-time l/3 octave-band analyzer in 
the range from 200 Hz up to 10 IrHz. 

Figure 43.: Sound transmIIUssion T of 
simple slits: l )  0.5mm; 2 )  1 .OM; 3)  l ..! mm 
and 4)  2.0 mm. [Ringer & Harn~nn,  19891 

Figure 4.4.: Sound tranrmlssbn Ts of slits 
containing a rectangular bend: l )  O5mm; 2)  
1.0 mm; 3) 1 Smm and 4) 2.0mm. 

A real tlme analyzer is not commonly available for field measurements. Therefore in the following 
table the linear or A-weighted sound level difference (calculated from the energetic sum of the 1/3- 
octave-bands) are presented: 

List of requlred equipment: 
- sender (e.g. white noise emitter), 
- microphones, 
- a-level weighted sound level meter or preferably a real time band analyzer. 

Slit type 

simple slit 
slit with rectangular bend 
covered slit 
slit coupled to damped cavity 

Level difference in dB (linear) 
(slit - reference beam) 

11.3 
19.2 
12.4 
1.4 

It is obvious that the overall level differences are neither consistent nor reliable. The method fails 
because the relation between air flow and sound mrnission is ambiguous. 
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4.23. Idmred Imaging and Depressurlzatlon 

Local leakages can be visualized using infrared thennography in combination with a depressurized 
action of the building. 

The method described is often used in combination with blower door measurtments for the 
localization and qualitative characterization of distinct air leakage sources within a building. 

Prlnd le of the method: In order to detect leakage defects, the building is depressurized. The i n p s  
of col l external air then cools the surfaces ad acent to the cracks. Thermal radiation, which depends on 
the surface temperature, is converted by the d ernographic system to a visible thermal image. 

For systematic tests, the building is depressurized using a fan. Less reliable rtsults may be obtained by 
just relyin on wind pressure. The method works best with temperature differences inside-outside 
above 10 I& 
The quality of the thermal image ma be improved using ima e processing systems. Themal image r 
leakage path from other themal imgulanties in the envelope. 

2 interpretation rcquircs a high level o expertise. The main di culty lies in Wig able to separate air 

Nevertheless thermal images of surfaces cooled by infiltrating air very often may be identified by their 
typical tongue-shaped patterns. 

Additional smoke tests may be required for leak verification. 

Further reading on this method is to be found in [Penerson and M n ]  as well as in several standards 
for thermographic building evaluation [e.g. I S 0  67811. 
Example 

Figure 45.: Themgraphic image of Figure 4.6.: Photographic picture showing 
surface areas cooled by air i@ltradng the same room detail 
through roof and wall-roof junction (dark 
stripes) [photo EMPA] 

List of required equipment: 
- blower doorlwindow , 
- thcnnographic system with: 

- inframd camera (preferably with sensor range 8-1 3 p), 
- image display monitor, 
- preferably image storage or video recorder and processing units; 

- photographic camera for parallel pictures in the visual range and for the recording themal image 
from the display screen. 
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4.23. Smoke Leak Visuallzatbn 

To localize particular leakages in the building fabric smoke is used to visualize the paths followed by 
the leaking air when pressurizing the building. This method is often used in combination with 
pressurization measurements. 
Principle of the method: Thermal imaging equipment is expensive and q u i r e s  a high level of 
expertise to operate it effectively. The main difficulty lies in being able to separate air leakage paths 
from other thermal anomalies in the envelope, e.g. thermal bridges. 

Smoke tests offer a cheaper and easier alternative for leak detection. Smoke can be produced in 
several ways, the most convenient often being a hand-held puffer and smoke stick (see Figure 4.7), 
and the technique simply involves pressurizin a building and using a smoke source to trace the paths 
followed by the leaking air. Smoke can also used for flow Visualization through larger openings 
such as internal doors. 

L 
Example 

Figure 4.7.: Smoke Visualization [Dickron, 19811 

Required equipment: Hand-held puffer and smoke stick. 
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4.3. Methods for Quantitative Determination of Components Leakages 

43.1. Direct Component Testing 
This method aims to determine the air flow rate through a particular component (e.g. a window) by 
separating it from thc rcst of the building or by using a special test chamber in the laboratory. 

For the latter application special standardized procedures for windows and doors exist in many 
countries. 

Principle of the method: On site measurement of the leakage characteristics of an individual building 
component is done by pressurizing the component. Thls is done by pressing a half open airtight box 
with built-in fan against the component. 

A normal pressurization test (see 4.1.1) is than executed. 

Example 
Important measurement errors may occur when the air flow is not one-dimensional. This is illustrated 
in the example of Figure 4.8. 

Figure 4.8.: Errors in the case qf not one-dimensional flow through a component (part of a cavity 
wall) 

Required equipment: 
- collection chamber of appropriate dimensions. 
- fan with adjustable speed, 
- flow meter, 
- pressure measuring device. 
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433. Indirect Component T d n g  by Reductive Sealing 

A normal fan-pressurlzadon test gives information about the airtightness of the whole building 
envelope but not about particular air leakage aths. This technique aims to antify the proportion of 
the total air leakage which is amibutable to di P ferent components or groups 

Principle of the method:_The fan pressurization equipment is set up, and the dwelling ptltpared, in the 
usual way. If the dwelling is occupied it may be necessary to seal chimneyslflues but these can be 
scaled later as part of the test K desired. An air leakage test Is then carried out, either pressurizing or 
depressurizing. A component or p u  of components is then chosen (e.g. all chimneys and flues) and 
sealed with self adhesive tape, polye t l  ylene sheet, inflatable bladder or modelling clay, as appropriate. 
The air leakage test is then repeated, the difference between this test and the flrst test being a measure 
of the air leakage ottrlbutable to the component or group of components which wert sealed. 

An additional component, or group of components, is then chosen (e.g. the o nable parts of all 
windows), sealed with tape, etc., and a further air leakage test carried out. The di R erence between this 
test and the previous test is a measure of the air leakage attributable to the components sealed between 
this and the previous test. 

Further components can then be chosen and the process continued. Components which can usually be 
sealed include the following: chimneys, flues; ventilation openings; extemal doors (other than the one 
used to mount the pressurization fan); wooden ground floors; cracks between walls and floors; pipe 
and cable entry or exit points; and any other obvious cracks and openings (e.g. gaps between a 
window frame and the wall into which it is fixed). 

The last air leakage test in this rocess gives a measure of the background air leakage, i.e. the 
remaining air leakage not sealed f uring the previous tests. It is quite common for this to constitute 
more than half of the overall air leakage, even where all of the most obvious air leakage paths have 
been sealed. 

When all the components required have been sealed and air leaka e tests carried out, the 
pnssurization fan can be revelsed and the air leakage tests repeat e f  as the components are 
progressively unsealed in the reverse order to that in which they were sealed. 

Best rtsults arc usually obtained by scaling grou of components (e.g. all openable windows in the 
dwelling) because the leakage through an indivi 'r ual component (e.g. a single openable window) can 
be too small for the pressurization fan to resolve. It is important that care is taken to make a good seal 
on all components. For example, on openable windows pay special attendon to corners and around the 
fasteners. 

Example: This method has been used to quantify the proponion of air leakage attributable to a number 
of air leakage paths in a single dwelling in an apartment building. The pressurization and 
depressurization measurements were done with the apartment as it was found, and then with the 
following component sealed: 
1) al l  openable windows 
2) two ventilation grilles in the kitchen 
3) two external doors, to balcony and rear deck access 
4) large holes in plasterboard (left by contractors examining the exterior concrete anel structure of the 

cables) 
P building) + service duct box (poorly fitting panels) + meter box (to seal o entry of electricity 

5) prtncipal cracks (i.e. window framelwall joints, external walVcei1ing joints, extemal walVparty 
wall joints, joints in wooden stairs adjacent to envelop wall). 

The results of these measurements are presented in Figure 4.9. There are a number of points worth 
nothing. The windows were poorly fftdng and were not draught proofed but only contributed about a 
third of the total air leakage. The large holes in the plasterboard were expected to make a large 
contribution to the overall air leakage but were found to be virtually alnlght. The principal cracks, 
which wert all easily visible and were each approximately 0.5 mm or more wide were a signlflcant 
source of air leakage in contrast to the large holes in the plasterboard. 

List of required equipment: 
- one prcssufization fan system with air flow measuring device, 
- sealing materials such as duct tape, polyethylene sheet, inflatable bladder, modelling clay. 
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Figure 4.9,:Distribution uf air leakage in an apartment by reductive sealing, at 50 Pa pressure 
difference. 

4.33. Mult&an Testing and The Guard Zone Technique 

This method uses two fans and a control system to determine the leakages of various parts of the 
building. To avoid the tedious work of covering with a plastic foil the building parts which are not to 
be measured, the d r  flows through these parts are inhibited by maintaining a zero pressure difference 
through them. 

Principles of the method: A measuring fan with its flow meter equipment is installed in a wall or 
door of the room containing the element to be measured. Another larger fan is installed in a door or a 
window of the building (or the dwelling) containing the room (Figure 4.10). 

Figure 4.10: Principle of the guard zone technique applied to several walls of a room. The hatched 
zone is the guard zone. 

In order to get the leakage characteristics for a given element, that is C and n in: 

Q = c W  (4.6) 
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where Q is the air flow rate through the element under a pressure drop, Ap, through it, the pressure in 
the room should be varied step by step from 20 up to 60 or 70 Pa. The guard pressure should be varied 
simultaneously to maintain an average ressure difference, Ap' = 0, between the room and the 
dwelling. This pressure difference actu y varies between -1 and +l Pa. A fit through several 
measurements allows one to calculate the air flow, Q, comsponding to a zero pressure difference. 

Other experiments can be used to measure the other walls of the m m  by opening or closing various 
doors and windows. When a set of measurements is done, enough equations can be written to compute 
the air flows through the various measured parts for each pressure step. 

For that purpose, a second condition shall be fulfilled: in each measurement, the prtssum in the room 
should be varied step by step from 20 up to 60 or 70 Pa. The guard pressure should be varied 
simultaneously to maintain an average pressure difference, Ap' = 0, between the room and the 
dwelling. This ressure difference actually varies between - 1 and + 1 Pa. A fit through several 
measurements a i  ows one to calculate the air flow Q corresponding to a zem pressure difference. 

Since even this control cannot be good enough to get accurate measurements (because of external and 
random Influences such as temperature or wind fluctuations), the data are automatically selected and 
recorded only if several conditions are fulfilled: 
- the pressure in the room is equal, within a pm-defined tolerance, to the pre-defined value of the 

pressure for each step. 
- the pressure differer& between the m m  and the guard zone is smaller (in absolute value) than a 

predeflned small value. 

Finally, for each pressure step and each configuration, several values are measured and averaged to 
minimize the effect of random noise. 

Example: The computercontrolled MAGE system [Farbringer, Roecker, Roulet, 19881 was used to 
measure the leakage distribution of the LESO building (fig. 4.1 1). Some results are given in the Figure 

t LOOR 
FLOOR 

Figure 4.11: Nodal model and schematic perspective of the LESO building 
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Figure 4.12: C [m3/h pa2I3] and n values for several elements of the 3rdfZoor in the LESO building 

List of required equipment 
2 fans with their flow-metering devices 
2 differential manometers 0- 100 Pa 
1 personal computer 
2 air thermometers 
1 anemometer (optional) 

2 fan controllers and power supplies 
1 differential manometer 0-10 Pa 
1 data logger 
l barometer 
1 hygrometer (optional) 
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This method is a special case of the guard zone technique, particularly well suited for mw houses. A 
propodon of the total air leaka e measured in a fan pressurizadon test may not be to outside but P across separating (or party) wa S and floors to adjacent dwellings. Under natural conditions, such 
leakage is usually relatively unlm rtant to ventilation. Thls technique aims to quantify the magnitude r of such leakage paths [Stephen, 1 911. 

Principle of the method: One fully instnunented pressurization fan system is set up in the normal 
way to pressurize the dwelling of interest, house B, and another fan Is set up to pressurize an adjacent 
dwelling, house A, (Figure 4.13). A second micromanometer is used to indicate the pressure difference 
between the two houses. 

Figure 4.13: Inter-dwelling air leakage measurement - pressure equalization 

The experiment can be conducted by two different ways. In the simple pressure equalization 
technique, an air leakage test Is first carried out in house B in the usual way (fan in house A off). The 
test in house B is then repeated but with the fan in house A running such that whenever readings art 
taken there is no significant pressure difference betwcen the two houses. This can normally be done to 
within 1 Pascal. 

In the Brst test,  the^ is a pressure difference, and therefore an air flow, across the party wall; but in 
the second test the pressure across the party wall is equalized and there is no significant air flow. The 
difference between the first and second tests is therefore the d r  leakage characteristic of the party wall 
between the houses A and B. The two fans can be turned around to measure the party wall air flow in 
the opposite direction too. 

In the progressive pressure equalization twhnique (also called "deduction method" in Section 5.3), 
the house B is pressurized at 50 Pa and the house A is pressurized stepwise in order to change the 
pressure difference through the party wall. During the test, the fan B should be adjusted to maintain 50 
Pa. The properties of the party wall are obtained by fitling the leakage characteristic curve on the 
measured pressure differentials between A and B, Apm. and the measuxed air flow rate through fan B. 
The air leakage curve for the party wall is obtained by subtracting the air flow rate, Qo, through fan B 
with &AB = 0, fmm the fitted curve. 

The data obtained fmm the above tests may be analyzed using either the usual power law fit or the less 
widely used quadratic curve fit (equations 2.1 and 2.2). 

In principle, the value for Q is the smallest of the measured flow rates through fan B, when ApN = 0. 
The value of Q. is howeverkuer found by an identiflcadon method. If the quadratic curve fit fi used. 
Q. is found by solving the equation 2.2 with Ap = 0. If the power law is used, it could rtwriuen as: 

and this is iteratively fitted on the m e a s u ~ d  data, v q i n g  Q. until the best correlation is found. 

Where another adjacent dwelling exists, C in Figure 4.13, the above pmmdures can be repcated to 
measure the inter-dwelling air leakage between B and C, and similarly in flats to dwellings above and 
below. In thcory, given a sumcient number of pressurization fans, it should be possible to control the 
pressures across all party walls and floors simultaneously. However, in practice controlling two fans 
can be difficult and setting up and controlling three or more fans at once would be impractical. 

The accuracy of fan pnxsurizadon measurements is important to this technique because Interdwelling 
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air leakage measurcments place great demands on a technique which is already subject to erron from 
a number of sources (see Appendix 4). Interpmladon and use of Interdwelling air leakage data from 
tests carried out in anything other than ideal weather conditions should therefon be trtatcd with some 
caution. Progressive pnssurc equalization tests m particularly difficult t cany out because changes 
in air flow rate between successive measurement points are very small. Small deviations from the 50 
Pa pressure difference generated by fan B can signlflcantly mask the changes in air flow rate, so very 
careful control of this fan is necessary. 
List of required equipment 
- one pressurization fan system with air flow metering device, 
- one pressurization fan without air flow metering device, 
- two diffcrcndal pressure manometers (0 - 100 Pa, with resolution 1 Pa maximum), 
- computer~mgrammable calculator. 

Example: Interdwelling air leakage measurements were carried out under ideal conditions in tht 
terrace of thnx BRE experimental houses (A, B, and C) which axe typical of modem British timber 
framed construction. Houses A and C arc the end terrace houses. The nsults of both types of 
pressurization tests are shown in Table 4.1. and 4.2 . 

w e  
dinction 

Tabk 4.1: Inter-dwelling air leakage rates at 50 Pa pressure digereme by the sinplc pressure 
Equalization method 

B t o C  
C t o B  
Averaga 
C to B again 

Normal test 
Power fit 
Q [m3m 

Measurtmcnts based in house A (Leakage between A and B) 

2889 
2746 
2818 
2685 

Leakaee 
direction 

I Lak.pe between B and C 

Wall leak 
P o w a  fit 
Q rm3/h1 

A t o B  
B t o A  
Average 
B t o A a a i n  

A t o B  
B m A  
Average 
B to A again 

368 
406 
387 
327 

Leakage between A and B 

Wall l& 
Power fit 

Q [m3/hl 

NW: Figures in brackets [ ] indicate that itaation did not run to optimum air flow rate inmcpt. In thase 
cases, Q0 is assumed to be the minimum measured QB minus 1 m3/h 

Normal test 

W% 

Measurements based in house B (Leakage between B and C) 

268 
P851 
277 

W61 

B t o C  
C t o B  
Average 
C to B again 

Tablc 4 3 :  Inter-dwelling air leakage rates at 50 Pa pressure merence b the ro ressive 
pressure ~qualization method. W inconsistency of the results in this t a ~ ~  r&u rR &c~l ty  
encountered whilst taking the measurements. 

2147 
2122 
2135 
2129 

2887 
2712 
2800 
2658 

Wall leak 
Quadradc 

Q [m3/h] 

Wall leak 
uadratic 8 [m3hl 

395 
368 
382 
2% 

466 
423 
445 
308 

17.8 
17.4 
17.6 
133 

2133 
2103 
21 18 
21 14 

353 
394 
374 
313 

P311 
374 
353 

m41 

Percent 
Powar fit 

Wall leak as a pcrc~nt  
of the house 

13 
13 
13 
12 

382 
412 
397 
44 1 

12 
14 
13 
12 

vrall leak 
Quadratic 

380 
366 
373 
281 

12.7 
14.8 
13.7 
12.2 

Power fit 

Wall l& a pactnt above or 
below pressurt eq-m 

13 
15 
14 
17 

18.4 
17.3 
17.9 
13.9 

12.2 
14.5 
13.4 
11.8 

Quadratic Power fit 

22 
20 
21 
15 

Quadratic 

-32 
-23 
-27 
-17 
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4.3.5. Compensated Flow k t e r  
Multifan testing as described in 4.3.3. requires several fans and manometers, and is often very time 
consumi~.  The use of a compensated flow meter can simplify significantly the determination of the 
leakage d.Mrlbudon. It allows for the measurement of the flow rate through the envelope between a 
guarded zone and the outside. 

The prlndple of the method is the guard zone method as described in 4.3.3. The compensated flow 
meter (fig. 4.13) contains a pressure vane measuring the ressurt difference across the compensated R, flow meter. The control of the compensated flow meter Is ted to adapting the fan speed so that this 
pressure difference becomes zero. The flow m can then directly be read from the position of the 
control knob. 

The two main advantages arc: 
- built in manometer, 
- direct reading of the flow rate (this is possible since in this case there is a direct relation between 

the fan sped and the flow rate). 
In practice, the measurement can be done by using a light wooden panel of dimension somewhat 
larger than the inner doors. There is a hole in the panel which is smaller than the opening of the 
compensated flow meter. The panel is pushed against a door opening (door open). The main fan 
pressurizes (or depressurizes) the buildin and the compensated flow meter is then adjusted so that the 
&-readin becomes zero. The indic flow is the flow between that zone and the outside. This f aJ 
requires o course that all inner doom m open. 

extract arille 3 
pipes 

Figure 4.1 4.: Schematic cross-section offlaw meter showing measurement principle [Ph& l987J 

Discussion: Some precautions are needed when applying the compensated flow meter technique. 
- This technique gives good results in situations where the air leakages between the tested m m  and 

the outside arc larger than between the buildin and the tested zonc. In the opposite situation even a 
mall pressure unbalance between building an B tested zone may introduce large emm. 

- It is very im rtant to have an as large as possible opening in the wooden panel. Indeed, if the 
opening A n  is mall, there might be a pressurc difference across the wooden panel, M,, 
~lesulting in a pressure difference between the building and the tested zonc (fig. 4.14). 
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leakage 
to be 
measured wooden 

W 

-1 
I I 
I I 
I I P. 

I . compensated 
I I flowmeter 
1 I 
I I 

I 

I 
K 

pressu'rization 
fan 

Figure 4.15.: Compensatedjbw meter applied to small openings 

Table 4.3 gives an indication of the measured errors as a function of flow rate and dimensions of the 
opening. 

I Opening section (cm) I 

Table 43.  Measured errors on pressure difference readings (Pa) 

List of required equipment 
Ordinary fan for whole building pressurization 
Compensated flow meter. 
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43.6. Combination of Pressurization and Tracer Gm Techniques 
The leakages arc determined by simultaneous use of tracer gas and pressurization equipment. 

The air leaka c distribution in a building is, in certain circumstances, difficult to dctcnnine. One 
example of & is the ceiling of the dwelling Illustrated in figure 4.16. T a g  the ceiling air ti tncss 8 by reducdve sealing is not normally practical and similarly, the guard zone technique is di cult to 
apply in this case. A rather simple and easy technique is to perform measurcmcnts using tracer gas and 
pressurlzadon equipment at the same time. 

tan I 

Figure 4.1 6. Cross secdon of test house 

Prind le of the method: A approximately constant concentration of tracer gas in the attic should be 
main tall ned during the masmment. This can be done by using constant concentration equipment or 
by using the constant injection technique if the weather conditions are stable. Since the leakage rates 
to the outside axe usually Mgh, use of small mixing fans is recommended. 
The dwelling is maintained under depressurization, for example APk = 50 Pa. 
The tracer gas concentrations are measured in the atdc and in the entrance of the pressurization door. 
Let CD be the concentration in the dwelling and C the concentration in the attic. It is clear that the 
tracer gas measured in the dwelling is coming throuh the leakages in the ceiling. Thercfo~: 

Leakage in the dwelling CD 
= - 

Leakage in the ceiling CA 
The leakage (ie. leakage air flow rate at AP, or equivalent leakage area) in the dwelling can be 
obtained from a global pmsurization measurement, so that the leakage of the ceiling is determined 
from: 
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CA ~ c d g e  in the dwelling Leakage in the ceiling = - (4.8) 
CD 

It is obvious that this relation is thcorrttically only valid for the prrtssure differential, M&, used durlng 
the measurement. The results are only valid if a good mixing of the tracer gas in the attic can be 
obtained. 

The principle Is based on steady-state conditions. One can show that these arc almost fulfilled after 
2 z, hours (r, = nominal time constant during the pressurization test). 

This means that for a dwelling with a nj0-value of 5 h-l, T, = 0.2 h, and the measurements can be 
started after 2 X 0.2 hour or 24 minutes. For very airtight houses, r,, is high and the boundary 
conditions will not remain consiant during the measurement. Therefore, a non-steady-state analysis 
may be necessary for such buildings [Sherman and Modcra, 19861. 

List of required equipment: 
- pressurization equipment, 
- tracer gas, gas analyzcr, 
- pressure transducer. 

Example: Table 4.4 shows results obtained in two identical houses at the Belgian Building Research 
Institute. 

Tab& 4.4: Leakage area in the attic and the cellar as a percent of the whole home for two dwellings 
(nw, = 10 h-*) 

dwelllng 1 
dwelling 2 

% of leakages 

ceiling 

16 
28 

floor 

22 
17 
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4.3.7. Stack a fec t  Method for High Rise Buildings. 

This simple and easy-to-install method to estimate the air leaka e distribution in tall buildings is based 
on the pressure distributlon induced in buildings by the stack e B ect [Tamura and Wilson, 1966J. Three 
parts can be estimated separately: the ground and top floors and the rtmaining floors. 

The basic idea b to pressurize the building with the stack effect, and to plan three different 
experiments where two air flows can be measured to get three independent equations for the t h  
different leakages which will be estimated [Hajakawa and Togari, 19891. 

Principle of the method: the building should be tall and the temperaturt diffennce between indoors 
and outdoors should be large enough, in such a way that the pressure difference between inside and 
outside induced by the stack effect is larger than the pressure caused by the wind. Such a pressure 
difference may reach 30 [Pal if the product of the height by the temperature difference overpasses 700 
[Km]. 

The leakage of the building is divided into three parts: 
- leakage through the ground level including the entrance door (suffix g), 
- leakage through the top level including the roof (suffix t), 
- leakage through the remaining floors (suffix r). 

If the building has all its internal doors open as well as the staircase and/or the lift shaft and if the 
tern rature does not vary too much throughout the buildin , there is a priori only one neutral plane at R" 
configuration is then: 

f the eight z0. The pressure difference caused by the stac effect at any height in a given building 

If the temperatures are homogeneous, equation (4.8) gives: 

4Nz) = Ap g (2-20) 

From the law of perfect gases: 

p = M pI(RT) 

Combining (4.9) and (4.10), we get: 

The leakage of the building is represented by the usual power law: 

Assuming that the exponent n is constant for all the leaks, there are three unknowns, the leakage 
coefficients, C , C, and C,. To estimate these coefficients, three measurements, where the pressure 
differences, tht! temperatures at various hei t in the building and some air flows are measured, are 
performed. A first relationship is given by 2 conservation of mass with a closed envelope. The two 
other equations are obtained by mass conservation with a large opening at the bottom and at the top of 
the building. In these cases, the air flows through these openings shall be measured. The relations are 
as follows: 

1 - All openings closed: In this case, the neutral plane is somewhere at mid-height of the building 
and, by conservation of the mass of air, we have: 

where p , p, and p, an: the densities of the air to take into account at the ground level, the remaining 
floors a&d the top level in order to have the proper mass flow. 

2 - Entrance door open: The air flow through the open entrance door (or any other large opening on 
the ground level), Q is measured, for example by measuring the air speed at several locations and 
integrating over the &ole opening. 
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3 - Windows open at the top level: The air flow through these windows, Qt, is measured. We have 
similarly 

The neutral plane is now at the top level. 

Assuming that n is 0.6, or 213, which arc most robable values, the system of the equations (4.13 to 
obal C, and C, If the temperatures an not uniform 4.14) can easily be solvcd to estimate C . an gf 

inside or outside, equation (4.8) should & used instead of equation (4.9). The system is then more 
complex but can still be solved. The most important condition to observe during the measurement is 
the absence of wind. 

Required equipment: The main advantage of the method is that it does not require the use of 
sophisticated equipment. As a minimum, the required equipment is: 

1 wind velocity meter, 0-5 [m/s] 
2 dffercntial manometers 0-50 [Pal 
3 air temperature thermometers 
1 length measuring device. 

This minimum equipment can be completed by at least two more differential manometers and two 
more thermometers. These additional instruments are used to verify the linearity of the pressure 
distribution through the building. 

Tracer gas equipment may also be used to measure the alr flow through the openings. 

Figun 4.17: The building is represented W the l&. To the right, the pressure distributions for the 
three experimental cases are given: I )  closed building envelope; 2 )  ground floor door open; 3 )  top 
level wlndow(s) open. 
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11.5. Treatment of Results 

5. Treatment of Results 

5.1. Procedure for Leakage Distribution Measurements 
The D K K ~ ~ u R  to follow for the determination of the ltakane coeffldents for a multizone building (that 
is, a hetwork of leakages) is shown schemadzed on Figurek.  

Error analyds Measurement and Interpretation 

Control a given pressure 

I t 1 - 
Measurement errors Measun Q,, A&, p, T 

\I 

enou h values +-l 
A 

Change 
conflgumtion 

I 
Yes 

I 1 

Propagation of errors In 
the combination of the 
flows at a given Apk. 

I 

Final errors: 6CU, 6 9  Final results: CU, nu 

Combine Qi(Apk) to obtain 
Qij(Apk) 

I I 

Figure 5.1: Procedure for the determination of the leakage distribution and the corresponding errors. 

1 

Propagation of errors in 
the fit. 

In this chapter, the interpretation of the measurements to get the leakage parameters and the 
corresponding e m r  anal yds are described. 

Fit on Qij(Ah) = Cij 

I 
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5.2. Mass Balance Equations, Density Corrections 
Most of the air Wtradon models of a building use relations between the air flow rate, q [m3/s or 
m3/h], and the pressure difference, Ap [Pal, across a building element [Uddarnent, 19861. These 
relations are either 

or: 

It is hence necessary to deduce the coefficients, C and n or a, b and c from measurements. In a single 
zone building, this is done by ssurizing or depressurizing the building element with a fan and 
measurin as well the pressure d fference between the zone and the outdoor air as the air flow rate q, ti P" 
through e fan. Fitdng the measurements for at least two different pressures using equation (5.1) or 
(5.2) gives the required coefficients [Dickson, 19811. However, it is the flow through the fan, q,, 
which is measured and the flow, q, through the leak which is needed to calculate the leakage 
coefficients. In a steady state, the mass of air is conserved and: 

Pm 4m = P 4 hence q = ‘?m P& (5.3) 
where p and p are the densities of the air going respectively through the fan and through the 
rneasu&lement Using the law of perfect gases, the density of the air can be expressed as: 

where: 

M is the average molecular weight of the air, that is 0,02894 [kglmole] 
p is the atmospheric pressure [Pal 
R is the constant of the perfect gases: R = 8.3 l396 [J/mole.K] 
T is the absolute temperature [K] 

Since the pressure and molecular weight are nearly the same for q and q ~ ,  equation (5.3) becomes 
finally: 

q=qAfT/TM (5.5) 
where T and TM m the absolute temperatures of the air going ~spectively through the measured 
elements and through the fan or the air flow measuring device. Before any further analysis, equation 
(5.4) should be used to correct the m e a s u d  flows. 

5.3. Obtaining the Air Flow Distribution for One Pressure Difference 

53.1. General Procedure 
In principle, the measurement of flow characterisdcs of each leakage path can be made by using an 
enclosure (e.g. a plasdc bag) to pressurize one side of the measured element or building partition. In a 
usual building, generally inhab~ted, it is quite impossible, and at least very tedious, to install this 
enclosure on all the conductances. 

When pressurizing one zone of the building, the air coming from the fan or the air flow measuring 
device flows through a combination of the leakage paths to be measured. By opening some doors or 
windows, h is possible to impose the same pressure to different zones, or in other words, to make 
different parallel arm ements of leakage paths. If the measurement of leakage paths in series is d avoided and on1 ara el arrangement is allowed, the total mass air flow rate, Qi, from zone i at a 
given pressure diYrf!rencc is the sum of the individual air flows, Q@ !km zone 1 to zone j: 

The index j runs from 0 (outside air) to the number of zones, N. 
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It is important to avoid serial arrangements of leakage paths, since such arrangements result in non- 
linear equations. Using two or more fans, it is also possible to suppress some flows. The operation is 
then repeated by pressurizing successively various zones at the same pmssure in order to get enough 
equations (in principle N(N+l)) to have a solution of the system (5.6). That way, we get a set of 
Q,$&) for a gven pressure difference, and an error analysis gives the standard deviations, S@$. 

Note that all these measurements should be conducted at fixed pressure differences. to et all the Q-. 

differences. 
f for these pressure differences. RMically this condition qu i res  an automatic control o the pressur# 

The pmcedure should be repeated at other pressure differences. For each leakage th for node 1 to ga node j, we will have several values of the mr flow rates, Q for several pressure di erences, together 
with their standad deviations or confidence intervals. The # d u r e  described in Section 5.4, applied 
to these values and using equation (5.1) or (5.2) gives the desired coefficients. 

The detailed example ven in Appendix 4 may clarify the described procedure in cases where two !? fans are used (fig. 5. ). In thls example, two techniques commonly used for multizone leakage 
characteristics measurement are used: the so-called deduction method and guard zone method. 

outside 

Figure 5.1 : Example of the measurement sinration when two fans are used. 

5.33. Deduction Method 

The deduction method consists on varying the pressun p, in the pressure ring, keeping a constant 
pressure, p,, in the m m  as schemadzed in Figure 5.2 so that : 

Pressure 

Pressure ring Room Outside 

Figure 53:  Pressure level in pressurization test with deduction method. 
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By using this method it is possible to measure all the flows directly or indirectly, as described in more 
detail in Appardix 4, Section 2. 

533 .  Guard Zone Technique 
In this tcchni ue, the pressure in the pressure ring (guard zone) is always the same as that of the 
room (guard d zone) as illustrated in Figure 5.3. 

Guard Zone Guarded Zone Outside 

Figure 53: Pressure leveLr in pressurization test with g w d  zone methad. 

By using this method it is also possible to measure al l  the flows directly or indirectly, as described in 
much detail in Appendix 4, Section 3. In most cases, the ard zone technique leads to smaller emrs 
than the deduction technique [FIIrbringer and Roukt, 1998. 

5.4. Obtaining the Leakage CoefiEcients 
The leakage coefficients, C and n or a, b and c, an obtained by fltdng the measured results, Q(&), to 
the equations (5.1) or (5.2), which arc repeated here, in terns of mass air flow rates: 

Q=c@ (5.1 again) 
or: 

& = a Q Z + b Q + c  (5.2 again) 

Depending on the number of measured points (or measured pairs Q, Ap), various methods can be used. 

5.4.1. Two Measured Polnts 

If (and only if) there is an absolute confidence in one of these models, that is if the purpose of the test 
is to obtain the most accurate values of the parameters in quation (5.1) or (5.2) and not to verify if 
these models fit well on the measurements, the best experimental plant is to measure the air flow rates, 
Q(&), at only two extreme pressures: the lowest and the highest possible pressures compatible with 
the instruments and tfic measured building [Fifrbringer, Roecker, Roulet, 19881. These measurements 
will give two pairs of results: Q , &l and Qz, 412. The coefficients are then obtained by solving a 
pair of equations (5.1) or (5.2). whlch gives: 

to evaluate C and n 

UQ llQ2) 

t Hcrc. the "best plan" is the plan giving finally the most accurate m l u  with a minimum amount of work. 

1130 
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and to determine a and b. (with c assumed to be 0): 

L\Pi Q2-dP2Qi 

b = 
&l Q22 - 4 '2  Q12 

(5.1 1) 
QlQdQ2 - Ql) 

If there is a pressure difference, with no air flow (ie. the fan is off and its aperture closed), MO 
can be measured and deduced to %@ e two other measurements to obtain Ap and In this case, c = 
MO and the unfficients, a and 5 arc ven b equations (5.10) and (5.11). The measurement of the 
pressure difference at no air flow is in f act a d rd measurement point. 

The emr,  6 = T(P,v) s(xi), on the results, y = y(x , ... ,X- ) can be deduced from the standard 
deviations o ? the measurements s(xi) using equation A 1.21 of 'i;ipcndix 2. 

As an exam le, let us apply this equation to the formulas (5.1) and (5.2). Calculating and P ddaAp, we nd finally: 

2 s2(Qd + s2(&1) s2fQi&i) 
sqn) = n2 C (5.12) ' l Q? h 2 @  l/Q2) &F hq&ll4'2) - ~i WQlIQz) Mi W&dW 

and for C, assuming that Ql and Apl are used: 

To obtain the results above. it was assumed that the two measurements are not correlated, that is: 

5.4.2. Least Square Fit or Other Ident@ation Methods 

If the air flows are measured for more than two points (e.g. to check if the models really fits), an 
identification method should be used to obtain the coeffldents. The most common way is first to 
linearize the equations (5.1) or (5.9): 

for equation 1, taking the logarithm of both sides: 

which can be wrltten as a linear relationship: 

with: 

Equation (5.2) can be rewritten, dividing by Q: 

That is again 
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with: 

Y = &IQ and x = Q  (5.20) 
Then, one of the methods given in Appendix 3 can be used to identify the parameters, a and b, and the 
corresponding confidence intervals. 

Finally, from a and b, it is easy to come back to the original coefficients: 

if the equation (5.1) is used: 

C = exp(a) and n = b  (5.21) 

and a and b are the coefflcients sought if equadon (5.2) is used. 

Note that a multilinear least square fit can also be used to get the three coefflcients, a, b and c, of 
equation (5.2) from more than three measurements. 

5.5. Corrections For Standard Conditions 
If different measurements should be compared. which are not done under the same atmospheric 
conditions, it may be useful to comct the coefficients in order to reduce them to standard conditions, 
that is for example 20 'C and 0.1013 MPa. 

Let use the indice o for these standard conditions and no indice for the measurement conditions. Then: 

where p is the viscosity [kg S-lm-l] and p the density of air. The variations of the air density will be. 
from equation (5.4): 

and the variation of the viscosity is given by the following approximation in function of the absolute 
temperature, T: 

hence: 

where 8 is the temperature in degree Celsius. The approximation given in the second part of the 
formula (5.25) can be used between -10 'C and 40 'C. 

Since the correction is small and if the temperatures and pressures are known with a reasonable 
accuracy, the additional errors introduced by this correction is negligible. 

5.6. Leakage Area 
The equivalent leakage area of each building element may be calculated from the leakage panmeters 
as follows, for a given. conventional pressure difference: 

, C @/2)ln &(n-in) AL o (5.26) 
This is the area of a sharp edge odflce having a discharge coefficient equal to 1 and the same leakage 
at pressure, Ap. as the measured element. The usual conventional pressure difference Is 4 Pa [ASTM, 
E-779-871. 

The standard deviation of the leakage area is computed by: 
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6.  Equipment 
This chapter deals with the practical ma#en of the equipment to be used for performing whole 
bullding pressurization measurements as well as air leakage path determination. The requirements 
with respect to the a propriate range of air flow rates to be delivered by the equipnent as well as to E the prtssure and air ow ratt metering devices are discussed in general terms. A calibration chamber 
for com lete pressurization equipment is presented. Finally a number of commercially available 'f' blower oors and other related equipment for air tightness measurement and air leakage detection are 
compared. 

6.1. Requirements 

6.1 .l. General Requirements 

The fundamental requirements of a fan-pressurization system are simple: it must be capable of 
blowing air into, or out of, a building so as to cause a difference in pressure between inside and 
outside. The rate at which the air is blown in or out must be measured as well as the magnitude of the 
pressure difference between inside and outside. In addition. the system must be capable of adjusting 
the air flow rate over a wide range. 

Clearly the equipment also needs to be simple to set up and portable so that it can be moved easily 
between buildings to be tested, and rugged enough to withstand the inevitable knocks which occur 
when it is transported. The latter applies particularly to the instruments used for air flow and pressure 
measurements. Much more difficult to describe is the required e uipment performance because this a depends on the size and airtightness of the buildings to be examine . 

6.13. Dwellings 

The air leakage rates of dwellings varies from one country to another because of differences in the 
materials used in construction. the types of construction used and the attention ven to the P construction process (such as jointing of vapor barriers, sealing around window rames, etc.). 
Differences in the size (volume or surface area) of dwellings most commonly found in different 
countries will also influence the required performance. 

Fortunately, a convention of measuring air leakage at pressure differences up to 50 Pa has gained 
international acceptance [e.g. IS0 9972, 19911, so that only the fan pressurization system air flow 
capacity need to be considered further. Note that if an industrial ventilating fan is to be used for a 
'home made' fan pressurization system, the fan air flow capacity quoted by the manufacturer may not 
be realized in some cases because of the flow resistance of the air flow measuring device, other 
obstructions (e.g. an anti swirl device) and the absence of the ducts which were used when the 
manufacturer tested his fan. 

The air flow rate required in a pressurization test was stated in an early Swedish Standard [SS 02 15 
51,19801 as between 1 000 and 3 000 m3/h but this guidance is not given in later editions [SS 02 I5 
51 19871. The ASrrvI standard in the United States suggests air flow rates up to 1.4 m3/s (or 5 040 
m%) [ASTM E 779-871. In the UK a capacity of 4 000 m3h is usually sufficient but may be 
inadequate in dwellings with 4 or more bedrooms. In all cases this air flow rate should be achievable 
at a building envelope prcssurc difference of at least 50 Pascals. 

In larger buildings. such as warehouses. schools and offlce blocks, the specification of required 
equipment performance is more difficult, often because of the small number of air leakage 
measurements which have been carried out in these types of buildings and the range of physical sizes 
of buildings which are encountered. Some air leakage measurements in large buildings (both offices 
and single cell buildings) including measurements made in Canada, Sweden, UK and USA have been 
reported and reviewed [Perera and Tull, 1989; Perera, Stephen and Tull, 19891. One of the striking 
0 b ~ c ~ a t i o n s  here was the range of building volumes which were tested; ie. office buildings from 
5 300 m3 to a staggering 246 000 m3 and single cell buildings from 3 000 to 61 000 m3 (In the USA 
the office buildings were usually pressurized by means of the building's own air handling plant, thus 
eliminating the need for very large portable pressurization equipment, however this approach is not 
possible in natural1 ventilated buildings). Furthemore the air leakage rates varied widely at between )i 2.0 and 12 m3/hr/m of envelope surface area at 25 Pascals pressure difference in offices and up to 45 
m3/hr/m2 at 25 Pascals in UK single cell buildings (Swedish single cell building leakage rates were 
similar to those of office buildings). 
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Clearly it is difficult to speci the fan-pressurization system capacity required for a large building on 
the basis of building characte 3 sdcs. In practice, the system capacity is more likely to be determined by 
ph sical limitations such as what size of fan it is practical to move from site to site and connect to the 
b ,l lding to be tested or what is the available electrical power supply. One portable fan pressurization 
system for large buildings used a 2 meter d i ~ t e r  axial fan powercd by a mad trailer mounted diesel 
generator giving an air flow rate of about 22 m /S [Tamura and Shav, 19781. 

Another approach which has met with some success in the UK [Perera, Stephen and Tull. 19891 was 
to use up to three separate fan-pressurization systems, e powered from an ordinary electrical wall 9 socket outlet and giving an air flow rate of about 5.5 m Is from each system. This also allows the 
equi ment to be matched to the aiRlghmess of the building by using only that number of systems 
requ P red to achieve the desired prcssure difference. 

6.1.4. Envelope Pressure Measwement 
The pressure difference between inside and outside the building being tested must be measured using 
some kind of mechanical pressure gauge, electronic transducer or li id filled manometer (see Section 
3.1). The particular type of instrument used is of little consequence ut the following points should be 
considered. 

T 
The pressure differences to be measured are generally in the range 5 to 60 Pascals (although higher 
pressures may be requilled in particular circumstances). High accuracy laboratory type instruments am 
not appropriate for measuring such pressures in the field and so the accuracy of the portable 
instruments required is not likely to be much better than f 2 Pascals. The scale Interval used on the 
instrument should ideally not be greater than 1 Pascal. and certainly no greater than 2.5 Pascals. 

The envelope pressure difference will not be absolutely constant because of the effects of wind and, 
perhaps, turbulence of the air flow through the pressurization fan system. Thus, it is desirable to 
Incorporate some form of damping on those instruments which have a very fast response, such as 
electronic micromanometers with diaphragms. Liquid filled and mechanical devices usually have 
sufficient damping inherent in their design. 

6.1.5. Air Flow Rate Measurement 
A complete description of air flow measuring instruments is presented in Section 3.2. Below arc 
presented the advantages and disadvantages of some of these instruments or techniques, when used in 
a pressurization system. 

The use of prlm flow measurement devices in accordance with national and international standards 
(e.g. orifice plates "r would ellminate the need for calibration of complete equipment, apart from the 
pressure measurin instruments of course. However, in practice, this generally requires long lengths of a straight ducting W ch hamper portability and can be difficult to use m some building layouts because 
of the presence of obstructions. The exceptions here, in small sizes at least, are inlet devices which can 
be successfully used in accordance with standards. The majority of pressurization fans therefore use 
non standard flow measurement methods and the complete system has to be calibrated for air flow rate 
before use. 

The air flow rate through the pressurization fan may be measured in a number of different ways, such 
as by using "fan characteristic" curves, a vane anemometer in the fan duct, tracer gas dilution, orifice 
plates, codcal/Borda inlets, Venturi tubes, Pitot (static) tubcs/rakes or proprietary air flow 
measurement devices. 

A "fan characteristic" is essentially a family of curves on a graph relating the air flow rate to mtational 
speed of the fan impeller and the ressure difference against which it is working. The method was 
used extensively in earl designs o "blower door" in North America but has since fallen from favour 9 P 
because of the continu need for recalibration and sensitivity to very small changes in blade position, 
clearance, obstruction and shape [Rerrotec, 19851. 

The vane anemometer has been successfully used in at least one design of pnssurization fan and has 
not suffered significant deviation from calibration over periods of a year or more. Note that the 
complete system should be calibrated at several pressure differences to relate the vane anemometer 
readout to total air flow rate. 
The tracer gas dilution method consists simply of the constant injection of a tracer gas into the 
pressurization fan alr flow with good mixing. Measurement of the concentration of tracer gas at the 
downstream end of the fan duct allows the air flow rate to be calculated. The method has been used 
fquently for air leaka e testing of large buildings and is universal if the building's own mechanical 
ventilation system is be &, g used to effect the pressurization. This is because of the relative difficulty of 
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making reliable air flow measuring devices in the large slzes needed for such situadons and the 
impracticality of fitting them in existing duct systems in buildings. 

The main problem with the method is the long length of duct required to ensure adequate mixing of 
mcer gas with the air flow, or the resistance to air flow of devices inserted into the fan duct to 
encourage good mixing. 

PItot tubes, Pitot static tubes and rakes (arrays of interconnected tubes) have been used for alr flow 
measurement but are not popular. Their main disadvantage is that the magnitude of ?he ressure L difference from such tubes (1 X velocity pressure) is usually quite small and therefore di cult to 
measure at the lower air flow rates. It is not easy to introduce devices in the fan duct to Increase the 
magnitude of the pressure difference at low flow rates (compare with orifice plates below). 

Conical inlets, nozzles, Borda mouthpieces and Venturi tubes are examples of devices which all use 
the reduction in static pressure generated by accelerating an air flow into, or within, a duct as an 
indicator of air flow rate. The pressure differences generated by these devices can be far greater than 
those obtained with Pitot tubes in plain ducts so low air flow rates arc less of 
limltadons on fan ca acity imposed by portability and power consumption, P 
equipment and have been used successfully on commercially made systems 

to have a number of nterchangeable devices of different diameters to cover 
requid .  Nonetheless, these arc very practical air flow measurement devices for use on pressurfzadon 

Orifice plates arc the most commonly used air flow measurement devices on pressurization fan 
systems. Whilst they cannot be used as primary flow measurement devices as described h various 
national and international standards [BS 1042, 19811, [IS0 5167, 19801, careful calibration allows 
their use, combining simplicity with convenience and reliab'ity. In most systems the lar est orifice a plate is simply the relatively sharp edged pressurization fan intake casing. For lower air ow rates a 
restrictor plate is fined over this main onfice thereby increasing the pressure difference across the 
orifice plate for a given air flow rate. The restrictor plate may contain not one but several orifices 
which can be progressively closed off to further extend the air flow measurement range of the 
equipmenL (NB: Several commercially made pressurization fan systems have used an Met nozzle for 
the highest air flow rates with a multi-orifice restrictor plate fitted over the nozzle for the lower air 
flow rates). 

There are various proprietary air flow measurement devices available which could be used on 
pressurization equipment. Most of these will also require calibration of the complete equipment. 

6.1.6. Door (or Window) Module 

The other main component of a ressurizadon fan system is the replacement door (or window) module 
which allows the pressurization P an to be sealed Into an open doonvay, or sometimes an open window, 
in the building to be tested. Although single panels (e.g. plywood) cut to fit the opening and sealed in 
place with adhesive tape can be used. it is much more convenient if a special assembly is made which 
can be adjusted in height and width to fit a wide variety of door and window sizes. Clearly this should 
be designed in such a way as to make a reasonably airtight seal all  round Its perimeter (even in 
openings which are not quite square and true) and should not leak significantly itself (e. where flat 

round a typical door size repIlesents a hole of about 11 cm2, which is significant 
t components slide over each other as part of the method of adjustment). Note that a gap o 0.2 mm all 

It is worth noting that door sizes vary from one country to another. Therefore it is important to ensure 
in advance that commercially supplied blower doors will fit the intended openings. 

6.2. Calibration 

6.2.1. Need for Calibmtion 

Any equipment which is used in the field will inevitably suffer from being transported from place to 
place (ud frequent assembly and disassembly. There may even be cases of abuse by the operators! 
Regular calibration of the more vulnerable components is required and in some cases the complete 
system q u i r e s  regular calibration. 

6.21. Pressure Measuring InstnrrnGnrs 

There are already recognized methods of calibrating pressure measuring instruments, e.g. comparing 
them with a reference Instrument in a laboratory such as a Betz-type water column manometer, so 
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little needs to be said about this here. The more delicate the instrument the more frequently it should 
be calibrated. The Canadian Standard for Fan Testing Contractors requires inclined manometers (i.e. 
liquid filled inclined tube manometers) to be calibrated initially, and whenever they are damaged or 
modified [CANICGSB-149.104486, 19861; pressure gauges, pressure transducers and associated 
electronics must be caUbratcd so it seems sensible to calibrate them annually as is required for the 
other types of instrument. 

On equipment which includes more than one pressurt measuring instrument it is easy to make a quick 
check on their operadon immediately before use by connecting the instnunents together, applying a 
pressure to them and checking that they all read the same. Clearly this can only be done if the 
measurement ranges of the instruments overlap. 

6.23. A t  Flow Callbradon of Complcu Systems 
There are, no doubt, a number of ways of calibrating fan pressurization equipment but the most 
obvious are perhaps velocity traverslng of the fan duct and depressurizing an airtight chamber fitted 
with primary air flow measuring devices. 

Making a velocity traverse of the fan duct using a Pitot static tube is quite possible and can be 
reasonably accurate (say, bener than f 5 96) but it does take a few minutes to complete a single 
traverse during which dme the fan speed tends to vary. This method is therefore not recommended. 

The ideal way to calibrate a fan pressurization system is to fit it, including the door module, into the 
end of an airtight chamber such as that shown in Figure 6.1 which measures 2 meters by 2 meters by 4 
meters (internally). The pressurization fan depressurizes the chamber and air is admitted to the 
chamber only via an air flow measuring device at the opposite end. The air flow rate through both the 
flow mcasunng device and the pressurization fan system is therefort the same. Different sized flow 
measurement devices allow calibration over different flow rate ranges and pressure differences. 

Figure 6.1.: Pressurization fan calibration chamber (BRE, UK).  Sectional side view and orifice 
mounting. 

Figure 6.1 shows a chamber designed at BRE (UK) based on guidance given in [BS 848,19801. There 
are four points of detail in which the design illustrated departs from the prtcise guidelines of the 
standard, largely because of the limited space available when it was designed. These are: 

(1) The Standard calls for an inlet orifice to be mounted on the upstream end of a length of 
cylindrical ducting which is itself mounted on the upstream end of the chamber. For orifices up to 
800 mm diameter this duct would have to be at least 1 meter in diameter by 3 meters long. This 
would have made the whole assembly to big for the indoor space available at the time so a 



compromise was made whereby the orifice plate was mounted directly on the end of the chamber. 
The chamber itself therefore takes the place of the cylindrical d u n  [BS 1042, 19841 does 
however cover the use of orifice plates with no upstream War downstream duct. 

(2) The screens inside the chamber, which are intended to break up the jet of air enterin the chamber 4 and prevent it impinging on the equipment under test, may not be too close to the o fice although 
the standards are not clear on this. Because the screens are very porous their effect on the flow 
through the orifice is assumed to be insignificant. 

(3) When the larger sized orifice plates an used the chamber is not large enough to be considered a 
large space and so must be considered to be a downstream d u n  The downstream duct should 
strictly spealung have a circular cross secdon. not square as in Figure 6.1, but this is thought to be 
of little consequence because the orifice plates art mounted symmetrically on the chamber center 
lint and are small in area compared with the chamber cross section 

(4) References [BS 848, 19801 and [BS 1042, 1984) state that there should be no wall closer than 
four orifice diameters to the axis of the orifice or to the plane of the upstream face of the orifice. 
The maximum orifice diameter required was 810 mm which. to conform with this requirement, 
would require the chamber to be msed over 2 meters off the floor. This was unacceptable so tests 
were made to investigate the effect of puning a single wall close to an inlet orifice. These tests 
indicated that the effect could reasonably be ignored in this case. 

A number of orifice plates were used up to 810 mm diameter. However, according to references [BS 
848, 19801 and [BS 1042, 19841, there are limitations on the use of these below certain ressure 
differences due to orifice flow coefficients at Reynolds numbers below 50 080. This 
implies that, for conditions. the orifice plate pressure difference (in Pascals) 
should not be d is the orifice diameter in millimeters. This affects the 
smaller orifice plates less than about 500 mm diameter; e.g. a 100 mm diameter orifice should be used 
only down to a pressure difference of 100 Pascals. However, the Reynolds number effect is far less 
pronounced for orifice plates between large spaces than for those mounted as Wet or outlet devices on 
ducts. Reference [BS 1042,1964) indicates that orifice plates can be used under these circumstances at 
lower Reynolds numbers and reference [BS 1042, 19841 allows use of orifice plates greater than 50 
mm down to a Reynolds number of 20 000. The orifice pressure difference is then limited to not less 
than (400/d)2 where d is in millirneters; e.g. a 100 mm diameter orifice plate may be used down to 16 
Pascals pressure difference. 

According to [Ower and PanWlurst, 19771 the flow coefficient of orifice plates between large spaces 
rises from 0.596 at Re olds number of 100 000 to a value of 0.600 at 20 000 with uncertain of f r" 0.5 %. Reference (BS W2,1964] states that the flow coefficient for inlet orifices is 0.60 for J s i z e s  
up to 0.810 meters diameter mounted on a 2 meter diameter duct but with uncertainty of f 1.5 % and 
Reynolds number greater than 50 000. For the purpose of calibrating pressurization fan equipment it is 
reasonable to use a value of 0.60 for all calculations of air flow rate. The overall air flow measurement 
uncertainty may be expected to be better than f 2.5 %. 

Similar testing procedures are outlined in [ASTM E 1258-88). which to the system of 

presented, the preferred one being based on [ASHRAE 5 IIAMCA 2 101. 
measuring air leakage as described in [ASTM E 779-87). Two basic procedures are 

6.3. Available Equipment: Blower Doors 

6.3.1. Commercial DC Pressurtation Equipment 

Measurements of building envelope airtightness can be performed by using a fan which is temporarily 
installed in the building envelope. This type of equipment was initially developd as a research tool. 
Versions of this typt of equipment are now avalable from several commercial organizations. This 
e uipment is often known as a Blower Door. A list of manufacturers of such equipment is given in B ta le 6.1. Most doors are designed to co with domestic situations although at least one manufacturer 
produces a multi-fan door which fln S application in llght industrial buildings and commercial 
premises. 

r 
6.3.2. BCower Door Design 

Blower door design varies from manufacturer to manufacturer but essentially each door comprises a 
variable flow rate fan and some means of holding the fan in place in an existing door frame. 
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Tab& 6.1.: Several Blower Door M w a c t u r e r s  
Two door frame systems arc in general use. In the first, rigid modular panels are used to fill the door 
frame. These panels are fitted with sliding extension pieces which can be locked in place once the 
panel has been expanded to the size of the door frame. One panel contains the fan and the modular 
approach is used to ease transportation of the equipment from one site to another. A modular panel 
blower door is shown in Figure 6.2. 

Figure 62.: Blower door. Modular panel 
type. Retrotec (see Table 6.1) 

Figure 63.: Blawer door. Expanding frame 
type. Eder Energy (see Table 6.1). 
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A second method uses a metal frame which can be expanded to match the dimensions of the door 
frame. TNs is then covered with a strong nylon or polythene fabric thus mviding the required seal. 

door is illustrated in Figurc 6.3. 
B The fan then rests on the floor and penetrates the fabrlc through a tightly tting opening. This type of 

The major working component of the blower door is the fan. This must be powerful enough to create 
the range of volumetric flow rates required for the test. The flow ratt raquired will depend upon the 
volume of the building and its airtightness at the pressun differentials reached. In order to facilitate 
pressurization and evacuation measurements, the flow should ideally be reversible. This can be 
achieved ph sically, i.e. turning the fan around, or electrically, i.e. reversing the mtation of the blades. 
Some door / ans an powertd by direct drive DC motors and others by variable speed AC motors. 

Several door fans an produced which arc uncalibrafed in terms of air flow rate. These instnrments 
may only be used for the qualitative location and assessment of air leakage sites. However, most doors 
arc calibmted thus enabling the air flow through the fan to be evaluated. Dim flow measurement 
techniques an based on the relationship between the air flow rate through a nozzle or orifice and the 
pressure drop acms such a constriction This is a well understood techmque (sec, for example [Ower 
and PanWlurst, 1977]), and in practice would involve. for example, measuring the static pressure drop 
across the fan inlet. The flow rate is then evaluated from this pressurt drop using an equation derlved 
from calibration data. The restriction required to produce the pressure drop may decrease the flow 
capacity of the fan. 

A second technique employed involves calibrating the flow rate in terms of the fan speed and the 
inttrnal/exttmal prcssure difference (see, for example, [Persily, 19841). The air flow rate is given by 
the general function: 

Where: 

QF is the air flow rate through fan, [m3s1] 
o is the fan speed, [S-'] 
& is the pressure differential across the fan, [Pal 

Outside measured 

FAN SPEED ( S - '  l 

Figure 6.4.: Example calibration curves for blower door equipment. See equation 6.1 [Persily, 19841 

The relationship between the above parameters can be derived by using the blower door to pressurize a 
calibration chamber. The air flow rate out of the chamber is measumd together with the fan speed and 
the chamber pressure differential. A family of curves Is derived (see Figure 6.4) and the air flow rate is 
obtained on site from measurements of fan speed, using a tachometer, and insideJoutside pressure 
difference. Hence the output from a blower door will minimally consist of pressure andjor fan speed 
readings. 
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Several companies can also supply a variety of computer hardware and software. This allows the tests 
to be performed with greater ease and accuracy and enables estimates of parameters such as air change 
rate or equivalent leakage area to be obtained directly. 

These packages range from the manual analysis of the raw data with a hand-held computer or 
calculator, through automatic analysis by computers which are hooked up directly to the blower door, 
to sophisticated systems which will automatically run a series of tests at incremental pressure 
differences then provide digital read-outs, printed graphs and diagnostic data. 

In general, the more sophisticated the equi ment the more expensive it will be and the analysis J package often represents a slgnlflcant p rop  on of the total cost of the blower door system. 

6.33. Comparison of Several Blower Doors 
As indicated in Section 6.3.2. commercial blower doors vary in design, sophistication and cost. Actual 
costs of blower doors will alter both with time and currency exchange rates so no Indication of cost is 
given here. For current price information, individual manufacturers should be contacted - see Table 

- p~~ 

Table 6.2.: Specflcations of a selection of blower doors 

5.1. 

Table 6.2. presents the relevant characterisdcs of several commercially available blower doors. The 
parameters examined are: 

Flow rate type. This indicates the method by which the flow rate through the fan is measund. 
P = Pressure Device 
T = Tachometer (Fan Speed) 
NA = Not applicable 

Motor 
Type 

AC/DC 

DC 
DC 

AC 
AC 
AC 

AC 

AC 
AC 
AC 

AC 

AC 
AC 
AC 

AC 

An explanation of the above two methods is given earlier in Section. 6.3.2. 

Manufacturer 
and model 

Air Quality Labs: 
CARE door 
CAP door 

Eder Energy SA-l 
Eder Energy CA-2 
Eder Energy CA-3 

Energy Conservatory 
Minneapolis door 

Infiltec R-l 
Infiitec E- l 
Infiltec E-2 

Mekankonsult Lifa 
blower door 

Retmtec 710 
Retrotec 720 
Retrotec 650 

I Your Energy Service 

Opening size. This gives the maximum and minimum openin size into which the door panel can be 
fitted. Some door frames may be too large for the anel to U, but this may be overcome with an P ff 
im mvised seal. However, if the panel is too large or a given door frame then this may be a moE R di icult problem to resolve. 

Flow Rate 
Range 
[m3s-l] 

0.00-3.49 
0.W3.49 

0.00-1.23 
0.00-1.65 
0.00-2.12 

0.02-2.83 

0.25-2.24 
0.00-1.60 
0.23-1.60 

0.02-0.84 

0.01-2.78 
0.01-2.26 
0.00-6.37 

0.00-4.01 

Quoted 
Accuracy 
8 

5 
5 

NonCd. 
5 
5 

5 

5 
NonCal. 
Semi Cal. 

5 

5 
5 
5 

Non Cd. 

Flow 
Rate 
Type 

T 
T 

NA 
P 
P 

P 

P 
NA 
NA 

P 

P 
P 
P 

P 

Opening Size 
[m] 

min max 

0.74x1.98 0.94a.18 
0.74x1.98 0.94x2.18 

0.61x1.83 0.94x2.23 
0.61x1.83 0.94x2.13 
0.61x1.83 0.94x2.13 

0.61x1.22 1.Mx2.39 

0.71x1.98 0.91x2.23 
0.71x1.98 0.91a.23 
0.71x1.98 0.91x2.23 

- 0.88x2.08 

0.76x1.92 0.96x2.19 
0.76x1.92 0.96x2.19 
~eemanuf. Sec manuf. 

0.76x1.93 1.22x2.13 

Weight 
[kg] 

a l l  fan 

39 18 
23 18 

15 11 
19 15 
20 16 

23 IS 

34 18 
36 18 
38 18 

18 8 

48 17 
49 17 
69 53 

41 32 
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Weight. The weight of all the equipment and the fan alone is given. This can be an important factor if 
thc blower door equipment has to be frequently transported from one measurement site to another. 

Flow rate change. This is the flow rate range of the fan, usually when operating against a back 
pnssun of S0 Pa. It is essential for the fan to be able to meet the flow rate requirements of the test. In 
general the larger and more leaky the building under test the greater the required flow rate capacity. 

Quoted accuracy. This is the manufacturefs quoted accuracy for the rate of air flow through the fan. 
Often, espedally if the blower door is to be used for research purposes, individual operalives will 
recalibrate the blower door during the course of its working life. 

Motor type. This indicates whether the motor of the fan operates on Direct or Alternating Current. 

The information presented in Table 6.2. was gathered from individual manufacturers or adapted, with 
permission, from an article which originally appeared in "Energy Auditor and Retmfitter", which is a 
magazine dealing with home energy conservation and is produced in Berkeley California (Tel.: (415) 
524-5405). 

6.3.4. AC Pressurizution System 

The AC pressurization system as described 4.1.3. is commercially available. For further information 
contact: 

David Sawn, Infiltec 
5597 Seminary Rod. Suite 2412 South. 
PO Box 1533 
Falh Church ;'iinia ""l 
Tel.: +l 703 - 820 - 7696 

For specific technical and research information contact: 
Mark Modera 
Lawrence Bedcele Laboratory 
Univmity of ~ l l i l x n i a  
Berkeley 
CA 94720 USA 
Tel.: +l 415 - 486 - 4022 

6.4. Available Equipment: Pressurization Fans 

6.4.1. Application 

Blower doors are very well suited for whole building pressurization. However, for many methods as 
described in Section 4, where intemnal leakage determination is requested, or in general, where 
smaller air flow rates are to be measured, small size fans are to be applied. At tht other end of the 
scale, for large volume buildings, huge fan systems are required. 

This subsection describes a few of these pressurization fan systems, without being complete in the 
listing of commercially available systems. 

6.4.1. Compensated Flow Meter 

The Flow Flnder has been developed for the method described in Section 4.3.5. It is a portable 
instrument (3.7 kg) which is used to measuE the air flow rate through openings such as cracks. grilles 
etc. b the pressure compensation method. The pressure drop through the instrument is compensated 
by adjusting manually the sped  of a fan. 

The measured air flow rate ranges from 0 to 0.063 m3/s (0 to 225 m%), the accuracy being 5 % of 
reading f 0.0005 m3/s (* 2 m3/h). The resolution of the zero pressure indicator is * 1 Pa. A standard 
adaptor cone is provided to allow the measurements of flow rates through openings as wide as 425 X 
340 mm. Other adaptors can be mounted. 

This instrument can be obtained from: 
Inntnmentbedri'f ACIN BV Tel. + 31 70 88 8990 
Patbua 19191. hA500 CD dm Hug  Telex 33214 
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6.43. Lower Range Pressurization Fans 
A commonly used equi ent for the lower air flow rate range of pressurization applications L the 
Flllkt-system A B B A - 7 g  It k designed for quick and accurate measurement of leakage, e.g. in 
ducting, chimney stacks, of components, of smaller volume envelopes, etc. It can be used h 
combination with a blower door or another fan in the multifan methods (4.3.3.. 4.3.4.) or as basic air 
flow measuring system, as in the methods 4.3.5. and 4.3.6. Thc air flow rates range from 0.8 d d / s  (3 
m3/hr) to 200 dm3/s (750 m3/hr) for a pressure difference from 5 to l00 Pa (For pressure tesdng in 
ducdng a maximum static pmsure of 1800 Pa, with an air flow rate of 19 dm3/s, is possible). 

The equipment consists of: 
- a fan with varlable voltage transformer for continuously variable control of the speed and air flow; 
- 3 measuring tubes with orifice lates of 

i! 25 mm diameter for the ow range of 0.8 to 15 dm3/s (3 to 55 m3 ) P 50 mm diameter for the flow range of 5 to 50 dm3/s (20 to 200 m /hrj 
100 mm diameter for the flow range of 20 to 200 drn31s (70 to 700 m /hr) 

- 2 U-tube manometers for measuring the static test prcssure and the flow through the measuring 
tube, 

- a hose for connection to the measurement object. 
- a storage case for easy transporting, weighlng approx. 30 kg. 

6.4.4. Hlgirer Range Pressurlzallon Fans 

To determine the envelope leakage of a large building air flow rates up to 25 m3/s or more are to be 
supplied. The commercially available blower doors, as described in 6.3.1.. may be insufficient for 
providing the required air flow rates. This may be achieved by combining several fans put h parallel. 

Two exemplary systems are reported here, the BREFAN system, from BRE, Garston, UK, and one 
developped under contract to BRE by the Welsh school of Architecture, Cardiff, UK. 
System used by the Welsh School of Architecture 

Thc requirement that fans must fit into a standard fire exit in order to permit tesdng of the main 
loading door limits the diameter of the fans to approximate1 24" (610 mm). Standard fans of this 
dimension ( thm phase supply) deliver approximately 4 m3s-C although fans are available to special 
order that have double wound motors and can deliver a maximum flow rate of the order of 9 m3s-I 
(see attached equipment list). The limiting dimension on the fan forces to use a modular approach to 
the building of a pressurization rig, i.e. the rig consists of a number of smaller units rather than one 
large one. This has not posed any problems since larger buildings tend to have more fire exits than 
small ones. 

The flrst rig consists of two fans, one mounted on top of the other and the whole set up fits into a 
standard fire exit openin!. The top fan (Eurofoill CA 635) has a five speed stepped controller and 
delivers up to 4.1 m3s- . The lower fan is a two speed Woods 610J, and can deliver the same 
maximum air flow rate. Thc duct lengths for each fan are 3 m. 

The second rig consists of a Myson 24" In-Flight fan. This is a variable pitched in motion (WIM) fan 
that deliven flow rates up to approximately 8.5 m%-l. The duct length is 3 m. 
The third and final rig consists of a Myson 24" single speed fan delivering approximately 8 m3s-l. The 
duct length is 3 m. 

For each fan system, the measurement of volume flow rate is achieved using Wilson Flow Grids. 
These require a flow straightener to be fitted between the fan and the flow grid. Ours were based on 
the ACMA type flow straightener but with twice the recommended cell size. lMs cell size was 
demonstrated to be sufficiently small to produce laminar flow and yet have less flow resistance than a 
standard flow straightener. Two external pressure taps are employed, one upwind and one 
downwind of the building, and their outputs manifolded S has been found to stabilize the 
measurement of the internalcxtemal static pressure difference. 



The 'BREFAN' system consists of three identical fan pressurization units (see Figure 6.5). each 
drawing less than 3 kW of electrical power from conventional 13 amp sockets. 

Each fan is 762 mm (30 inches) in diameter, is of the direct drive, single stage, axial flow type, and is 
capable of providing a flow rate of 5.5 m3/s against a building envelope pressure difference of S0 Pa. 

Rig 1 

Rig 2 

Rig 3 

Air flow through each fan is measured using a conical inlet designed to British Standard [BS 848, 
19801. 

Fan tW 

Eumfoil CA635 

Woods 610J 

Myson 24" VPM 
h-Flight Fan 

Myson 24" 

Figure 65.: Two BREFAN units installed in the BRE law energy office building. 

Manufacturer 

Zichll-Abegg, Germany 

Woods of Colchester 
Essex, CO4 5AR 

Myson Fans Ltd 
Peartree Road S tanway 
Colchester C03  5LD 

Myson Fans Ltd 
as above 

Wilson Flow Grid 

Diameter 
mm 

635 

610 

607 

607 

Air Flow Developments Ltd 
Lancaster Road, 
High Wycombe, Sumy 

Max flow rate 
m3/s 

4.1 

4.1 

8-5 

8 

BREFAN 
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On any particular building, the number of fan units used is set by that required to achieve the target 
pressure difference. Single-phase to three-phase (variable-frequency inverter-type) speed 

contro S arc used to operate the fans from generally available single-phase power supplies and also to 
stabilize their speeds which would otherwise fluctuate during multiple-fan operation. 

6.5. Available Equipment: Infrared Imaging or Thennographic Systems 
These systems can be used together with depressurization during the cold season to locate the leaks in 
the building fabric. 

Listed are systems with high thermal resolution, and most of them have digital image processing 
capabilities (exception is U 4). 

The list is comprehensive but not assumed to be complete. 

Only the headquarter addresses of the suppliers are given In most cascs there are local subcompanies 
(per continent or even country) or agencies (perhaps even mon than one in each country). 

pp-p- 

Nr Supplier Typical 
System 

1 AGEMA Infrared Systems AB Thermovision 0 
Box 3 
S - 182 11 Danderyd, Sweden 

2 Barr & Stroud Limited Model IR 18 
Caxton Sheet , Anniesland 
Glasgow 0 13 1 HZ, England 

3 Florin & Scherier Themoflir 
Arstnalsu. 40 
CH-6010 Luzem, Switzerland 

4 Hughes Aircraft Company Probe ye 
6155 El Camim Real 
Carlsbad, Cal92009, USA 

5 Inframetrics Spec tro therm 
12 Oak Park Drive 
Bedford, MA 01730, USA 

6 JEOL Ltd. Model JTG-311013210 
1-2 Musashino 3-chome 
Akishima, Tokyo 196, Japan 

Tablc 63: Available thermgraphic equipment. 
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7. Airtightness Measurement Techniques Standards 
The airtightness of buildings and building components can be evaluated using fan pressurization 
methods. 

Several countries have developed standards relating to site measurements of building drtlghmess. A 
review of building airtightness and ventilation standard was published by the AIVC [Colrho e, 

f 'P 19901. Table 7.1 presents several of these standards, givin for each its country of origin, govern ng 
body, desimation and title. Summaries of the standards re erred to in Table 7.1. arc presented below 
andbble f 2  compares the salient features. .- 

Country 

Canada 

Nether- 
lands 

Nordic 

Norway 

S weden 

USA 

Interna- 
tional 

NORD 
TEST 

NSF 

BST 

ASTM 

Contact address 

Canadian Oenetal 
Standard Board 
Ottawa K1A 1G6 

Kalfjeslaan 2 
Postbus 5059 
NL-2600 Ddft 

Prtlstbordsflden 2 
SF-00340 Helsingfors 34 

H&on V11 gate 
N-Oslo 1 

Drottning 
Kristinas VBg 73 
S 11428 Stockholm 

1916 Race Saett 
Philadelphia 
PA 19103, USA 
[ 19841 

ASTM E 1 l86 
[l9871 

1, Rue de VarembC 
Case Postale 56 
CH-121 1 Gentve 20 

Designation 

CANKGSB 
l49.lGM86 
[l9861 

NEN 2686 
[l9881 

NT BUILD 
220 

NS-INSTA 
130 [l9811 

ASTM E 779 
[l9871 
ASTM E 783 

Title 

Detamination of the Equivalent 
M a g e  Area of Buildings by the Fan 
Depressurization Method 

Air b h g e  of Buildings - 
Measurement Method 

Buildings: Local Air Tightness. 
D9831 

Air Tightness of Buildings 
Test Method 

Buildings- Determination of Airtighness 

Standard Test Method for Determining 
Air Idcage Rate by Fan Pressurization. 
Standard Test Method for Field 
Measurements of Determination of Air 
Leakage Through Installed Exterior 
Windows and Doors. 
Standard Practices for Air Leakage 
Site Detection in Building Envelopes 

Thermal Insulation - Qualitative 
Detection of Thermal Imgulariti~s in 
Building Envelopes - Infrared Method. 
Thermal Insulation - Determination of 
Building Airtightness - 
Fan Pressurization Method. 

Table 7.1.: Airtightness detection and measurement standards. 

7.1. Canadian Standard CANICGSB - 149.10 - M86 
This standard relates to a method for the determination of the airtightness of building envelopes. The 
method is ap licable to small detached buildings (especially houses), but with appropriate P modifications, t can be used for other buildings or parts of buildings. 

A fan or fans are used to exhaust air from the building at rates required to maintain the specifled 
pressure differences across the building envelope. With the complete envelope subjected to 
simultaneous and similarly directed air pressure, air flows and pressure differences are measured. Air 
flow is corrected to reference temperature and pressure and the relationship between the flow and the 
pressure difference is used to evaluate the equivalent leakage area of the building envelope . 
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The standard describes the apparatus required to perform the tests and the laboratory calibration of this 
apparatus. Preparation of the building and the setting up of the test equipment is given attention. A 
detailed description of the test procedure is given, and the process of evaluating the equivalent leakage 
area from the test data is prtsentcd in full. A standard format for the test report is given. 

7.2. Netherlands Standards Nederlandse Norm NEN 2686 
This standard is pmsently available only in the original language. The standard describes a technique 
for the pressurization or depressurization of building components or the building envelope. Although 
the standard applies to all types of buildings, spedal emphasis is placed on the measurement of 
dwellings. 

To ensure accuracy a minimum of at least 6 pressure diffe~nces and corresponding flow rates must be 
measured. Pressure differences must be in the range of 15-100 Pa. The results can be shown 
graphically. The final result is a flow rate through the envelope at 10 Pa. For convenience an 
equivalent leakage area can be calculated using the equation presented in the standard. The results 
must be presented in accordance with the given standard reporting format 

7.3. Nordic Recommendation NORDTEST NT BUILD 220 
This NORDTEST document describes a method for evaluating the air leakage characteristics of 
individual building components or joints between components under field conditions. 

The object to be measured can be in any building or structure which can be exposed to a pressure 
difference. However, the surface of the object must be directly accessible and easy to border on the 
side where the measurement apparatus is to be placed. Thus a covering structure, such as a lowered 
ceiling which encloses an open air space against the object may prevent the measurement. 

The test object will form part of the boundary of an enclosed room or building. A collection chamber 
is placed over the measured object. The chamber is equipped with a fan and a volume flow meter for 
evaluating the air flow rate through the test piece. A pressure measurement device is utilized to 
measure the pressure differential across the test component A second fan Is used to pressurize the 
room or building containing the test iece. This is used to balance the pressure between the room and 

t f  the collection chamber, thus elimina ng pressure can be provided by an auxiliary fan or the building's 
ventilation system. Once the required ressures have been balanced then the component flow rate and 
pressure difference measurements can ge made. 

This document describes the equipment required to perform the leakage test, the preparadon of the 
building component or joint, the test procedure and the presentation and accuracy of the results. 

7.4. Norwegian Standard NS-INSTA 130 and Swedish Standard SS 02 15 51 
These nearly identical standards describe a method which applies to the determination of the rate of air 
leakage through the external envelope of a building resulting from a specified pressure difference. The 
method is designed to measure the total air leakage through the building elements or envelope 
surrounding a specific volume (a building or pan of a building). A fan is used to supply air to or 
exhaust air from the building at rates required to maintain the specified pressure differences across the 
building envelope. 

These standards are similar to the Canadian standard described in Section 7.1. except that they require 
that both pressurization and depressurization tests be performed on the building. Also the results of the 
test an presented not in terms of the equivalent leakage area but as the average air changes per hour at 
a pressure difference of 50 Pa across the building envelope. 

The standard describes the apparatus required to perform the test, the preparation of the test building, 
the test procedure and the presentation of the results. The accuracy of the test is discussed and a 
standard reporting format for the test is presented. 

7.5. UK Recommended Procedure From the BRE 
This ublicadon [Stephen, 19881 is written in the form of a code of practice and covers the 
sigd P icance of the method and its use, the requirements of the equipment used, the preparation and 
carrying out of the test and the data analysis. 

Both pressurization and depressurization are required. the test should not be undertaken if the average 
wind speed is greater than Beaufort 3 (ie. about 5 mls). Values of the air flow rates through the fan 
should be recorded close to pressure differentials of 55,50,45,40,30,20, 10 and 5 Pa. The minimum 
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pressure diffe~ndal should be below 10 Pa with the upper value not exceeding 55 Pa. 

Corrections to air flow rates must be made to take account of the air density prevailing at the time of 
the test against that during calibration of the apparatus, and also if there is a temperature difference 
between indoor and outdoor in excess of 2.5 K. 

7.6. USA Standards Related to Airtightness of Building 

7.6.1. Determining Air Laakage Rare by Fan Presswizadon 

The test method [ASTM E 779-871 describes a standardized technique for measuring air leakage rates 
through a building envelope under controlled pressurization or depressurizatlon, The test method 
consists of mechanical pressurization or depressurization of a building and measurements of the 
resulting air flow rates at given indoorqutdoor static pressure differences. From the relationship 
between the air flow rates and pressure differences the air leakage characteristics of a building 
envelope can be evaluated. 

The standard, which is currently being updated, describes the significance and use of the test method. 
the apparatus required to perform the test, and the measurement and analytical procedures. Hazards 
involved in making pressurization measurements are noted, and a standard reponing format for the 
tests is presented. 

7.6.2. Field Measurements of Air Leakage Through Installed Exterior Windows and Doors 

This standard method [ASTM E 783-841 deals with the determination of the resistance of installed 
exterior windows and doors to air leakage resulting from static pressure differences. The method is 
applicable to window and door assemblies only. However, with adaption, the method can be used to 
determine the leakage through openings between the window or door assemblies and adjacent 
construction. A test consists of sealing a chamber to cover the interior or exterior face of a test 
specimen, supplying air to or exhausting air from the chamber at a rate required to maintain a specified 
static pressure across the specimen, and measuring the resultant air flow through the specimen. 

This test method is similar to the Nordic Component Leakage method described. In this case however 
a second fan is not used to balance the pressure between the collection chamber and the room 
containing the component. Therefore the extraneous leakage through the collecting chamber must be 
evaluated before conducting the leakage test on the specimen. 

The calibration procedure, which consists of sealing the specimen with a sheet of polythene film and 
performing a pressure test. is described in detail in the document. The document also contains sections 
dealing with the significance and use of the test methods, the apparatus required to perform the test, 
the preparation of the test specimen and the measurement procedure. 

Calculations and the expression of the final results are examined in detail. Safety precautions and 
measurement accuracy are addressed and a Standard reporting format for the tests is presented. 

7.63. Air Leakage Site Detection in Building Envelopes. 

This standard [ASTM E 1186-871 describes different techniques for locating the sources of air leakage 
in building envelopes. Five methods of detection are presented together with their advantages and 
limitations. These methods are: 
- combined building depressurization and thermography, 
- building pressurization (or depressurization) and smoke tracers, 
- building pressurization (or depressurization) and air flow measuring devices, 
- sonic detection and location of leaks 
- detecting a tracer gas after adding this tracer upstream of the leakage site. 

7.7. International Standard IS0  9972 
This International Standards Organization standard addresses the use of the mechanical pressurization 
or dep~ssurization of a building or building component. It describes techniques for measuring the 
resulting air flow rates at given indoor-outdoor static pressure differences. From the relationship 
between air flow rates and pressure differences, the air leakage characteristics of a building envelope 
can be evaluated. 

This document is applicable to small temperature differentials and low wind pressure conditions. For 
tests conducted in the field, it must be recognized that field conditions may be less than ideal. 
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Nevertheless, strong winds and large indoor-outdoor tem rature differentials should be avoided. The 
proper use of this standard requires a knowledge o the principals of air flow and p ~ s s u n  
measurements. 

r= 
This proposed standard is intended for the measurement of the air tightness of building envelopes of 
single zone buildings. For the purpose of this standard, many multi-zone buildngs can be mated as 
single-zone buildings by openlng interior doors or by inducing equal pressures in adjacent zones. 

Results of the field measurements are not intended to characterize the air leakage of an isolated 
component but the air leakage of the component and its junction with the building envelope under 
given conditions of installation. 

The standard has sections dealing with the apparatus required for the test, the preparation of the 
building, the measurement procedure, data and e m r  analysis, and accuracy. A standard reporting 
format for the test is included. 

7.8. Comparison of Airtightness Measurement Standards 

Several of the standards discussed above deal with the evaluation of the airtightness of the entire 
building envelope. Table 7.2 presents a comparison of some of the salient features of these standards. 

The parametels compared are: 
Recommended fan flow capacify: The fan used must have the capacity to produce the flow rates and 
pressure differentials requind by the standards. Several standards give guidance as to the flow rates 
required to perform the test. 

Pressure tap locadon: All standards require a pressure tap withln the building and in order to evaluate 
the pressure difference across the envelope, pressure tap@) must also be made outside the building 
shell. Standards vary in the number and location of pressure tap@) specifled. 

D(fferentlo1 pressure range: The specified pressure differential across the building envelope varies 
both in direction and range. All standards however encompass the range 0-50 Pa in either over 
pressure or under pressure. 

Limiting condrions: Natural fluctuating pressure differences across the envelope, caused by wind and 
temperature effects, affect the accuracy of fan pressurization tests. Several standards place limits on 
natural pressure differences, wind speed or temperature difference. If these limits are exceeded then 
the results of the measunment may be invalid. In this column, v is the wind speed and is the 
natural pressure differential across envelope without fan or when the pressurization fan is $?and its 
opening closed. 

Expression of nsulfs: Each standard requires the final results of the test to be expressed in a slightly 
different form. This is important when comparing the results of tests performed in compliance with 
individual standards. In this column, ELA is used for equivalent leakage a m ,  ACH for air change rate 
and C, n for the flow coefficients in equation (5.1). 

Accuracy: Stated accuracy requirements for each standard focus on measurements of air flow rate and 
pressure difference across the building envelope. 

In addition to the specific points described above, standards also vary in building preparation 
requirements. This factor should also be taken into account if comparing the results of tests performed 
to comply with a specific standard. 
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Standard 

ASTM 
E 779-87 

BRE code 

Required 
Fan Flow 
Capacity 

Not stared 

Sufficient to 
produce 

Ap of 55 Pa 

IS0 9972 

NEN 2686 

Sufficient to 
produce 

Apof60Pa 

Maximyrn 
1.2. m I s  

PIlessure 
Tap 

Location 

NS-INSTA 
130 

SS021551 

Differential 
Pressure 
Range 

Sufficient to 
produce 

bpof55Pa 

2 4 taps  aroun 
building and 

averqing 
con tamer 

One location 
Not stated 

OnetaplOm 
from building 
endin$ in a 

T-p~ece 

Ideally 
near 

neutral planc 

12.5 - 75 Pa 
over- or 

under-prcssun 

5toS5Pa 
over- and 

under-pressure 

One tap at 
building 
facade 

10 to 60 Pa 
over - or 

under-pressure 

15 to 100 Pa 
over - or 

under-pressure 

Onc tap 10 m 
from building 
endin? in a 

T-p~ecc 

Oto55Pa 
over - and 

under-pressure 

ACH 
@ 5OPa 

Airflow 5 96 
v< 5.6mIs ELA Ap2Pa 

Apoc3Pa 

Ap0<5Pa 
v<6rnls 

Table 72:  Airtightness measurement standarcis. Compariron of salient features [Colthorpe, 19901. 

C. n 
ELA 

v<6rn/s 
10 m from 
building 

Airflow 5 % 
& 5 %  

C, n 
Flow rate 

@ 1and10Pa 

Airflow 5 9% 
M596 

ACH @ 50 Pa 
Airflow 6 % 

Ap 3 Pa 
Overall 10 % 
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Symbols and Units 

L 
Q,. 
4ij 
R 

S 
S - 

Sik 

To 

cofactors of the element Qij in Q . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  [kg/sl 
. . . . . . . . . . . .  matrix of the net mass concentrations CiA - COL of gas k in zone i .[kf$~] 

- . . . . . . . . , . .  matrix of the net volume concentrations cik c0k of gas k in zone i [m /m ] 
. . . . . . . . . . . . . . . . . . . . . . . . . .  mass concentration of tracer k In zone 1 . [ k y y  

volume concentration of tracer k in zone L . . . . . . . . . . . . . . . . . . . . . . . .  .[m /m 1 
ahchangematr ix .~=-& Q. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Ss-l1 
matrix of masses of air contained in each zone . . . . . . . . . . . . . . . . . . . . . . . . .  [kg] 
mass of air in zone l . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  k g ]  
mass of tracer k in zone l . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  .[kg1 
molecular mass of tracer k . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  [kg/Molel 
air change rate. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  .[S-'] 

. . . . . . . . . . . . . . . . .  probability that a particle released in zone i passes into zone j .[-l 
pressure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  [Pal 
mass flow matrix containing. in the off-diagonal elements. the mass flow rates -Qij 
going from zone j to zone i. with j # i. The diagonal elements with j=i 
are the sum of the flow rates leaving zone i. . . . . . . . . . . . . . . . . . . . . . . . . .  [kg/s] 
volume flow matrix . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  [m3/s] 
mass air flow rate from zone j to zone i . . . . . . . . . . . . . . . . . . . . . . . .  . . *rkvl volume air flow rate from zone j to zone i . . . . . . . . . . . . . . . . . . . . . . . . .  .[m /S] 
the molar gas constant: R = 8.3 1396 . . . . . . . . . . . . . . . . . . . . . . . . . .  [J/(mole.K)] 

. . . . . . . . . . . . . . . . .  matrix of the mass flow rates S& of tracer k in zone i. [kP matrix of the volume flow rates siA of tracer k in zone i. . . . . . . . . . . . . . . . . . .  Jm Is] 
mass injection rate of tracer k in zone i . . . . . . . . . . . . . . . . . . . . . . . . .  

. .  .[kP volume injection rate of tracer k in zone i . . . . . . . . . . . . . . . . . . . . . . . . . .  [m Is] 
absolute temperatu~ of outdoor air. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  IK] 
absolute temperature in zone l . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  [K] 
absolute temperature of tracer k when injected . . . . . . . . . . . . . . . . . . . . . . . . .  K] 
elements of the inverse Q-1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  [s~lrg] 
with j + i: transfer index from zone j to zone i . . . . . . . . . . . . . . . . . . . . . . . .  [shg] 
time . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  S] 
= I f i :  local purging flow rate . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  .[kg/s] 
diagonal matrix whose elements are the volumes of air Vi contained in each zone 
volume of zone i . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1m31 

3 volume of tracer k in zone i . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  .[m ] 
dummy variable 
average of the variable X over time period t 
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indicates a difference 
= c - c, k the diffe~nce in tracer gas concentration between Indoor and outdoor alr . . . . . .  I-] 
Kmnecker delta: 6if 1 if i=j. v 0 if i t j  
diagonal matrix of the air densities in the zones. pi . . . . . . . . . . . . . . . . . . . .  [kglm3] 
density of air in lone i: pi - q / V i  . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  [k@m3] 
density of tracer k in zone i: p? = rn$v? . . . . . . . . . . . . . . . . . . . . . . . . .  @cg/m3] 
density of tracer k when injected . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  [kglm3]g 
nominal time constant. T,, = lln . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  [sl 

1 matrlx defined as = g- M .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  [S] - - 
room mean age of air . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Is1 



1. Introduction, Objective of Measurements 
In this Part of the guide, the various methods involving tracer gases for the measurrtments of air flows 
in buildings arc presented. These methods may be used to answer the following questions: 
- what L the room ventilation rate? (Note: the methods presented in Part IV are best suited to m e r  

the quesdon: How wefl is a room ventilated?) 
- What is the energy rtquired to heat or cool the fresh air entering the room? 
- What is the energy lost in exhaust aiR 
- What is the risk that a contaminant leaves the space where h is genexated to reach another space 

where it may be dangerous? 
- What are the actual air flow rates in a building, for given metcorologlcal and HVAC opemting 

conditions? 

To answer the first thne questions, the flow rates between the space and outdoors should be h w n  
and these can be assessed with one measurement using single tracer methods. Today, in 1990, then 18 
not enough statistical information on air change rates in buildings. Several blications recommd 

R recommended air change rates are verif ed in the eld. 
P" minimum and maximum air change rates [Tre re, Haberda, 1989J but t is seldom that these 

The dtuadon Ls the same for the fourth qwsdon: the contaminant can be simulated with a single tracer, 
its spreading can be easily measured but very few control measurements am performed. If &re axe 
several contaminants generated at various places, thesc contaminants could be simulated with ~everal 
non-toxic tracers. 

So, in order to know more about the reality of ventilation in buildings and to improve indoor alr 
quality, more measurements are needed. 
Multizone, multitracer measurements art best to answer the last question. However, this technique is 
expensive and involves substantial analytical effoh For these reasons, this approach is at present 
mainly used for research purposes. 
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2. Basic Equations 
In this chapter, the basic equations representing tracer gas concentrations and air flows in multizone 
buildings are presented. The definitions and the hypotheses covering the interpretation of cases where 
the air tempemre is neither homogeneous nor constant are included. These equations art used to 
interpret both single- and multi-tracer gas measurements. 

2.1. Introduction 

"'9" ations for interpreting tracer gas measurements arc based on the conservation of mass of tracer 
and o mass of air. although it is often volumes which are measured and volumeflow rates which are 
determined. Moreover, there are numerous definitions of tracer gas concentration, e.g. parts per 
volume or arts per mass, mass of tracer per volume of air or even molarity or pmial pressures (these 
latter two f eflnidons arc not used in this topic). It is important, therefore, to define all the parameters 
explicitly at the outset. 

The objective of this chapter is to present the hypotheses together with the resulting equations. This 
theory also applies to the case of non uniform air density (or air temperature). 

2.2. Basic Assumptions 
Let us assume that there are N zones in the measured building, denoted by the suffixes i and j, Into 
which, in prindple, N different tracers, denoted by the index k. are injected. In principle, each zone 
receives only one tracer, but the equadons presented allow the use of several ases in the same zone. 

the tracer concentration h that zone may differ from zero. 
2 No tracer is injected in the outside air (zone 0). which is assumed to be of i nite volume. However, 

The variables (as appropriate) are assumed to be time dependent. 

The multizone tracer gas theory is based on the conservation of the mass of tracer gas and of air and 
on the following three assumptions: 
1) In each zone, tracer concentrations are always homogeneous. 
2 )  The atmospheric pressure is constant. 
3) The wectlon of tracer gas does not change the dens& of air. 
The first assumption Is the weakest. In practice, homogeneous concentration may only be achieved by 
the use of mixing fans, but these fans may affect infiltration conditions. This influence may be avoided 
however by following the precautions presented in Section 5.2.4. 

The other two hypotheses m easil satisfied, since the shon time relative variations of atmospheric 
pressure art of the order of 0.01 (daily variations of the order of a percent) and tracer gases arc 
generally injected at relatively low concentrations (104 in volume or less). 

2.3. Conservation of the Masses of Air and Tracer G& k, In the Zone i 
In each zone, the rate of change of the air mass mi equals the sum of the incoming flows minus the 
sum of the outgoing flows: 

Change Incoming Outgoing 
inmass flow nues flow rates 

The conservation equation of the mass of tracer, k, in the zone, i ,  states that the change of tracer mass 
within the zone is the sum of the mass of injected tracer and the mass of tracer contained in the air 
entering the zone, minus the mass of tracer contained in the outgoing air: 

Variation = Injection + Inflow - Outflow 
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An extension of assumption (1) is implicit in this equation, that is: 

4) The airjlows entedng a zone do not wuni# the howwgeneir) of the concentradon of tracer 
gases in #hat cone, Le., an imme&ia& and perfect mixing LP assumed 

2.4. Complete Systems of Equations 
If then an N man or N diffemt sets of measurements usin a single uaccr injected at various nrtes 
in the various zones, equations (2.1) Pnd (2.2) above give a kll set of N(N+l) equations. Thenfon. 
this allows the N(N+l) flows bctwecn all the m m  including the outdoor air as the zone zero to be 
determined. Thtre an two methods to transform this set of equations before solving. Since they each 
have various advantages and disadvantages, they arc both described below. 

2.4.1. Global System of Equetlons 

The most common technique to be found in the literature [e.g. Sinden, 19781. [Shcrman, Grlmrrud, 
Condon, Smith, 19801, [Pcrrcra, 19821, [Sandbcrg, 19#, Shcrman, 19881 is the following: 
Let us express by QU the sum of all the flows going out of the zone I: 

Using the above notation and taking apart the flows coming from outside, equation (2.2) becomes: 

Since any change in the outdoor level of tracer gas concentrations, CW will be negligible, these levels 
art the base levels of tracer gas concentrations anywhere else. In thls case the uacer mass balances 
expressed in equations (2.4) can be written in a matrix form: 

where each row of the N X N matrices E, g G and S - corresponds to a zone and each column to a 
given tracer gas. More spedfically: 

M - is a diagonal matrix whose elements are the masses of air contained in each zone: 

mi P PiVi or 
with Q is the diagonal matrix of the air densities in the zones, pi, and - Y the diagonal matrix of the 
volumes of the zones, VI. 

contains the differences in mass concentrations Cik - COk of gas k in zone i 

S is the matrix containing the mass flow rates SiA of the tracer, k, in zone I. In usual measurements, 
- this m a b  is diagonal. 

Q is the so-called flow matrix containing, the offdiagonal elements (! # I) being - Qi , whert Q 
represents the mass flow rates from zone to zone i. 'Ik diagonal elements with jdcontain th!! 
sum of the flows leavlng the zone 1, as de d ned in (2.3). 

In equation (2.5), 1 and j run from 1 to N and this system results in N2 equations for the intenonal 
flows. The mass flows to and from outside are given by equations (2.1). 

2.43. Zone by Zone Systems of Equations 

Another presentation of the same model is found in [Roulet, Compagnon, 19891. It is obtained as 
follows: 

Combining equations (2.1) and (2.2), then taking into account that rna = mi Gib and using: 
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we Anally get: 

For each zone i ,  the N equations (2.7) give the N flows, Q.. (I = O...i-l, i+l,. ..N). Thc flows, Q*. are 
obtained horn the same equations applied to zone j d the remaining flows, Qoi, ue @v& by 
equations (2.1). 

2.5. Further Interpretation of the Flow Matrix 
Thc final result of the measurements Is the flow matrix defined above. Further information can be 
deduced from this flow matrix, as shown in the following % scwion. 

2.5.1. Properties of tlre Flow Mat* 

From the structure of the flow matrix, and the air mass conservation equations, It can be seen that 4. P is diagonally dominant. that Is, In abso ute values, the diagonal elements are p a t e r  than or equal o 
the sum of all the other elements in the repxtive rows or columns. The non-diagonal elements are 
nevertheless all negative. 

The following relations can be obtained: 

The total infiltration air flow rate to each zone, I, Is easily obtained by summing the columns of the 
flow matrix: 

And the total exfIltratlon air flow rate from each zone, I ,  is the sum of the lines of the flow matrix: 

If there Is m totally isolated chamber in the measured system, and if there is some air exchange with 
outside (as it is th case with any usual building), the flow matrix determinant, Q, is positive and f has an inverse, g -  [Sandberg, 19841. 
The elements of the inverse Q- are given by: 

where Aji are the cofactors of the element Qij in Q. The cofactors, Aib of the diagonal elements are 
positive and those of the off-diagonal elements, Aji, are zero or positive. 

It follows that the largest elements in the rows or columns of are the diagonal elements. 

2.51. Physical Interpretation of the Inverse Flow Mu*. 

The basic equations applied to the case where a constant flow rate, S- of a contaminant, k, is applied 
In each lone, 1, leads to an equilibrium concentration (for constant alr$ow rates) which is: 

C(-) = p-' g - (2.1 1) 

It follows that the equilibrium concentration in room, j, resulting from a contaminant. k, released only 
in room, 1 is: 

and the nondiagonal elements of are hence the transfer indexes defined in [Sandbcrg, Sjdberg. P' 19831. Since he also defined the ocal purging flow rate, Ui, in chamber, i, as the rate at which the 
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contaminant is eliminated: 

Ui = S A k  = l& (2.13) 
we see that the diagonal elements of are the reciprocal of the local purging flow rate. 

Moreover, the probability that a particle released in zone i passes into the zone j can be defined as: 

Pji = wji uj 
and the matrix can be rewitfen as: 

Using a simple inversion of the flow matrix, much infornation on the possible spreading of 
contaminants (e.g., transmission probabilities and purging flow rates) can be obtained. 

2.53. z Matrix and Mean Age of Air  

The z matrix Is defined as: 

z = P " r  
P 

or, under the assumptions of constant. uniform temperature: 

T = ~ "  g - - (2.17) 

It is shown [Sandberg, 19841 that the row sums of the .s matrix are the mean age of alrt in the 
corresponding rooms: 

This relation enables the measurement of the room mean age of air to be made, even in rooms where 
there are several outlets or several ways for the air to leave the room. 

2.6. Equations for Volume Flow Rates 
Sections 2.3 to 2.5 contains equations based on mass flow m and mass concentrations. However, for 
practical reasons, volume flow rates and volume concentratlons are of common use. Therefore. the 
basic equations are adapted below. 

The mass concentration is. by definition: 

Hence, the mass of the tracer k in the zone i is: 

since CU, << 1. 

Taking account for the density correction, equation (2.2) can be rcwrittcn in terms of volume flows, 
with the same assumptions (1 - 4) as before: 

t See Secdon 2.1 of Part IV f a  more information on the age of air. 

III.10 
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If we replace In equation (2.21) the mass concentration by the volume concentrations. we obtain: 

The tracer density is defined by p& = mdV. where the volume, V& Is deflned at awospheric 
pressure, p. Using the perfect gas law for tracer f: 

P ViA mik R Ti/Mk (2.23) 

where R is the molar gas constant, R = 8313.96 [J/(K, kMole)], Mk the molar mass of the tracer, k, and 
Ti is the absolute temperature of zone i. The density of tracer k in zone i can be computed: 

and substituted in equation (2.22). Dividing this equation by p Mkt we get: 

The left hand side of this equation can be expanded as follows: 
r 1 

since Vi is constant. 

In equations (2.25) and (2.26), as everywhere else in this chapter, the temperature of the volume flow 
rate, qh, is the temperature Tj of zone j, from which the flow comes. 

The method used for developing equations (2.25) and (2.26) can also be used for air mass 
conservation, except that, here, the tracer Is the air Itself, which means that: 

- there is no air injection flow rate (S* = 0) 
- concenvations are al l  unity (ciA = l , assumption 3). 

This air mass conservation equation then becomes: 

Equation (2.7) can also be written as a volumetric flow balance equation. Combining equations (2.25), 
(2.26) and (2.27), the time derivative of the temperature and the air flow rates, q,~, disappear and 
hence: 

Equation (2.27) can be rewritten as: 

Finally, equations (2.28) and (2.29) give a system of N+ 1 equations for N+l unknowns, qg, for each 
zone, I. 
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2.7. Simplified Equations 
To derive a simpler form often encountcrcd in the literature [e.g. Sinden, 1978; Sherman, Grfmsncd, 
Condon, Smith, 1980; Pewera, 19821 from the above equations, we need two more assumptions; these 
are: 

5) The air temperature, and hence the air dens@, does not vary wifh time. 
6) The air tern emtun, and hence the air density, is unCfonn throughout the inside and the ouRFZdG 

ofthe MU&. 
Assumption (5) is more important than it appears. It is needed in order to m& the second tern of the 
right hand side of equation (2.26) negligible compared to the first term, that is: 

The first term contains the time derivative of the concentration, which can be very small or even zero 
If the constant concentration technique is used. In this case. even very small temperature variations 
might be too large to satisfy the fifth assumption 

This means that assumption (5) can be replaced by the following: 

(5) The relative varladons of the tempemhue in the zone 1 am negwble when compared to the 
reldve variadons of the concenttodon of any tracer in this wne.  That Is: 

Assumpdon (6) may be adequately satisfied if the temperatures of the various zones do not differ 
significantly, if the volume of injected tracer is measured at the air km rature in the building and 3 finally if the measured building is neither heated nor cooled. Re1 ve temperatuxe or density 
differences of up to 10 96 might be reached in cases where indoor-outdoor temperature difference is 
large (e.g. 30 K). 

If the realistic assumpdon. that all internal temperatures are constant and equal 
constant outdoor temperature, To, is adopted, then: 

dTi 
Ti = T 

dml 
= 0 and - = 0 for any M 

dt dt 
and equation (2.5) becomes: 

but different from a 

(2.32) 

By matrix multiplication of equation (2.33) at the left by and using the definition of the t matrix: 

we get a system of equations which may be used for the interprttation of decay measurements in 
which S = Q. - - 
In volume flow terms, we get, from equation (2.28): 

In this case, the air mass conservation equations give: 
T N N 

By applying both assumptions 5 and 6 to equation (2.33), the temperature effect is completely 
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neglected and we get the simplified equations which are, in the zone by zone form: 

By taking the outdoor concentrations, cop as zen, or as the base levels, equation (2.35) reduces to: 

which Is the usual, simplified way of exprtsslng the tracer concentration. In a matrix form, it gives: 

where: 

y - Is a diagonal mahix whose elements are the volumes of air contained in each zone 

is the concentration matrix, containing the differences in volume concentradons, c b  - cob of gas k 
in zone 1 

A is the matrlx containing the volume flow rates, sib of rraccr k In zone i 

p is the unknown rnavix containing, h the off-diagonal elements, rhe volume flow ntes, - qz 
oing from zone j to zone I, with j # I. The diagonal elements with j=I contain the sum of flo S 

Living zone i: 

And the conservation of air mass (2.1) becomes simply a conservation of total volume flow: 

2.8. Single Zone 
For a single zone, I=l, j=O, only one tracer is needed and equations (2.28) and (2.29) simplify to: 

and 

Moreover, assuming a constant and homogeneous tem rature, or If all  volume flow rates are taken at 
inside density [Shcrmun. 1990/. equations (2.40) and (r41) become: 

respectively. finally, the tracer gas concentration can be either zero or taken as nfcrence 
concentration Noting: 

& = c - C ,  

equation 2.42 becomes: 

V del S bc 
- - X - -  410 
T d t T T o  
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or, for homogeneous density: 
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3. Principles of Different Methods for Determining Outdoor Air Flow 
Rates into a Building and Interzonal Air Flow Rates 

3.1. Introduction 
In cha ter 2 the equations for mass conservation of both tracer gases and air were given. The vat ions  P were ormulated as a system of equations for N interconnected zones. Within each zone, mixing is 
assumed to be complete. Normally each room constitutes a zone and the zone volumes arre assumed to 
be known. The system of mass conservation equations contains a flow matrix wherre the entries are the 
interzonal flows and the flows between the zones and outdoor. In a building consisting of N zones, 
there are NZ - N intemnal flow rates and 2 N flow rates between the zones and the outside. This 
makes a total of N(N + 1) flow rates. The same number of equations k required to determine these 
flow rates. 
These equations are obtained by consewation of masses of air and of the tracer gas in each zone. We 
may obtain a sufllcient number of equations either by repeating the measurement procedure N times 
(assuming constant air flow rates) or by simultaneously using N different tracer gases. 
From the above follows that the unknown number of flow rates increases dramatically with the 
number of rooms. Already, in a small house consistin of only 5 rooms, there art a total of 30 flow 
rates. This is a very large number in this context and f t is a laborious task to estimate all these flow 
rates. As a consequence there is a practical upper limit to the number of flows that can be determined 
by measurtments. 
The intemnal flow rates are often buoyancy driven which makes them vulnerable to changing 
temperaturn. In addition flow reversal frequently occurs within shon time intervals. For exam le, P radiators with an on-off control may reverse flow rates between rooms. Therefore the interzonal ow 
may fnquently change in both direction and magnitude as a function of time and could be more 
difficult to determine than air flow rates to and from outdoors. 
Since the effect of errors due to non complete mixing and other sources is more easily discussed in 
single zone situations, we begin with this situation in the following sections. 

3.2. Zonal Representation of a Building. 
The first step is to represent a given building as a collection of zones. This is something that requires 
considerable experience and skill and it is therefore very difficult to give general guidance. However 
there are some rules of thumb; these include: 
- Rooms with very large flow rates between each other should be treated as a single well-mixed 

zone, treating them as separate zones will lead to an ill-conditioned problem. 
- Corridors, staircases or passages that connect several rooms must often be divided into several 

zones. 

3.3. Complete mixing 
The basic idealization made in this context is the assumption of complete mixing within each zone. 
First of all, a l l  the injected gas must be completely mixed with room am For example, if a fraction of 
the gas is immediately lost after injection, then complete mixing is not achieved. 
Furthermore, one must have uniform conditions throughout the whole space and the tracer gas 
concentration must therefore be the same throughout any zone. Thls requires that both tracer gas and 
air are mixed uniformly within the zone. There are two aspects of mixing, namely time and flow rate. 
Therefore two q i rements  must be introduced into the definition of complete mixing, i.e. we have 
complete mixing of air within a zone if the following two conditions are met: 

1. Time: the local mean age of air L at every point in each zone equal to the nominal time constant, 
2. Flow rate: the local purging flow rate is at every point in each zone equal to the flow rate of 

outdoor air entering the building. 

The first condition is very often satisfied in practice. However, both conditions must be fulfilled and 
one cannot generally draw the conclusion that if the first condition is satisfled, than the second 
condition will be met. 

Incomplete mixing will show up as different local mean ages from point to point in a zone. The local 
mean age may both be gnater and less than the nominal time constant. Consequently methods based 
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on the prediction of flow rate by recording the age of air may give rise to both under- or overestimate 
of the c o w  flow rate. Incomplete mixing will give rise to a purging flow rate that is less than the 
flow ratc of outdoor air. Therefore methods based on directly recording the flow rate will 
underestimate tht contct flow rate. 

3.4. Classification of Tracer Gas Techniques 
We can subdivide the diffemt methods into several categories. First, de nding on the purpose of the 
measurunmf either the transient techniques or the steady-state techn ques can be used [Sherman, 
19901. 

P" 
- the tramdent technfquea are used to measure the nominal time constant or the air change rate (or 

specific flow rate). For that purpose, the tracer is injected in such a way that large changes in 
concentradon an obtained. 

- the steady state technlqws tend to obtain or maintain a quasi-constant tracer gas concentration, in 
order to estimate directly the air flow rates. 

Since, in a single zone, the nominal time constant, 7, and the air flow rate, q, are directly related by: 

both techniques could be used to determine either z or q. However, the e m r  will be larger if the 
estimation is obtained in an indirect way. because of thc errors on the estimation of the volume, V. 

Depending on the type of control and injection method we can make the following classification: 
- Decay method A suitable amount of gas is injected into the space and mixing is carried out to 

establish a uniform initial concentration within thc zone. The decay of tracer concentration is then 
used to estimate the air change rate. Thls is the typical transient technique. 

- Constant Idectlon. Gas is injected at a constant rate and the time varying concentration response 
h ncorded. 

- Pulee irqJectlon. A short duration gas pulse is injected into the space and the response is recorded. 

- Constant concentration. Gas is injected into the space under control such that a constant 
concentration throughout the whole building is maintained. The time varying tracer gas flow rate is 
recorded. 

The constant injection method and the pulse technique are essentially the same methods because there 
is a direct correspondence between the integrated response from a short release of gas and the 
equilibrium concentration attained at the same point if the tracer gas were continuously released. 
These methods can be further subdivided according to whether or not one single tracer gas or several 
gases art used, i.e. we have: 

Single tracer gas methods 
Multl tracer gas methods 

If we possess as many tracer gases as thetr: are rooms, then any method can be simultaneously used in 
all rooms. 

The idea behind the constant concentration method is to hide interzonal flows. Therefore, when used 
in a multizone environment, a single tracer only gives the fresh air ventilation rate into each zone, it 
does not provide information regarding the flows between rooms. 
Single tracer gas techniques may be employed in a multizone network by using a transient technique 
and making observations at N or more t h e  points [Bohac and Harrje, 19871. This is achieved by 
applying a method in one room and then repeating the method in the rtmaining rooms in turn 
[Okuyama, 19901, [Mattson, 19901. [O'Neill and Crword,  19901. Although one does not have to 
wait until the gas has been evacuated before one starts in the next room, such a procedure neverrheless 
takes quite a long time. Since L is doubtful whether the intemnal flow rates remain constant during 
the whole period. the use of rtpeated measurements in a multizone situation is not recommended. 
A time varying flow rate poses a further problem in that, under such conditions, not every method 
gives rise to a correct estimate of the average flow rate. Several methods give rise to a biased estimate 
of the average air flow rate, because the inverse of an average is generally smaller than the average of 
an inverse: 
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F d  the methods c m  b;sorted according to which type of mathematical method is used to solve the h mass ow equations. We can broadly identlfy two different approaches i.e.: 
- Direct solution of the basic equations or matrix inversion 
- Integral solutlon 
- System identfficatlon methods 

Direct solution of the basic equations or matrix inversion means that the system of mass balance 
equations are solved for the flow rates by a standard numerical method. 
To obtain an integral solution, h basic equations are first integrated over a period of time, then 
solved, giving an average nsult. 

When a system identification method is used, the mass conservation equation is regarded as a state 
equation and the unknown flow ratcs arc the coefficients in the state equation. Statistical estimation 
theory based on weighted least squarc or bayesian methods (see Appendix 2) arc used to obtain the 
flow rates. The estimation errors art also evaluated (see Appendix 3) . 
There is an obvious tradeoff between single and multi-tracer gas methods in multizone networks. With 
a multi-tracer method the measurements may be more straightforward, however, the instmentadon 
becomes more complicated. 

3.6. Summary 
The diffennt tracer gas techniques can be broadly divided into two categories; these are steady-state 
methods, which directly measure the flow rate, Q, and transient methods which measure the nominal 
time constant, tP, or the air change rate, n. Tlw steady-state techniques are based on ncording steady- 
state concentranons or concentrations integrated over a long time, while m i e n t  methods are based 
on recording the change in tracer gas concentration. The different tracer gas techniques and their 
properties are tabulated in table 3.1 and table 3.2 below. 

- 

Tracer injection Dirtct 
strategy result l 
Pulse injection Q Moderate 
Decay n or z, Moderate 
Constant iqjection rate Q Moderate 
Constant concentration Q Relatively high 

t: the volume has no influence only when the air flow rate. Q, is constant. 

Table 3.1: Summary of different injection strategies 

If air flow varies with time, only the two-point decay and the constant concentration ve a correct 

integration time is much longer than the period of flow variation. 
#- estimate of the average flow. The constant injection method underestimates the average ow rate if the 

As far as single-zone measunment are concerned, the following conclusions can be stated [Sherman, 
1 WO]: 
- It appears that decay, pulse and stepup methods q u i r e  the least measurement time and usually 

the least reparation. However, with the exception of the two-point decay method, they give a 
biased e 2 mate of a variable air change rate. These biases remain small if the measurement period 
is limited to times close to the nominal time constant. 

- The long-term inte a1 method, generally used with passive sources and samplers, also gives a 
biased estimate of d? e average air flow rate. Since the measurement time is larger, the bias may not 
be negligible. Thls technique, however, provides an unbiased estimate of the average tracer 
concentration If the tracer is used to simulate a contaminant, such experiments are of great interest 
for indoor air quality studies. 

- The constant concentration technique is accurate and gives an unbiased estimate of the average air 
flow rate, but it requires the most equipment. 
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- The constant injection used with long term direct solution is simpler to use and may give, under 
certain conditions, unbiased estimates of an average air flow ratt (see Section 4.3.1). 

The two- int decay method, and more generally the multizone, transient methods may lead to 
unaccepta 'r ly large uncenainties if the measurement time period is ina date. For example, see 
Section 4.6 for the two-point decay and [Enai, Slum Md Reardon. 1 g L r  two-zone, two-tracer, 
stepup and decay methods. 

Tracer injection Interpretation Suited for 
# Methodname technique method unbiased continuous 

average record 

Transient methods (tracer gas concentration changes) 
1 (Simple) decay Decay Identification No No 
2 Two point decay Decay Inte@ Yes 
3 Stepup 

Ores) 
Constant rate Identification No No 

4 Steady-state methods (tracer gas concentration is neariy constant) 
5 Pulse Pulse Integral No 
6 Constant injection Constant rate Direct solution Yes? No 

Ores) 

7 Long term integral Any Integral No No 
8 Constant concentration Constant concentration Integral Yes Yes 

: unda condition (sae Section 4.3.1) 

Table 33: Swnmary of single-zone methodr Lfrom Shennan, 19901 

Tracer injection strategy Unbiased average Well suited for 
of time varying continuous record 

flow 

Sinale tracer (Repeated measurements) 
Pulse injection No No 
Decay No No 
Constant injection rate No No 
Constant concentration Yes No 

p p - p p  

Multi tracer 
Pulse injection 

Constant injection rate 
Constant concentration Yes Yes 

* Only for a two-point estimate 

Tablc 33: Summary of multiwne methods 
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4. Treatment of Results 

4.1. Procedure 
The basic equations prtsented in chapter 2 arc instantaneous equations. This means that, in prind le, 

rates, their concentration and the time derivatives of these concentradons. 
B the flow rates can be determined directly from instantaneous measurements of the vacer injection ow 

Using tracer gas monitoring instruments, measurements are usually performed in the following way: 
- At a time to, an air sample is taken and analyzed. This analysis takes a period Arc 

- With constant injection (CITO) and constant concentration (CCTG) tracer gas techniques, the 
amount of tracer as necessary to raise the concentration to a target level is injected into the zone at 
the time t,+Arr &S amount can be released by opening a valve for a time period  at^. 

- After Injection, a period of time, Atd,, is allowed for mixing. 
- Following the mlxing period, the above sequence is repeated. 

With some CCTG Instruments (e.g. the EMMARA, see Section 6.3.2), the air is continuously sampled 
and stored, and the injection rate of the tracer is continuous. At periodic time intervals, the stored 
sample Is analyzed and the injection flow rate is changed accordingly. 
With all methods, the sampling-analysis-injection-mixing cycle lasts a speclfic period of time. This 
time interval is usually the riod At between two records of measured data. The result of the 
measurements is therefore a cr screte database and the basic equations are continuous. The first step of 
the interpretation procedure is to take this discretization into account, either by using finite differences 
instead of the derivatives, or by integration of the equations over the time period At. This step leads to 
a system of h e a r  equations which is solved using well known techniques. 
In this chapter, all the variables (except the volumes of tht zones) may depend on time but it is 
implicitly assumed that they are constant or vary linearly during the measurement time interval. This 
assumption seems obvlous, since we have no information of the variation of these variables during the 
measurement intervals. Nevertheless, it should be remembered that the time step may be large (e.g. 10 
minutes) when compared to the time constants of the possible changes of the air- and tracer injection 
flows. Because of this, interpretation emrs may occur. which generally overestimate the air flow 
rates. 

4.2. Discretization and Integration 

4.2.1. T i m  Dedvotlves and Finite Dwercnces 

The baslc equations given in chapter 2 contaln several t h e  derivatives. These equations can be solved 
at each time interval, by using finite differences. Either the backwards derivatives: 

or the forward derivatives: 

may be used. For causality reasons, uations (4.4) and (45) may be better. This procedure transforms 7 the basic differential equations into a inear system of equations. 
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In practice however, the noise linked with any measurement leads to big uncertainties in the value of 
the derivatives, and it is recommended to average the measurements over a certain period of time. An 
integration time v a l  to one or more measmment interval(s) is preferred. The integration minimizes 
the effect of expenmental errors and will be the only method p w n t e d  below. 
The time average of a variable, dt), over a period of time, At, is, by definition: 

4.3. Solutlons of the Integrated Basic Equations, Single Tracer 

43.1. Slngh Zone Measunments 
General mlution 
Equation (2.46) can theoredcally be solved by: 

but, since concentration, temperature and volume measurements always contain random errors, it is 
numerically more accurate. to integrate the measurements during a dme period, At, which is equal to 
one or more measuring intervals: 

Hence: 

when In is for the neperian logarithm. Dividing both sides by At finally gives: 

The tracer gas concentration can also be predicted using: 

where z, is the nominal time constant. If the air flow rate, qlO, is assumed to be constant during the 
measurement, for 0 5 t' 5 t, equation (4.1 1) becomes: 

Equation (4.10) is used for the integral interpntation method, while equation (4.12) is the model used 
to identify (e.g. by regression) the unknown parameters z,, c(O), and sometimes even the volume, V. It 
is important to remember that the identification methods assume a constant air change rate during the 
measurement. 
The general solutions given above can be simplified when some pdcular  injection strategy are used. 
These are given below: 
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Decay method, identification technique 

In decay measurements, s = 0, and quation (4.12) simply becomes: 

-t 
= MO) exp ( - ) 

'=,v 

and can be lincarized by taking the logarithms of both terms: 

Linear r e ~ s s i o n  or ba csian techniques (see Appendix 3) can be used together with equation (4.14) 
to decermme r, and Ac&) fmm several measurements of the concentradon difference, A&) at various 
times, t. Since this technique assumes a constant ventilation rate, the estimate is unbiased only in this 
Case. 
Decay method, Integral technique 

When S = 0, and using the definition of the air change rate, n = ql&, equation (4.10) 
simplifies and gives an unbiased estimate of an average air change rate (n)  between two 
concentration measurements, one at time t and the other At  later: 

To ( )  - js 
AtT  

This technique is known as the container method [ASTM E 741 -83 1. Note that it is not ntcessary that 
the decay be exponential or that the flow rate remains constant during the measurement. However, the 
concentration at time t+At should be small enough but not too low, in order to avoid large 
uncertainties. In this case, this uncertainty is calculated by [ S h c m n ,  19901: 

whert ~ ( A c )  is the uncertainty on the tracer gas concentration (see also Fig. 4.2, Section 4.6). In 
e uation (4.16), it is assumed that the uncertainty on the time is negligible, which is usual1 the case. d c uncertainty on the air change rate is minimum when the measurement time pe od, At, is 
approximately equal to the nominal time constant. In this case: 

K 

Since less measurement points are used for that technique than In the identification techniques, this 
minimum uncertainty is larger that the uncertainty obtained with the identification techniques, as far as 
the air change rate remains constant. Such is the price for having an unbiased average in case of 
varylng vennlation. The accuracy could however be improved by taking mote measurement points, 
interpreting them two by two using equation (4.15) and averaging tfie obtained results. 

Other possible interprttadon methods for decay techniques are described together with the techniques 
presented above h the Uteratue [e.g. Shcrman, 19901. They an however not described here since they 
neither are simpler nor provide more accurate rcsults. 

If a volume v of tracer is injected in a short pulse at time t, the duration of the pulse being much 
smaller than the nominal time constant of the room, equation (4.9) becomes: 

and this equation could be used to measure the air flow rate. However, the precision on the 
measurement of c(t) is very poor, because the tracer cannot be immediately well mixed. Therefore the 
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integral interpretation is ~commended. 
Pulse Integral technique 

The tracer gas concentration is measud before, during and after its injecdon, until it decays. Using 
the integral mean value theorem, an estimate of the air flow rate can be obtained [Axley and Pcrslly, 
19881: 

To v - v [Ac(t+At) -Ac(t)] 
do=, (;+A with t ~ e < t + A t  (4.19) 

The tern A&+&) -Ac(t) may be zero if the initial concentration is zero and if the decay Is completed 
at the end of the measurement. However, it is kept in the equation to allow for shorter measurement 
periods. The dose (or integrated concentration) can be either calculated by any usual method on the 
basis of recorded concentrations versus time, or directly obtained experimentally. using grab or 
passive sampling. 

Constant idectJon, stepup technique 

The concentration is measured just before and after starting the constant injection of tracer gas. If the 
injection rate is constant, equation (4.12) becomes: 

Equation (4.20) was used together with an identlflcation technique to estimate the speciflc air flow 
rate, n, and possibly the effective volume. V [e.g. Sherman, Grimrud, Condon and Smith, 19801. 

Constant iqjectlon, steady state 
However, most users of this technique wait until the exponential term decays nearly completely. Then: 

and 

This direct solution gives the correct answer if the air flow rate is constant Otherwise, the average of 
several air flow rates obtained on the basis of several tracer gas concentration measurements k an 
unbiased estimate of the average air flow rate if [Sherman. 19901: 

Constant IqJection, long term Integral 
With assive samplers (sec Sections 5.3.3 and 6.5.4). the average concentration over a large period of 
time f S dimtly measured. In this case, equation 4.21 is used with an average concentration at the 
denominator: 

In this case, q is a biased estimate of the average air flow rate, this estimate being lower than the true 
value. 

Constant concentration 

Provided the concentration remains exactly constant throughout a constant concentration 
measurement, equation (4.10) becomes: 

However, in order to correct the results for slight variations h concentration, equation (4.10) may 
neveeless be preferred. 
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4.32. Mulnttone Decuy Measurements 

Several methods of interpreting the results of single tracer muldzone decay measurements were 
compared [R#iat, 1989121, and it was shorn that the method described in [Llrtlcr, Martin Prior, 19841 
was the most accurate for this case. This technique is as follows: 

Assuming a constant, homogeneous indoor air temperatures and introducing the air change rate matrix 
p ,  the basic equation (2.33) with = Q can be rewritten: - - 

p = -41-1 g - - (4.25) 

I f 2  is the vector containing the concentrations of the single tracer in the various zones, then equation 
2.33 becomes: 

A discrete time model can be deduced from (4.26), which is: 

g=expQ=[+~+(&2!+Q/3!+ - - - ... (4.28) 

from which the matrix G can be deduced from the measurement of N+l vectors c(t). - 
4.33. MuWtone Ident@&ation Methods 

Several methods are presented in the literature proposing various injection strategies of a single tracer 
into several zones. Assuming that the air flow rates remain constant during the time period needed for 
their determinadon, they use the least square identlflcadon method to At the parameters of a muldzone 
model on the measurements of time series of tracer gas concentration and injection flow rates. 

[Hedn, 19891 and [Martson, 19901 propose to inject the tracers at "constant" flow rate, these changing 
from time to time in the various zones in order to obtain enough equations. The model used is based 
on equation 2.7, rearranged as: 

and the air flow rates are determined by minimizing the sum of the squared difference between the 
measured injection rates, Sit, and those calculated using equation (4.29). 

[Okuyama, 19901 injects periodic pulses of tracer gas. The period Is the same in all the zones, but each 
zone has a different injection time and duration. A general, sophisticated identification method, also 
using least square fit on the multizone infiltration model, is used, allowing, in principle, the 
determination of any unmeasured parameter. An apparatus, based on that method is built and 
measurements are shown in five-zone and nine-zone buildings. A few hours are needed to obtaln a 
stable estimate of the air flow rates. 

An e m r  analysis is presented and tests in a five-zone test house showed an a m m e n t  within 20 8 
with the true air flow m s .  

[O'Neill and Crawford, 1989 and 29901 have injected successive single tracer pulses in each zone. 
Their least square fit method is based on the equation (2.33), which is discretized in a way similar to 
the way described in Section 4.3.2, but with the injection vector S # Q: 



III. Air Flow Measurement Methods 

The parameters (e.g. air flow rates and effective volumes) are identified by minimizing the sum of the 
squared differences between the concentration vector measured at t h e  t+Af and the vector calculated 
using equation (4.30) and the observadom a& time t. 
A three zont tea house was measured this way and the effective volumes and air flow rates were 
determined within less than 3 hours with an accuracy of 3 5% for the volumes and 15 % for the air flow 
ratcs. 

4.4. Solutions of the Integrated Basic Equations, Multi-Tracer 
Several simplified solutions, valid for decay experiments , can be found in the literahue, e.g. [Sindcn, 
19781, [L'Anson, 19821. [Inuln Md Ehuotdr, 19891 have compared several such methods and claim 
that their simplified solution, based on the work of [Dick, 1949 Md 19501 gives the closest fit to site 
measurements, even when the concentration decay is perturbed by fluctuations. 

The methods presented below are more general and useable for any tracer injection strategy. 
At each measurement dme inttrval, the measurements give discntc values of the concentrations, C* 
and injection flow rates, Sic (i, k = 1 to N). From these and the knowledge of the air masses. Mi, m 
each zone, the mass flows, Q. can be computed. In addition, the volume flows, g. can be computed 

injection flow rates, sik 
\C from the volume, Vi, of eac zone, the volume concentrations, cib the tempe i%' tuns, Ti, and the 

In equation (2.5) or (2.7). the zone, i, and the tracer, k. vary independently from 1 to N .  Hence there is 
a system of N2 equations which, when combined with the system of N equations, (2.1). enables the 
l@+ N unknowns, 1 to be found. Two methods of solution, corresponding to the two presentations of ?G equations given in d o n  2.4 arc plrcsented below. 

4.4.1. Zone by Zone Systems of Equationr 
This method will be presented in terns of volume flows, and is based on the systems of 

zone, I. Each subsystem may be written in a matrix form [Roulet, Cornpugnon, 19891: 
Thorn (2.28). These are an assembly of N independent sub-systems containing the equations tor eac given 

4=!ii'9' 
where yi is the vector having N components yik: 

whece k varies from 1 to N (4.34) 

Note: usually S = 0 if 1 + A, since only gas i is iqjected in zone i. In the case of the constant C concentration ttc que, the time derivative of the concentration cii of tracer i is also zero in zone i 
(where it is injected). This assumes that the injection rate of the tracer gas is perfectly controlled. 
Q' is the vector containing the N+l unknown flows into zone I: 

'1 
The matrlx, Q', has N rows and N+l columns, but the column, 1, is filled with zeros. The vector, 4, has 
also N+l mm nents, the component i, comsponding to qii being zero. We can therefore contract the P" system (4.16) nto: 

& ' Q 4  (4.37) 
is the vector q' without the component i, and is the matrix Q' without the column I .  The 

is then entirely determined if the matdx 4 
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At this stage, the following averaging procedure is recommended: 

Equation (4.37) is inte d over a time period At during which it can be assumed that the air flows, 
(or the mass flows, Qi ) lrcmain constant. This time period is generally equal q i ,  ~d temperatweS. 

tdthc measurement interval, and is typically 5 td 15 minutes. 
A new system of equations is then obtalned for each zone, 1, when each line corresponds to a tracer 
gas, k, and each column to an adjmnt zone,], the first one being the outside: 

&) is the vector of the average unknown air flow rates leaving zone i; 

is the matrix with the elements: 

@) is the concentration matrix with elements: 

The last term in equation (4.40) contains the average concentrations in each zone. Since these 
concentrations are measured at discrete time intervals. the integral should be approximated with a sum. 
hence: 

Finally, the system (4.38) may be solved using: 

0 = @)-l (4.42) 
The relation (4.42) gives all the flows entering zone 1. Using (4.42) for each zone gives all the air 
flows, except the air flows going outdoow. These are obtained using equations (2.29). 

It is interesting to note that the components of the vector (a) have the unlt of air flow ram, and may 
be called "gross air flow rates". As it is shown in equation (4.38), they are a linear combination of the 
air flow rates coming into zone i, the coefficients being the elements h). This fact is much more 
intensting than it appears at first. as will be shown later (Section 4.5.3). 

4.42. Global System of Equadons 
As shown in Q 2.4.1, all the tracer conservation equations are taken together in a single system, which 
is, in terns of mass flows: 

where each row of these N X N matrices corresponds to a zone and each column to a given tracer gas. 
All unknown flow rates are included in the flow matrix, . Since, as usual in multi-tracer 
measurements only one tracer is injected into each zone and there 4 ore. it can be indexed with the same 
subscript as the zone. In this case, and if the tracer is well mixed in the zone, the largest elements of 
the matrix S; are on the diagonal and then C; has an inverse matrix, c-1 . - 
Equation (2.5) can be integrated over the time period At to give: 

and an average air flow matrix (g> may be defined using the integral mean value theorem: 
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This gives: 

Defining the average concentration matrix by: 

and dividing (4.45) by At, we obtain the linear equation: 

which can be solved by multiplying both sides by 0 - 1  - at the right: 

It should however be remembered here that calculating the inverse of (Q is not the best 
numerical way to solve the linear system (4.47). Good numerical rnetii6ds are found in 
numerous handbooks. 
If the temperature inside is uniform and constant, (4.48) simplifies to: 

This method could give biased results if At is larger than the nominal time constants of the 
measured zones. Therefore, the interval between measurements should not exceed the 
smallest expected time constant, especially in case of varying air flow rates. 

4.43. Comparison of the Two Methods of Solution 

The global method (Section 2.4.1). looks very attractive and elegant, however, it has several 
disadvantages when compared with the method described in 2.4.2. These include: 
- It is not possible to take explicit account of flows that are obviously zero (i.e. flows between 

unconnected zones). The solution of the system (4.47) gives values for these flows, which are 
generally not zero, because of measurement and rounding errors. These figures might even be 
negative, and hence have no physical meaning. In fact, when compared to the confidence intervals, 
these flows are not significantly different from zero. [Sherman, 19881 proposes a cornction 
method to eliminate these flows a posteriori. 

- The complete system (4.47) is often not as well conditioned as zone-by-zone systems. The 
consequence is a larger uncertainty on the final results (see appendix 2 on error analysis). 

- Finally, the global solution needs one tracer gas for each zone or the repefidon of the measurement 
N times under constant air flow conditions but with different tracer concentrations. This may be a 
problem if there are more than 4 or 5 zones. Udng the zone-by-zone method, it is possible to plan 
the experiment in such a way that much useful air flow information can be obtained (see 8 4.5.3). 

4.5. Measurements with Fewer Tracers than Zones 
There is limited number of possible tracer gases, and anal zers are expensive. Therefore, d measurements using more than 3 tracers a E  rare and the literature oes not report measurements with 
more than 5 tracers. However, there is often more than 3 to 5 zones in a building, and methods exist to 
get information even when there are fewer tracers than rooms. 
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4.5.1. Reducing the Number of Zones 

By opening connecting doors and using mixing fans, a given tracer may be homogeneously spread in 
more than one room, and several rooms may be conntctcd into one single zone. 

Another method is to use the constant concentration method and to put the same concentration of 
tracer in each of the rooms which are to be combined. This method works very well with a single 
tracer. If N rooms of a building are individually controlled at the same concentration of the same 
tracer, the inter-room flows cannot be measured but all the ventilation flow rates from outside the 
controlled zone to each m m  are measured 

In this case, the equation (4.38), rewritten for one tracer, contains one line but the matrix sdll has 
as many columns as there am flows coming into the zone I :  

This technique is more difficult to use with several mts, since all the tracer concentrations in each 
of the combined rooms of a zone should be the same. That means that not only the tracer injected in 
that zone but also the tracers coming from the neighboring zone should be controlled. This is why such 
a technique not to be found in the literature. 

4 i o \  

Multi-tracer constant concentration is. however, used for two practical reasons; these are: 
- if the zones an not too well inter-connected, the infiltration flow rates from outside can be 

measured even when they are timedependent; 
- the maximum concentration is controlled, which is preferred for reasons of safety. 

(YI) = (Ac1o. k l l , . . . ,  Ac1.1-1, kl , i+l , --- ,  ACW) 

4.52. Repeating the Measurements 

4il . . . 
... 

qi,i-1 
qi,i+l . . . 
. . . 

If (and only if) the air flow conditions (air flow rates, air densities and temperatures) remain constant 
during the whole measurement, it is theoretically possible to obtain enough equations with very few 
tracers (even with only one) by repeating the measurement with different tracer injection flow rates or 
different tracer concentrations. 

\ qiN ) 
Hence it is obvious that when the tracer concentration is the same in all the zones, all the elements, 
Ackj, are zero, except Aclo which is the coefficient of the air flows qio coming from outdoors. 
Therefore we have simply: 

Several experiments are given in the literature using one tracer in two or more zones. Most of them are 
decay measurements [Perrcra and Walker, 19851, [Rwat and Eid, 19881. [ R i m ,  19891, [Sandberg 
and Sryrrmc, 19891, and some are constant injection [Hedin, 19891 and [Mattson, 19901 or pulse 
injection [Okuyama, 19901, [O'Nclll and Crayford,l990]. 

Here again, the zone-b -zone interpretation method may be used without any problem, by introducing 
into each equation o !' the system the results of each measurement. For this purpose, the data 
corresponding to different tracers are replaced by those of the different measurements. 

However this method is restricted to a small number of zones. since the condition number of the 
resulting systems of equations becomes unpractically large as the number of equations grows. 
Therefore, identification techniques developed on purpose and adapted to the injection strategy may 
give better results [Invin and Ehuards, 1987 and 19891. [ O k u y m ,  19901, [O'Neill and Crayford, 
1989 and 19901. [ O k u y m ,  19901 

If the number of measurements (that is the number of measured concentrations) is larger than the 
number of zones, least uart fit identification techniques can be used (see Appendix 3). To improve 
the condition number o "9 the system of equations, the injection flow rate should be varied in the 
different zones. Several such techniques are proposed in the literature [e.g. Okuyarna, 19901. 
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It is common to have a large number of rooms In a building, but they are almost never all connected to 
each other. Hence, flows which differ h m  zero arc often much less than N(N+l). Using the zone by 
zone interpretation method, it may be possible to distribute the small number of available tracers in the 
zones in such a way that all directly connected zones have different tracers. merefore, it is sufficient 
to have as many tracers as flows enterlng a zone, to measure all the possible flows. 

For some zones, it may happen that there are fewer entering flows than tracers. In this case, the system 
(4.42) Is over determined but flow rates can still be evaluated, e.g. using a least square fit or a 
Bayeslan technique (see Appendix 3). 
When there are fewer tracers (or fewer measurements) than entering flows into a zone, the system 
(4.42) is underdetermined, and the air flows cannot be calculated. However, it is always possible to 
calculate the "gross air flow rates" &) and the coefficients Thls information may be very useful. 
since the gross air flow rates, h), are l k a r  combinations 

For example, gross air flow rates can be used for the evaluation of a multizone infiltration simulation 
code, which can compute the linear combination from the calculated air flow rates and compan thcm 
with the measund h). 
As an example, let us take a building which has 4 distinct zones. Only three tracers are injected, as 
shown in Figurc 4.1. 

With these three tracers. all the air flows rates entering zones 2 and 4 can be obtained. In zones 1 and 
3, we can only get 3 linear combinations of the 4 entering air flow rates. Since the inter-zone air flow 
rates arc not all determined, the air mass conservation equation cannot be used to obtain the air flow 
rates going outdoors. 

Figure 4.1: How three tracers can be Injected in a h o n e  building to determine most of the possible 
airjlow rates. 

To summarize, there are not more than 20 air flow rates in a 4 zone building. Since, in this case, the 
flows Q% and Q4 cannot exist, 18 possible flows remain. From the measunments undertaken with 
three tracers, 6 ag  flow rates are determined scpatatcly, 8 are gmu into 6 independent linear 
combinations. The last 4 outgoing flows cannot be determined without R" rther measurements. 

This example shows clearly the interest of the zoneby-zone interpretation method, which allows one 
to obtain adal results when there are not enough tracers. The global interpretation method can be S applied o y for experiments where there are as many measurements as zones. 

Finally, alternative measurements (e.g. diffemtial prcssure measurements or d r  speed profiles) may 
show that some flow rates in the linear combinations are zero. In this case they can be eliminated in 
these linear combinations and the remaining flows may be obtained. 

4.6. Sources of Error, and Error Analysis 
The basic measured data in tracer gas measurtments are concentrations versus time, m m  volumes 
and, for pulse,constant concentration or constant emission methods, injected tracer amounts or flow 
rates. These data are contaminated with measurement or instrumental errors. 

In particular, the perfect mixing assumption is often difficult to achieve, especially in large enclosuns. 
Large and uncontrolled emrs may arise if the measured tracer gas concentration is not representative 
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of the measured zone. 
Time can be measured very accurately and therefore, timing errors can usually be neglected. This is 
especially the case when an automatic data logger is used. 

Other measurement errors propagate through the systems of equations, and generally result in larger 
relative emrs  in the final W t s .  

To be acceptable, the results must be given together with their confidence intends. It is recommended 
to perform the error analysis before the measurements, since this analysis provides informations 
which are essential for the planning of the measurements. 

As an example, the Figure 4.2 illustrates the equation 4.16, which g ive  the relative error on the air 
change rate or on the nominal time constant. It is clearly seem there that the error may grow in an 
unacceptable way if the measurement time period is improperly chosen. 

Relative error 

Measurement time/time constant 

Figure 42: 7bo-point decay technique: ratio of the rehtive errors on the nominal time co)~~tant  (or 
on the air change rate) and the tracer concentration, as a function of the ratio of the measurement 
time to the nominal time constant. 

This error analysis is also useful to choose a technique adapted to the measured object, to the objective 
of the measurement and to the available material. 

Appendix 2 gives more indications on the general methods used to compute the probable errors. For 
specific techniques. the reader may consult the literature on the topic, in particular 
- A comparison of the air flow rates in a laboratory test house measured by decay and constant 

concentration tracer gas techniques is presented by [Sandberg and Bbmqvist, 19851. Based on a 
total of 21 tests, the accuracy of the constant concentration technique in predicting the total air flow 
rate is about 6 96, while the decay technique showed a larger inaccuracy. 

- A interpretation methods including error analysis is pmented by [Walker, 198.51 for single- and 
multi-tracer, multizone decay measurements, together with an application to a test house not 
inhabited but located in the field. A similar error analysis for other measurement techniques is 
presented in [Roulet and Compagnon, 19891. 

- An analysis of emrs associated with passive ventilation measurement techniques [Sherman, M. 
19871 addresses the bias that passive sampling introduces in the average air flow rate. It introduces 
the concept of multizone ventilation effic~ency and concludes that this technique underpredicts the 
average d r  flow rates, but is appropriate for indoor air quality studies. To improve mixing, which is 
a critical issue, multiple injectors are recommended. 

- A detailed calculation of the uncertainty of air flow calculations using muldzone, single- and multi- 
tracer gas measurements is presented in [Sherman, 19881. In this publicadon, the global system of 
equations is assumed to be used and examples of the errors obtained using different techniques 
(multi-tracer with constant injection and as well continuous sampling as integral, passive sampling; 
and single-tracer, constant concentration) are presented. 

- Errors in multizone measurements are addressed in particular by [Riffat, 1989121. [End ,  Shaw, and 
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Reardon, 19901, and [Olacyama, 1990). The conditioning of the problem is here of great 
importance. It can be improved by a proper choice of the injection strategy and an optimal timing 
of the air sampling. On one hand, these strategies can be simulated and the emrs predicted before 
the measurements, thus allowing the best choice. On the other hand, the best timing for sampling 
depends on the air flow rates themselves, and therefore, the concentrations should be measured at 
periodic time intervals. During the interpretation procedure. and after a first estimate of the air flow 
rates, the best sampling times can be determined and used to obtain the best estimates of the flow 
rates. 
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5. Components of a Tracer Measurement System 

5.1. List of the Components 
Any tracer measurement system has the following components (fig. 5.1): 

- an injection system allowing the injection of controlled quantities of tracer gas(es) at suitable 
locations in the measured zones of the building, 

- a sampling system, taklng samples of air in the zones to bring them to the analyzer, 
- an analyzer. measuring the concentration of tracer(s) in the sampled air, and 
- a control system, controlling all the measurement functions. 

The choice of tracer gases depends not only on the components of the system but also on the purpose 
and the conditions of the measurements (e.g. small or large volumes, inhabited or not, etc.). 

In this chapter, these components are discussed in detail, together with their functions. For each 
component, there are often several choices, each of which m discussed in the following sections. 

Gases 

Figure 5.1: Schematics of a multi-tracer measurement system. 

5.2. Injection 

5.2.1. Purpose of the INection 

The injection system should inject controlled quantities of tracer gas at suitable locations in the 
building to be measured. Depending on the measurement method used, this quantity of tracer can be 
injected: 
- in one pulse. in order to get an initial concentration (e.g., for measurements using the decay or the 

integral method) 
- at a constant rate (used mostly in passive injectors together with passive samplers) 

- at a controlled rate varying with the time, in order to obtain a constant concentration of the tracer 
in the controlled zone. 
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The injector may control either the volume flow s or the mass flow S , but it is the latter which should 
be known. The relation between these flows is: 

where p is the density of the tracer gas ~ g h n ~ ]  at m m  temperature. Using the law of perfect gas, Ulls 
density is: 

where: 
p is the pressure p a l  
M the molecular weight [kghnole] 
R the molar gas constant: R = 8.31396 [J/(mole.K)] 
T the absolute temperature [K] 

Note that the tracer should always be injected into rooms which have a higher air temperature than the 
dew point of the diluted tracer. In this case the law of perfect gas is valid. 

5.2.2. Types of Iq/ectors 
Depending on the type of mcer flow and on the measurement system, several injection systems can be 
used. These systems are described below. 

Supersonic nozzle 
If the tracer is delivered through a small orifice at a known flow rate, then, subject to proper 
calibration, the delivery or injection dme is taken as a measure of the injected quantity. If the velocity 
of the tracer through the nozzle is lower than the speed of the sound, the flow rate depends on the 

P ressure drop through the orifice. This is a problem if the tracer (or a mixture of tracer and air) is not 
njected directly into the measured zone. but instead. is injected by a pipe. In this instance, the pressure 

drop through the pipe may affect the flow, thus making the calibration procedure more complicated. 

If the velocity of tracer through the smallest secdon of the nozzle is grcater than the speed of the 
sound, the volume flow ratc no longer depends on the prcssure drop, but is nearly proportional to the 
upstream pnssun. The pressure drop through the injection network now has no influence on the flow 
rate. To obtain such supersonic flow, the orifice should be small and the pressurc drop should be large. 
For usual gases, this means that the critical ratio of the upstream pressure to the downstream pressure 
is approximately 2. 

Mass flow controllers 
In recent years, mass flow controller devices have become more common place. These devices 
comprise a mass flow meter, which measures the mass flow with a hot wire (or hot film) anemometer 
and a feedback loop which controls a needle valve. The mass flow is controlled to within 1% accuracy 
(full scale) in a 50:l operating range. Calibration should be performed for each gas, since the response 
of the hot wirc depends on the tracer used. Response time is typically less than 10 seconds. 

Volumetric injection 

The simplest way to inject a given volume of tracer is to use a calibrated syringe, pumping the tracer at 
a known pressure into a known volume. Thk is widely used in manual injection and sampling, and 
could be automatically achieved using volumetric pumps. 

Passive tracer sources 
Perfluomarbon tracers (often called PFT) can be anal yzed in minute quantities. An easy way to inject 
such very small quantities, is to let the tracer permeate through a suitable solid, for example a silicon 
rubber, or to diffuse through a capillary tube. Such sources are illustrated in Figure 5.2. The capsule 
contains a relatively large quantity of tracer in liquid form (e.g. 0,4 ml). In the gap between the liquid 
and the plug, the tracer is gaseous, at a pressure which is equal to the saturation vapor pressure at 
ambient temperature. 

The tracer vapor dlffuses through the rubber plug or the capillary tube at a diffusion rate which is 
dependent on the temperature of the source. Experimentally it was shown [Dietz, Goodrich, Cote, 
Wieser, 1984; Dietz, D'Ottavio, G&ich, 19851 that the long term change of strength of PFT sources 
within a temperature range from 20 to 40 'C can be described by the following empirical formula: 
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Liquid Pm 

Figure 5.2: Cross secdon of &ion sources. L&, capsule with a silicon rubber plug [Diea, 
Goodrich, Cote, Wieser, 1984; Dietz, D'Ottavio, Goodrich, 19851. Right, glass capsule with a 
capillary tube [Stymne, NSIB Gdvle, personal comm.] 

For rubber sealed capsule, according to [Diea, Goodrich, Cote, Wieser, 1984/, the activation energy 
AH for long term (10 days) variations is 35 f 5 Idlmole for PDCH, 33 f 5 m o l e  for PMCH and 30 f 
5 m o l e  for PDCB~. On average, the long term activation energy is 33 f 5 kJ/molc for common 
PFl's. For short term variations, the activation energy Is about 25 f S Wmole for PDCH and 15 f 2 
Id/mole for PDCB. This difference between short and long time activation energy occurs because 
temperature changes and the corresponding tracer pressure in the cap and diffusion coefficient change 
quickly, but a riod of time is needed to change the PFT concentration in the rubber plug (see nge appendix 1). S phenomena does not occur in capillary sources. 

The result is that, at ambient temperature (that is T = 293 K), the change in strength is about 5% per 
degree for long term temperature changes. Hence it is recommended to operate these diffusion sources 
at constant temperature. 

Dependin on the tracer used and on the dimensions of the diffusive plug (or the length and diameter &I of the cap ary tube), flow rates from 0,3 to 10 pVh are obtained and, since the stored tracer inside the 
cell is liquid, the cells may have a lifetime of several yean. 

Each source should be engraved with an identification code. identifying the PFT type and the source 
itself. The sources are usually deployed one per every 50 m3 of living area. Typically, in a single 
dwelling, two sources are placed in the living loom - dining loom - kitchen area and one in each of the 
bedrooms. The same type of source should be used if the floor is to be treated as a single zone. 
Alternatively, the dwelling can be divided into two zones, the family zone (living room - dining room 
- kitchen) and the bedroom zone (the bedrooms, bathroom and hall), each tagged with the appropriate 
number of PFT sources but of different types. 

The sources axe used as received; they are always emitting tracer, there is nothing to open or uncover, 
and they may be placed in any orientation. Oenerally, a PFT source is placed within 0.5 to 1.5 meters 
of the floor and no closer than 1 m to an outside wall. For example, it can be taped to the leg of a table 
or even on a lower portion of a hanging chandelier. Since the source is sensitive to temperature, it 
should not be placed within a meter of a heating or cooling source, in direct sunlight or other drafty 
location such as a window, nor at a location where air would carry the PIT vapors outside or to 
another zone before they had mixed uniformly w i t h  the zone where they were placed. Since heated 
air rises and cooled air sinks, the PFT source should be at a vertical location not too far above or 
below the tem rature rneasurement/control elevation. and should not be placed above a warn air P" source (e.g., a amp or the top of a refrigerator) not below a cooled air source (e.g., an air condltloner 
vent or a window sill). The'avenge temperature of the source must be recorded. Note: the ddly 
average room temperature is usually adequate for this purpose, even in the case of one or more ddly 
temperature set-back cycles. 

5.23. Calibration of the Tracer Gas inlector 

Except for the decay method, the tracer gas injection flow rate must be known to a high degree of 

t PDCH, PMCH and PDCB are typical PFT tracers which are described in Section 5.6. 

m33 
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accuracy. Therefore, the injectors should be calibrated to ensure that the desired quantity of tracer is 
delivered. TNs calibration is performed by measuring the flow from the injector using another flow 
measurement method. The injector should be calibrated with the tracer used. 

Various flow meters may be used for calibrating the injectors. Most of them are presented in Part II, 
Section 3.2. The choice of the most appropriate flow meter depends on the tracer flow rate, the 
required accuracy, the possible interactions of the tracer with the calibration meter, the cost and the 
availability of the flow meter. 

For small flow rates, the most used methods are: 
weighing the tracer container when injecting (II, 8 3.2.2) 
using a gasometer or a rotating cylinder gas flow meter (11.8 3.2.3) 
using a soap bubble flow meter (II, 8 3.2.4) 
using a rotameter (II. # 3.2.4) 

The best method to calibrate passive effusion cells, is to weigh them accurately, to maintain them at a 
constant temperature for a period and to weigh them again. This gives a d i m t  measure of the mass 
flow rate. The time between the weighing must be lar e enough to ensure accuracy. If the balance has 

and 300 hours, depending on the measured source. 
k an accuracy o f f  1 pg, a loss of at least 100 pg shou d be measured. Such loss can take between 10 

If the injector is timecontrolled, that is if the injected quantity is controlled by opening a valve for a 
given period of time, the linearity must also be confirmed. Ideally 10 injections of 1 second should 
give the same amount of tracer as 1 injection of 10 seconds. If it is not the case, a callbradon curve 
giving the flow rate versus the injection time should be prepared. 

Special m should be taken if the tracer gas is soluble in the liquid contained in some flow meters 
(e.g. gasometers). For example, nitrous oxide is very soluble in most usual liquids such as water. 
alcohols, oils, alkanes, etc. When tracer gas is soluble, the solution must first be saturated with the 
tracer, and the calibration must be conducted at constant temperature. 

5.2.4. Mixing Tracer Cases in the Zone 
Perfect mixing of tracer gas in the air of the measured zone is always assumed when determining the 
air flow rates. It is therefore important to ensure that the injected zone well mixed with tracer. Several 
methods can be used for this purpose. 

Mixing fans 

The most widely used method to ensure perfect mixing is to inject the tracer upwind of a mixing fan, 
which can be a small 30 W cooling fan used in the electronic industry. Alternatives include portable 
oscillating fans or "room extract" fans. This methods works perfectly but changes the thermal 
gradients in the measured zone, and may affect the air exchange rates. 

Fan mixing - - - -  Buoyancy mixing --- NO artif~dal mixing 

.l 1 10 100 loo0 
Time in minu ta 

Figure 53: Evolution of mixing in an room. Note the logarithmic time scale. [Compagnon, 
Filrbringer. Jakob, Roulet, 19911. 
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In some circumstances mixing fans may be avoided by placing the ends of the in ection pipes at the C locations where natural convection or mechanical ventilation provide signi icant alr currents. 
Moreover. avoiding S of tracer greatly assists the attainment of a uniform tracer gas concentration 
and therefore, a con S"" nuous injection flow rate is preferred. 

Figure 5.3 shows the concentration at the center of a 3.5 X 4 X 2.7 m controlled, Isothermal and airtight 
room versus time after an injection pulse in an upper corner and with various mixing systems. The 
mixing fan is a small fan as shown in Figure 5.4, located downstream the injection pipe. The buoyancy 
mixing was caused by a 100 W electric bulb located just under the injection pipe, at mid-height. Note 
that even without mixing, in an isothermal room. the concentration becomes stable and uniform after 
only 4 hours. 

Injection jets 

Good mixing with the air around the injection port is obtained if the speed of the tracer gas at the 
injection outlet is large enough to create a turbulent jet. For this purpose, the flow controlling valve 
and nozzle should be at the end of the injection tube, with the tube maintained under p~ssure.  It is 
noted, however, that these two conditions complicate the experimental arrangement since control leads 
must extend to the end of the Injection tube, and, because the whole network is under pmsure, the 
system will be more sensitive to leaks. 

Figure 5.4: Example of mixing fan. 

Manual inJection into large volumes 

In buildings with a large internal volume it may be necessary to discharge large amounts of tracer. If 
this is the case, then the following method may be used: the operator works out a zig-zag or circular 
path through the area which will give good coverage of the building. The time taken to walk don the 

"9 P: path L noted. The amount of gas uired to dose the area is evaluated (from knowledge o the 
building volume and the required iniu concentration). and the gas flow rate needed to discharge that 
volume of gas in the time taken to walk along the path is calculated. The cylinder is set to discharge 
the gas at the required rate and the operator walks along the path carrying the discharging cylinder. 
Some mixing of air and tracer will occur as a consequence of the movement of the operator through 
the building. 

Tracer density problem 

If the tracer has a density which is different to that of air, that is if its molecular weight differs much 
from 29 g/mole, the concentrated tracer rises of falls (depending on its density) directly as It leaves the 
tube. Injection jets help to avoid this from happening but d i f fu~e l~  makes the phenomenon worse, 
since they lower the discharge speed of the concentrated tracer. 

Since there is no nontoxic tracer gas having the density of air (appart ethane, which is explosive, the 
nearest are CO, HCN and NO!!), a sim le appmach is to dilute the tracer in compressed air and to use P this diluted mixture. A 1% concentrat on Is suggested. This achieves the correct molecular weight, 
increases the flow rate to aid mixing and makes the problem of flow control easier in relatively small 
rooms or for small concentrations. 
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Another possibility is to mix heavy tracers (such as SF6 or Freons) with helium and light tracers 
(mostly He) with a heavier gas like CO2 to adjust the average molecular weight to 29 g/mole. This 
mixture will follow the air movements immediately after injection. 

Preparing such mixtures poses several problems. Compressed gaseous mixtures may be preparcd in 
the bottle unless they are in liquid form when under pressure. These gases should be mixed with the 
carrier gas on injection by using mass flow controllers. Another possibility is to inject the desired 
quantity of tracer into an evacuated mixing box, and then to add the cader  gas prior to injecting the 
mixture into the room. 

In any case, the tracer concentralion should not exceed a value which significantly changes the density 
of air. A proposed limit is: 

Pair 29 cIim=3x1@ - = 3 ~ 1 0 4  - (5.5) 
Pvacer Mtracer 

The factor 3.104 cornsponds to a change in density for a temperatun variation of 0.1 K in pure air. 
Such changes are very unlikely to have a significant effect on the air flows in a space. With usual 
tracers, this limit concentration is much higher that the concentration used. 

Several experiments have shown that if the tracer is properly injected, the errors caused by the tracer 
density are negligible in reladon to other sources of e m r  [Sandberg and Blomqvlst, 19851. 

5.3. Sampling Methods 

5.3.1. Summary of Methods 

Samples of air containing tracer gases need to be taken for analysis. There are several sampling 
methods, each one being adapted to a particular purpose. 

Grab sampling using hand pumps and bags is very cheap, easy to install and needs few materials in the 
field. This method can be used for decay measurements in no more than a few zones, and for constant 
emission provided conditions remain constant. 

The passive sampling technique, which relies on adsorbing the tracers on a porous material, is used to 
sample the air continuously in such a way that the amount of tracer collected is proportional to the 
dose. An advantage of the passive (and also of active adsorbing) sampling is that, because of the 
storage in the adsorbing material, very tiny concentrations can be detected. The passive samplers and 
emitters are the only testing material and can be sent for analysis by mail. 

The above methods are most suitable for a small number of measurements. 

For continuous monitoring of variable air flow rates in several zones over a long period of time, 
sampling networks using tubes and pumps are recommended. Such a sampling network is made of 
pipes returning from each zone to the analyzer, and one or more pumps to draw the air-tracer mixture 
through these pipes. 

For such a purpose, the passive samplers can also be used in a ~rograrnmable sampling unit composed 

Of a pumf' and a multivalve connecting one sampler at a tune to the measured zone. Multizone 
sampling S performed by using several such units, one in each zone. 

5.3.2. Grab Sampling 

This technique re uires no expensive equipment to be used on the measurement site. The tracer gas is 
initially injected 7 nto the space and allowed to mix with the air. Because this whole process is 
designed to be as simple as possible, rudimentary injecdon techniques are usually employed: slowly 
releasing the tracer from a syringe, a plastic bag or a plastic bottle has shown itself to be adequate for 
the purpose. 

An initial period of time is allowed to enable the tracer gas to reach a relatively uniform concentration 
throughout the building. The air in the space is then sampled. Air sampling can be performed using 
syringes, flexible bottles, air bags, or detector tubes (see 8 5.4.6). The sample taken in this manner is 
intended to give an instantaneous picture of the tracer concentration at that time, hence the actual time 
taken to take the sample should be kept as short as possible. 

After fufier defined periods of time, more samples can be taken. A minimum of two samples are 
required to evaluate the average air change rate between the sampling times, but often more are taken 
to ensure accuracy. The time interval between samples or the absolute time that samples were taken 
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must also be recorded. 

Air samples are then returned to the laboratory for analysis. Concentrations are determined, the decay 
plotted and the air change rate evaluated. In the case of Ddger-type detector tubes, the gas 
concentration is determined directly by observation of the scale on the tube. 

An advantage of grab sampling techniques is that non-technical personnel can perform the site tasks 
thus allowing laboratory trained staff to concentrate on the gas analysis procedures. Because it is kept 
at a central location. the analysis e uipment is less likely to be damaged or to go out of calibration. As 
only simple site equipment is requ 9 red. many buildings can be evaluated, often simultaneously, with 
little increase in costs. The main problem with this technique is that the results cannot be evaluated 
until some time after the site data is taken. Grab sampling may also be susceptible to unintentional 
errors by the non-technical site operators, or to the loss of samples in transit. 

5.33. Passive Sampling 

These sampling devices are metallic or glass tubes a few mm in diameter, partly filled with a given 
quantity of adsorbing material, such as activated charcoal. For transport and storage. these tubes are 
sealed with tight caps (e.g. polyurethane rubber caps). Pro rly used passive samplers adsorb all the 
tracers which are in the air entering the sampler (fig. 5.5). g ey are used to obtain a quantity of tracer 
which is nearly proportional to the dose (that is the time integral of the concentration) received during 
the measurement time. 
Passive (or diffusive) sampling is Mtlated by opening one end of the tube for hours, days or weeks. 
Since the tracer reaching the adsorbent is a d s o M ,  there is a concentration gradient between the 
absorbent and the entrance of the tube. This leads to a diffusive flow of tracer, pmponional to the 
concentration gradient 

Mesh Mesh 

Adsorbing 
material Rubber cap 

Figure 5.5: A passive sampler [Dietx, Goodrich, Core, Wieser, 1984; Dietz, D'Ottavio, Goodrich, 
19851. 

Active sampling can be carried out with the same tubes by pumping the air through the tube. This 
technique is mainly used to achieve quick sampling. To ensure that all of the tracer contained in the air 
is trapped on the adsorbent. care must be taken not to sample too large a volume of air or not to pump 
the air through the adsorbent too fast, otherwise " b ~ a k  through" will occur. 

A commonly used adsorbent is the "Ambersorb 347" by Rohm & Haas, Philadelphia, PA. lDietz, 
D'Ortavio, Goodrich, 19851. "Poro ak Q" from Pye Unicam Is also used. The sampler shown in Figure 
5.5 has a sampling rate of about 612 liters of air per day. This rate can be changed by changing the 
diameter of the tube or by changing the distance between the entrance and the adsorbent. 

5.3.4. Networks, Pumps and Pipes 

A star-type pipe network may bc used in conjunction with valves and pumps to periodically collect 
samples of cur in the monitored zones and to direct them to the analyzer. one after the other. 

Any small, aidght air pump is suitable to pump the sampled air to the analyzer. Its model and size is 
chosen for a low working pressure, and with a flow large enough to flush the content of the pipe 
between two analyses. The workin p re s su~  is determined by the pressure drop through the sampling 
tubes and the analyzer, and is usu d! y less than 1000 Pa. 

The tubing must be airtight and should not significantly adsorb or absorb the tracer gases. For these 
reasons. polyvinyl chloride (PVC) pipes should be avoided, as well as Teflon if freons or PFTs are 
used. Suitable materials are nylon and polyethylene. Metallic pipes can also be used, but they are more 
difficult to install. Never use tubes which have contained ure tracers such as pipes which were 
used once for injection. Such pipes should be marked and use d exclusively for injection. 
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The inner diameter of these tubes may range from a few millimeters to 1 cm. Smaller pipes lead to 
larger pressure drops and need stronger pumps, w h e w  larger pipes need larger flows to flush the 

pe in a reasonable time. To avoid large pressure drops and noise, the average speed in 
not exceed 5 m/s. 

The choice of tube size is influenced by the overall length of tubing required, i.e. by the size of the 
building. Some indications m given below. 

The average air speed in a pipe of diameter D is given by: 

Starting from a given air flow rate, q, it follows that the diameter D of the pipe should be large enough 
to avoid high speeds, larger that 5 m/s: 

In this case, the Reynolds number is smaller than 2 500, the flow is laminar and the pressure drop 
through one meter of such pipe is given by: 

that is, for air with a viscosity p = 18fi104 P1 

As an example, for an air flow rate of 100 m, that is 28~10-6 m3/s, the minimum pipe inner diameter 
will be 2.6 mm to have an air speed of 5 m/s. In this case, the pressure drop will be 420 Pa/m. which 
may be too large in usual buildings. A pipe 4 mm inner diameter will have an air speed of 2.2 m/s and 
a pressure drop of 80 P a h ,  which allows for 12 m long pipes with a pump allowing 1000 Pa under- 
pressure at 100 l/h. 

535.  Iq/ectlon and Sampling Ports Locadon 
To ensure the best possible mixing of tracer with air in the measured zone, the tracer gases should be 
injected at the locations where natural convection or mechanical ventilation provides significant air 
cumnts. Examples are ventilation inlets and the bottom of heating devices. 

Sampling locations should be kept away from injection points, but at locations which art 
representative of the air in the zone or where mixing can be  aso on ably assumed to be good. 
Ventilation exhaust grilles axe generally good locations. 

If there is a convective loop in the measured m m ,  it is convenient to place injection and sampling 
points on this loop but at two opposite points. However, the points should not be placed near a door or 
a window which can be opened during the measunment. 

In a two-storey buildin with an open staircase, the upstairs tracer injection points should be placed 
close to the staircase, W h le the sampling points should be near the outside walls. 

To obtain a mon npresentative sample, or to inject at several locations in a zone, the sam ling or 
connected to a mixing box or manifold, from which several pipes, of e same 

go to various locations in the zone. 
t i  
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B ~ r a c e r  lnjectlon 0 T r a c e r  sampling 

Figure 5.6: Example of injection and sampling locations in aflat. [Charlesworth, 19881 

The choice of PFT source types with zone location is important in multizone structures. Because of the 
stack effect in all houses, a source placed on the second floor will have a very low concentration in the 
basement. To improve the precision of its measurement in the basement. the second floor tracer 
selected should be one with the highest emission rate and the highest detectability, i.e., the earliest 
eluting tracer on the gas chromatographer column. Thus the choice for the second floor tracer in a 3- 
zone study is either PDCB or PMCP (see Table 5.13). The same reasoning extended to the other floors 
dictates that PMCH be used on tht first floor and PDCH in the basement. The use of PDCB in one 
zone and PMCH in another zone in a h o n e  buildins should be avoided because those two tracers 
elute very close to each other and are therefore difficult to quantify without using special GC 
conditions. In stacked 4-zone structures, when both PDCB and PMCP must be used, the comct choice 
for the uppermost zone is PDCB, followed by PMCP in the next lower zone. PMCH in the next, and 
PDCH in the lowest zone. 

Under no circumstances should the passive tracer sources and passive samplers be stored at the same 
location. The sources and samplers should definitely not be shipped in the same container and, ideally, 
not even shipped on the same day. For example, if transported in the same car or truck, there is a 
possibility of contarnindon. During field deployment, the samplers can be placed in the engine 
compartment of a vehicle (effectively outside) while the sources are maintained within the vehicle 
passenger compartment or truck. To this end it is usual for one or two passive samplers to remain as 
controls, that is, to remain unopened, for each series of home infiltration measurements. 

One or two passive samplers are usually deployed in each zone of the home with the same location 
restrictions as the sources and at least 1 to 2 meters from any PFT source or source of air not 
representative of the m m  air (e.g., air from outside or another zone). Thus, the samplers are usually 
placed near another inside wall location (but at least 2 cm from any wall). and not in a flowing air 
stream without a shelter (such as an envelo or box). In the bedmm zone of a house, it is prudent to 
sample in the master bedroom plus one o g er bedmm; this provides a better average for that zone. 
The samplers are not tem rature sensitive, but extremes should be avoided. They can be placed on a P" table or taped to the leg o a chair or table in any orientation 
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53.6. INection and Sampllng Sequence 

Multizone tracer gas active measurement methods generally use only one analyzer and often single 
bottles of each gas. TNs q u i r e s  the zones to be scanned in sequence. There are several ways to plan 
these sequences. the two extremes being the following: 

One at a time Time shared 

7 Purge 
81 Purge 

Figure 5.7: l b o  strategies for injection and sampling. 

Sequentlal operation: The sample tube for a given zone is pre-purged with a fresh sample prior to 
analysis. In the constant concentration technique. the result of the analysis is used to calculate 
the appropriate amount of tracer to be injected. The injection pipe is subsequently purged and 
the cycle repeated on another zone. 

Slmultaneoue operatlon: This applies mainly to the constant concentration method. The air from 
zone i is pre-pumped, while the air from the preceding zone, i-l, is analyzed. At the same time, 
the amount of tracer to be injected to 7 ~ n e  i-2 (already analyzed) is calculated and delivered 
while the injection pipe of zone 1-3 (already injected) is purged. This strategy is much more 
complex to control but is much faster. 

Remember, however, that, in order to achieve good mixing, it is advantageous to inject the tracer 
continuousl whenever possible. A series of short pulses spread evenly over dme can simulate this L continuous jection. 

The air used to purge the pipes should ideally come from the measured zone and be returned to the 
same zone. However, if the flow rate in the sampling pipes is small. compared to the ventilation rate 
(which is the common case), it is reasonable to purge the injection tubes with outside air and to 
exhaust samples to the outside. 

To ensure that the analyzed air has a concentration averaged over the time between two 
measurements, it is possible to continuously pump the air from each zone into an inflatable bag which 
is then periodically emptied into the analyzer [Couston, 19891. 

5.4. Analyzers 

5.4.1. Objective of the Analysis 

Measurement of the concentration of tracer in the air in each zone is the basic parameter needed for 
the interpretation and/or control of the concentration itself. There are several analyzing principles used 
in multitracer equipment. For any analyzer, the salient features to consider are the following: 

Sensitivity: it is desirable to minimize the quantity of tracer gas used not only from the point of view 
of cost, but also toxicity, fire or other hazards which may be relevant. The more sensitive the 
analyzer, the lower is the required working concentration. 

Selectivity: the analyzer should not be sensitive to other gases usually present in indoor air, e.g. 
nitrogen, oxygen, water vapor, carbon dioxide. argon, etc. 

Speed: the time needed for the analysis must be considered, especially if several zones are to be 
sampled in sequence. This analysis time depends on the type of instrument and varies from 
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milliseconds for mass spectmmeters U to several minutes for gas chromatographers or 
multitracer inframd analyzers. Faster an ill' ysis will enable more frequent sampling of each zone 
and hence provide more detailed data. Frequent sampling (e.g. every 5 to 10 minutes) is 
essential for the constant concentration technique to malntdn accurate control of concentration. 

Accuracy: the accuracy of the concentration measurement directly Influences the accuracy of the 
results. 

There are several principles employed for analysis for tracer gas concentrations, which differ In the 
gases analyzed, the range of concentration detected. accuracy, speed, ease of use and cost. These 
principles are discussed and specific examples are given. 

Any polyatomic gas molecule exhibits vibration modes which are excited by infrared radiation. This 
absorption of radiation by tracer gas molecules is used as a measure of the number of, or concentration 
of tracer gas molecules In the path between an infrared source and detector. This technique is referred 
to as "infrared absorption spectroscopy". 
Infrared abso tion spectrometers may be either dispersive or non dispersive t S, and both are in YP" common use. %sperslve specnometers are tuned by the operator to a fine band o frequencies spcific 
to the gas of interest and the absorption is measured by any convenient infrared detector. 

In non-dispersive devices, on the other hand, all the infrared radiation contained in the absorpdon 
bands of the tracer is used (fig. 5.8). The infrand light beam Is sent through both a reference channel 
containing N2 or pure air and an analysis channel which contains a sample of room air. A chopper is 
then used to alternately pass the radiation from each channel to an analysis chamber containing a pure 
sample of the tracer gas. This gas heats and cools in response to the modulated beam. The heated gas 
expands through a measuring channel into an expansion chamber. The resulting alternating flow 
through the measuring channel is measured by a highly sensitive gas flow detector which transmits an 
electric signal. 
Analyzable tracers: N20, SF6, CF Br (Halon 1301). Other detectable gases, such as H20. CO2, Z benzene, alkanes, etc., are not suita le as tracers. 

Sensitivity: 200 parts per million at full scale deviation (ppm fsd) for N20, 20 ppm fsd for SF6 and 
CF3B r. 

Interfering ases: care must be taken to eliminate the effects of other gases absorbing at similar 
frequencies P cross sensitivity), particularly water vapor and CO2 present at high concentrations in the 
air. Filters are used to minimize the effect but humidity must be measured to make the final correction. 

Analysis time: 10 to 50 S 

Accuracy: f 1% of fsd if the zero drift is controlled 

Rotating chopper 

A 

~ ~ & '  Analysis chamber 

with pure Pacer in it 

Figure 5.8: Principle of a non-dispersive analyzer. lfrom Leybold Heraeus Company, 19861 
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5.43. P~toacoust ic  Detector 

This anal er is also an i n f r d  absorption S ctrometer, but uses a different detector. An Infrared 
radiation gun is fim chopped then optically f= ltered to leave only 4 u e n c i e s  which are absorbed by 
the tracer of interest. This beam then enters a gas-tight chamber containing the air sample. As above, 
the sample is heated and cooled in phase with the chopping frequency, creating sound waves in the 
chamber. These sound waves arr: detected by microphones. hence the "photoacousdc" effect. 

~nlra-red Sourcm Choppu Whwl 
Mlcrophono 2 

Flumh Vabr 

Flna Alr-llllar 

Flne Alr-flltw 

Sampling Bampllng 
Tub. Polnl 

Figure 59:  Principle of the photoacousdc analyzer [Brllcl& Kjacr Company, 19891 

Analyzable tracers: N20, SFs, Freons F1 1, F1 12, 113 and 114, Halons (one filter for each tracer). 
Other detectable gases are not suitable as tracers, such as H20, CO2, benzene, alkanes, etc. 

Sen ivlty: the detection limit depends on the tracer but is typical1 0.05 ppm, and the dynamic range 8. is 1 The lowest full scale range may then be 2 ppm but l 0  ppm ! sd is recommended with usual 
tracers. The sensitivity for N 0 ,  CO and CO2 drops strongly when these gases am diluted in dry 
nitmgen, as is often the case b r  calibration gases. Adding a special "Nafion" tube in the sampling 
circuit allows the moistening of the mixture in order to recover the normal high sensitivity. 

Interfering gases: Several ases (which are not necessarily pment in the air) may interfere with each 
tracer. Therefore, filters an f tracers should be chosen in accordance with manufacturers specifications. 

Analysis time: 30 S for one gas, 105 S for 5 gases and H20. 

Accuracy: f 1% of fsd. 

5.4.4. Mass Spectrometry 
The pressure of the room air sample is first lowered to about 1 0 - ~  Pa by pumping it through a capillary 
tube. The molecules of the sample are then ionized and passed into a mass spectrometer. The most 
suitable spectrometer is the quadruple mass spectrometer, which is currently used in vacuum 
processes to analyze the residual gases (RGA or residual gas analyzer). 

The gases entering into the analyzer are ionized and the positive ions a n  separated by directing them 
axially between two pairs of rods creating an electric field at variable radio frequency. The ions follow 
a helicoidal path. Only ions having a charge-to-mass ratio which corresponds to a given radio 
frequency reach an orifice at the end of that path and pass into an electron multiplier, whose signal is 
proportional to the number of incoming ions. 
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Figure 5.9: Principle of the mass spectrometer used for tracer gas analysis P o m  Sherrnan and 
Dickcrhoff, 19891. 

Such instruments deliver a signal for each molecule having a given charge/mass ratio. A given 
molecule may give several signals at different radio frequencies, since ionization may often break the 
molecule. For example, water vapor gives a peak not only at mass 18 (H20+). but also at mass 17 
(H&), 16 (W), 2 (H2+) and l(H+). The electric current is proportional to the concentration, but the 
sensitivity depends on the analyzed gas. 

Gas 

SF6 

Freon R22 

F m n  R12 
Freon R13B1 
F m n  R12B2+ 

n-Butane 

He 
Ne 

Ar 
A 

Analyzable tracers: any tracer which can be distin ished from the normal components of air. 
Confusion may occur if the molecule or a part of it as the same chargelmass ratio as components of 
air. Examples are shown In table 5.10. 

8" 
Sensitivity: 2 for tracers with low background concentration. 

Table 5.10: Most used tracers in mass spectrometer technique [Shennan and Dickerhoff, 19891. 
*: Mass-to-charge ratio of the most common isotopes, singly charged. 

Ions 

F$ 
C& 

CH@ 
CHCI2+ 

Cm3+ 
CF 

CF&+ 

C4H $ 
c34 

~ e +  
~ e +  

~ r +  

Interfering gases: any gas present in the sample may interfere with another, but it is nevertheless 
possible to analyze up to 7 tracers without there being too much interference from the gases in the air 
or between the tracers themselves. 

Analysls time: a few milliseconds 

 ass* 
127 
5 1 

5 1 
69 
85 

85 
69 
120 

5 8 
43 

4 
20 

40 

Accuracy: 1% 

Comments 

7.68 of mass 127 peak. Interferes with F m n  22 

Interferes with SF 
2.1% ofpeak51. Rterferes w i t h ~ 1 4  and R13B1 
1.5% of peak at mass 5 1. Interferes with R 12 

Not commonly available 

Flammable above 2% concentration 

5,24 ppm backgro d concentration 
Expensive, 1 8 10- Y f2 background concentration 

Background of l S. Not a tracer but a good reference. 
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5.4.5. Gas Chromatography 

A pulse of the sampled air is injected into a separating (chromatographic) column, a tube in which 
adsorbent material is packed. T h ~ s  column is heated and the pulse of sample is pushed with a flow of 
inert canier gas. The various components of the sample pass through the column at various speeds 
according to their affinity for the adsorbent material. At the end of the column, the components 
emerge in sequence and can be quantitatively detected with a suitable detector. Both flame ionization 
(FID) and electron capture detector (ECD) have been used. 

In the flame ionization detector, the ions p r o d u d  when organic compounds art burned into an air-H, 
flame are collected b a pair of larized electrodes and the current produced is amplified before 'r measurement (figure r.10). This etecor is rugged, reliable, easy o maintain and operate, and is by 
far the most used in gas chromatography. since it combines a good sensitivity to organic compounds, 
(limit of detection of about 10-9 g) with a good linearity (up to 10'). 

However, organic compounds are not very good tracer gases and the electron capture detector, which 
is much more sensitive to halogenated compounds is the most common in tracer gas analysis. In this 
detector, a radioactive nickel cathode emits electrons, which are received on an anode. Halogens 
ca ture these electrons, lowering the received cumnt and thereby indicating the tracer concentrations. 
E 8 D is ~ o ~ u l a r  since it can measure fluorinated tracers to exce~tlonally low concentradons, the~fore.  
very l ide gas is needed. 

Carrier gas 
L 

1 ' Pulse of mixed gases 

. .... r---- A Anode 
I 

l 

Electron 
capture 
detector 

gases 

Figure 5.11: Principle of the gm chromatography, shown with an electron capture detector. 

Analyzable tracers (with ECD: any halogenated compound like SF6. Freons, PFTs (perfluorocarbons 
or perfluorocycloalkanes) 

Sensitivity: from ppb ( 1 ~ ~ )  range for SF6 down to 10-l4 for the PFTs. 

Interfering gases: H20, O2 (oxygen traps and desiccators are used to suppress these effects). 

Analysis time: a few minutes but can be lowered down to 20 seconds by shortening and backflushing 
the column, if high selectivity is not needed. 

Accuracy: Depends on the quality of the calibration, but can be K?% of reading. 
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5.4.6. Chemical Indicator Tubes 

This is a single shot method to estimate the air change in a single zone by the decay or constant 
injection technique with CO2 as tracer. 
CO2 concentrations are obtained using the detector tubes. These are glass tubes packed with a 
selective solid absorbent which gives a color reaction with carbon dioxide. The tubes used are 
sensitive to carbon dioxide in the 0.01-0.3096 range. Tubes as supplied b the manufactunr are sealed r at both ends. To make a measurement the seals are broken, one end o the tube (the correct end is 
indicated on the tube), k inserted into a pair of specially designed hand bellows, the other end being 
left open to sample the air tracer mixture. Figure 5.12 shows a tube and bellows being used to make a 
measurement. 

Figure 5.12: Chemical tube and sample pump (Drdger) 

By making the prescribed number of strokes of the hand held bellows, the correct amount of air is 
drawn through the tube. This enables the carbon dioxide evaluation to be made. The glass tube has 
graduation marks on it, and the length of the discoloration caused by the reaction indicates the 
concentration of carbon dioxide in the room air. Detector tubes can only be used once and must be 
discarded after each sample taken. 

This single shot method is not ve accurate but it is cheap and easy to operate. Therefore, it is suitable 
for a rough, first estimate of the a 7 r change rate. The Interpretation of the result is performed using the 
integral decay method (see 4.2.3). 

Analyzable tracers: CO2, H20 (and many toxic gases which are not useable as tracers.) 
Sensitivity: 0.01 to 0.3 % range for CO2 
Analysis time: a minute 
Accuracy: f 5 or 10% of !U scale 

5.4.7. Calibration of the Analyzers 

Any analyzer should be perlodicaUy calibrated by analyzing standard samples, which are mixtures of 
the tracers in air or other (inert) gas. The calibration mixtures containing N20 and CO2 must be 
moistened when a photoacousdc detector is used. 

To transfer the calibration mixture from the containers to the analyzer, never use relief valves or pipes 
which were previously used with pure or high concentration mcers. 

During the measurements, it is recommended to periodically sample and analyze the outside air as a 
convenient zero reference, even if no tracer is expected in the outdoor air. 
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5.5. Control systems 

5.5.1. Features of the C o w l  System 
Any measurement must be carefully controlled to get the appropriate results. In tracer gas 
measurement methods, the amount of injected tracer, its mixing in the air of the measud zone, the 
analysis of the tracer gas concentration and the timing are the fundamental control parametes. 

Measurement using the simplest methods arc directly operatorcontrolled, but the control a multitracer 
or a constant concentration Instrument by hand is a tedious task, which becomes impossible for long 
term monitoring. Therefore, it is useful to employ an automated control system to perform these tasks 
as follows: 
- control the injection and sampling sequence, 
- calculate, if necessary, the c o m t  amount of tracer to be injected in each zone, 
- monitor the analyzer(s), 
- record the results of the measurements. which may include the amount for the tracer injected in 

each zone, the tracer concentrations of each tracer in each zone and the temperatures in each zone, 
- optionally, the control system may be used to interpret the measurements on line and give the 

results immediately. 

5.5.2. Algodthms to Control Constant Concentration System 

A constant concentration tracer gas (CnG)  measuring system needs a control algorithm to calculate, 
at each sampling time, the required tracer gas injection rate to keep the gas concentration at a target 
level. 

In an inhabited multizone building, the control algorithm has to respond quickly to large variations of 
interzonal airflows &/or outside air infiltration. A few authors [Bohac, Harrje, 1985; Bohac, 1986; 
Sandberg, Blomqvist , 19851 have described in detail the implemented algorithm of their CCTG 
systems. Most systems use common control methods such as a pro rtional (P), a proportional- P integral (PI) or a proponional-integral-differendal (PID) control algo thm. A very efficient control 
algorithm [Compagnon, Kohlcr, Roeckcr, Roulet, 19881 is presented in appendix 6. 

5.6. Tracer gases 

5.6.1. Ideal Properties 
The tracers used for multizone air flow measmments should ideally have the following properties: 

neither flammable nor explosive, for safety reasons, 
non toxic, for health reasons and measurements in inhabited buildings, 
density close to the air density (i.e. a molecular weight close to 29) or diluted in air to ensure easy 
mixing, 
the tracer should not be absorbed by furnishings, or decompose, or react with air or building 
components, 
easily detectable, preferably at low concentrations, 
low background concentration in the outside air. 
natural sources within the test space should have a flow much lower than the flow of the source 
used for measurement,and 
the tracer should be cheap in the quantity required for measurement. 

Item 3 is important mainly if the concentration is relatively high (e.g. 10 ppm or higher). For this 
reasons and to achieve also items 1.2 and 8, the items 5 through 7 are essential. 

5.63. Effective Properties 

Table 5.13 shows properties of tracers which have been used and appropriate detection methods. Note 
that the mass spectrometer (MS) can potentially analyze any tracer. Table 5.14 shows their 
background concentrations. 

It can be seen from table 5.15. that no tracer satisfies al l  the requirements. Moreover, because of 
possible interferences in the analyzer of multitracer instruments, the use of one tracer may forbid the 
choice of several interesting other tracers. 
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Tracer name Chemical Molecular Density MAC* d Anal yzer 
formula weight lair @NTP [ppm] [-] (besides MS) 

Helium 
Neon 

Carbon dioxide 44 1.53 5000 3x 1 o - ~  IR 
Nitrous oxide 44 1 S 3  25 50x1 o - ~  IR 

Sulfur hexafluoride SF6 146 5.10 1000 0 . 1 ~ 1 0 ' ~ ~  ECD (IR) 

Freon R1 1 137.4 4.74 1OOO 1 x 1 0 - ~ ~  ECD(IR) 
F m n  R12 120.9 4.17 1000 50x10'~ ECD(IR) 
F m n  R13 104.5 3.60 1000 5oxi0-~ ECD 
Freon R22 86.48 2.99 1000 20x10-~ ECD (R) 

F m n  R111 CCI -CCI F 220.3 7.60 loo0 
Freon R1 12 CCL&-CC? F 203.9 7.03 l000 

ECD OR) 
50x10-~ ECD (IR) 

Freon R1 13 CCl F-&& 187.4 5.90 loo0 50x10'~ ECD (IR) 
F m n  R1 14 C& C m 2  170.9 5.90 1000 50x l0-~  ECD (1~) 
F m n  R1 15 CC&,CF~ 154.4 5.3 1 loo0 ECD (IR) 

Halon BCF CFzBrCl 165.4 5.53 ? 0.5x10-~ ECD (R) 
or Halon 121 1 
Halon R13B1 CF3Br 148.9 4.99 ? 10x10-l2 ECD(IR) 
or Halon 1 301 

Perfreons Liquid @ N T P  
PB C6F6 186 (6.4) €CD 
or Perfreobenzene 
PMB =F3C6;5 236 (8.1) ECD 
or Perfluoromethylbenzene 
PMCH CF3C6Fl 1 350 (12.1) 10-l4 ECD 
or Perfluoro-methyl-cyclohexane 
PDCH CF3CF3c6F10 (13.8) 1 0 - l ~  ECD 
or Perfluorodimethyl-cyclohexane 
PMCP CF3C5F9 300 (10.3) 10-l4 ECD 
or Perfluoro-methyl-cyclopentane 
PDCB CF3m3c4F6 300 (10.3) 1 0 - l ~  ECD 
or Perfluoro-dimethyl-cyclobutane 

*: MAC = Maximum Acceptable Concentration for health safety 
#: MDC = Minimum Detectable Concentration using the best available analyzer in 1989. The 
useful concentration should be at least 100 times higher. 
IR: Infrared absorption spectrography or photoacoustlc detector 
ECD: Gas chromatography and electron capture detector. 

Table 5.13: Properties of the most frequent gases used as tracers. 

A comparative experiment of the mixing of three different tracers (SF6, N 0 and He) was performed 
to study the effect of the density [Nierneld, L.&vre. Mullcr. Aubertin, 199i1. This study showed that 
differences may occur when the tracer are not well mixed with air at the injection location or before. 
The authors propose various efficient mixing injectors for that purpose. 

However, the differences observed were only slightly greater than other experimental emrs, and 
density effect is not a major cause of e m r  for tracer gas measurements. 

It is finally remembered that non toxic tracer gases of various densities may be useful to simulate the 
behavior of contaminants of similar densities. 
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1 G.8 Fonnula Rural concentration l 
Nitrogen 
Oxygen 
Water vapor 
Argon 

Carbon dioxide 
Helium 
Methane 

Nitrous oxide 
Ozone 
Nitrogen oxides 

Methyl chloride 
Freon R12 
Freon R 1 1 
Carbon tetrachloride 
Chloroform 
Neon 

630 10-l2 
305 10-l2 

Cc13F 186 10-l2 
Ccl ' 135 10-l2 
CH& 20 10-12 
Ne 18 10-l2 

Sulfur hexafluoride SF6 850 1@l5 
Halon 1 30 1 CF3Br 750 10-l5 
PDCH or Perfluoro-dimethyl-cyclohexane CF3CF C6F10 22 10-l5 
PMCH or Perfluom-methyl-cyclohexane CFscJl l 4.5 10-15 
PMCP or Perfluoro-methyl-cyclopentane 10-l5 

Table 5.14: Background concentration of some gases (from [Dietz, D'Ottavio, Goodrich, 19851). 

Name Compliance with the quality 
2 3 4 5 6 7 8 

Hellurn ++ ++ -- t t  + - + + 
Neon tt ++ ++ ++ ++ + ++ - - 

Carbon dioxide ++ - + - ++ -- -.. +++ 
Nitrous oxide lb - + + + + ++ 

Sulfur # + + ++ ++ ++ + 
hexafluoride 

Freon R1 1, R12, R13 # + + + + + + 
F m n R l l l  toR115 U + -- + + + + + 

Halon BCF # + -- ++ + ++ + - 
Halon R13B1 # + -- ++ + ++ + + 

Perfreons (PFT) ++ ++ -- ++ + ++ ++ +++ 
++ Very good for that roperty g + - not so good -- very bad * Is not combustible ut a good oxidant at high concentration and temperature. 
# Is not combustible but decomposes in a flame, pmducing toxic chemicals 

Table 5.15: Qualities of some tracers 
l Nonflammable nor explosive 2 Non toxic. 
3 Density close to the air densily. 4 Neither absorbs nor reacts. 
5 Easy to analyze. 6 Low background concentration. 
7 No sources in the measured enclosure. 8 Cheap to use. 
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6.  Examples of Systems 

6.1. Introduction 
This Chapter describes several mcasunment techniques in detail and gives examples of instnunents 
and apparatuses. For each technique, the descrlptlon Is generally divided into the following sections: - Introduction, which contains a brief pnsentation of the system. - princl le of operation, - mate d' a1 and software, providing full details of the necessary equipment and softwm needed, and 
- procedure of operation. 

Most of the instruments were described by the researchers which have developed them or use them 
currently. Their names and aff~liations are listed below together with the presented techniques, 
distributed in four groups: 
Single Tracer, Variable Concentration instruments. 

Tracer Oas Decay, Site Analysis 
Tracer Gas Decay Rate - Orab Sampling in Bags or Bottles. 
Tracer Gas Decay Rate - Grab Sampling in Detector Tubes. 
Mats Sandberg, NSIB, Box 785, S-801 29 Gdvle, Sweden. 
Integral Pulse Injection Tracer Technique 
J. Axley, A. Persily, N I  S T ,  Gaithersburg MD (USA) 

Single Tracer, CCTG Instruments 
The Princeton CEES Constant Concentration Tracer Gas 
David Harrje, Center for Energy and Environmental Studies, Princeton University (USA) 
EMMARA: The Automatic CCTO Instrument of the LNE 
P. Launey, Laboratoire National d0Essais, 5, AV. E. Fermi, F-78190 Trappes, France. 
NIST Automated Air Infiltration and Ventilation Measurement System 
R. Grot, National lmtitute of Standards and Technology, Gaithersburg MD, (USA) 

Multi Tracer, Pulse or Decay Instruments. 
BRE Multi-tracer Multizone Air Exchange Rate Measurement Systems 
Richard Walker, Building Research Establishment, Garston Waford WD2 7JR, UK 
Parallel Column System (PCS) for the Measurement of Air Flows Between up to Three Zones 
Parallel Detector System (PDS) for Measurement of Air Flows Between Four or More Zones 
Roger EdwardF University of Manchester Institute of Science and Technology, 
Manchester M60 lQD, UK, and Chris Invin (Willan Building Services) 
Multi-tracer Instrument from BrUel & Kjaer 
Bjorn Kvisgaard, Bride1 & Kjaer, Naerum, DK. 
A Multi-tracer system with variable internal sampling. 
S.B. Riffat, Department of Civil Engineering, Loughborough University of Technology, 
Loughborough, Leicestershire, LE1 l 3TU, (UK) 

Multi Tracer, CCTG or CITG Instruments. 
MTMS: The LBL Multigas Tracer Measurement System 
M a r  Sherrnan, Energy PeMorrnance of Buildings Group, L. B. L., Berkeley, Cal (USA) 
CESAR: Compact Equipment for Survey of Air Renewal 
R. Compagnon, C. Roecker and C.-A. Roulet, Laboratoire d'Energie Solaire et de Physique du 
Bdtiment, Ecole Potytechnique FCdtfrale, LESO-EPFL, CH-1015 Lausanne 
MATE: Multipurpose Automated Tracer Gas Equipment 
Peter Wouters, L.uk Vandaele, R. Bosslcard, Belgian Building Research Intimte 
(WTCBICSTC), Aarlenstraat 53/10, B-1 040 Brussels 
Perfluorocarbon tracer (PFT) Measurement Technique 
David Harrje, Center for Ener and Environmental Studies, Princeton University (USA) 
Russell Dietz, Brookhaven Nut ? onal Laboratory (USA) 
The SIB passive tracer gas method 
Ham Stymne, SIB, P.O. Box 785 S-80129, Gdvle Sweden 
The Automated Apparatus of the Politecnico di Torino 
R. Borchiellini and M. Call, Dipartirnento di Energetica, Politecnico dl Torino, Italy 
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6.2. Single Tracer, Variable Concentration instruments. 

6.2.1. Tracer Gas Decay, S€& Analysis 
Introduction 

This technique was one of the flrst to be used to estimate the air chan e rate in a zone of a building 
[Laglcs, 19801. A single quantity of tracer gas is released and mixed wi t! the air within a building. The 
change in tracer concentration with time is monitored. The tracer is removed from the building by the 
ventilation air and, ideally, the concentration will show a negative exponential decay. By examining 
this decay the air change m e  of the building can be evaluated. Chapter 4 of Part 111 presents a full 
treatment of the mathematics required to perform this evaluation. 

This method is suited to situations where a rapid measurement of the air change rate is needed. 
Although automated decay systems have been produced (see, for example, [Hartmann and 
Muhlebach, 19801) this reduces the simplicity of use which makes this techni ue attractive to non- 9 specialist consultants and engineers. The setting up procedure L relatively simp e and a minimum of 
equipment is qu i red .  However the limitations concomitant with the simplicity of this technique must 
be noted. By only measurin the tracer concentration at a single point, it is assumed that the evaluated 
air change rate at this point f S representative of the space as a whole. This ma only be true in the case 
of small spaces, and where the air and tracer are well mixed (see Section l 2 . 4  for a discussion on 
mixing). Therefore inferences about the ventilation behavior of the building as a whole, especially 
large multizone buildings, must be treated with caution. 

Equipment and Instrumentation 

This basic technique relies upon only a single tracer gas and a suitable analyzer. Several combinations 
of tracer and analyzer can be used. One combination will be described here. but the use of other tracers 
and analyzers should not be precluded. 

A much used and well documented combination for this type of measurement is sul hur hexafluoride 
tracer gas used with a gas chromatographer electron capture detector. An account o P the properties of 
tracer gases is given in Section 5.6, and a description of this gas analysis method is provided in 
Section 5.4. 

Procedure 

The building should first be prepared so as to correspond to the desired measurement situation. A 
small amount of sulphur hexafluoride is released into the test space. The volume of tracer r t q u i ~ d  will 
depend upon the detection range of the gas analyzer and on the volume of the buildh . A suitable 
initial concentration for an e l e m n  capture detector is 5-15 ppb, this is 5-15 m1 of pure F6 per 1000 
m3 of building volume. The tracer is then mixed to the ambient air (see Section 5.2). 

8 
The aim of the sampling process is to obtain values of the tracer gas concentration at several known 
time points after the gas is released. Air samples are pumped through a pipe, the end of which being 
located at the place to be measured. A valve and a sampling loop is used to inject a precise volume of 
room air into the gas chromatographer (figure 6.1). 

Sampling 

From h e  

v To the room 

Figure 6.1: Use of a 6-port valve with a sampling loop W send known volumes of air to the GC 
column. 

The sample valve is turned and held open for two seconds and then closed. This sends an air sample 
down the chromatographer column towards the detector. About five seconds later a large peak will 
show on the meter and chart. This is caused by oxygen in the air sample reaching the detector. Oxygen 
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is an electron capturing gas. After about 20-30 seconds the sulphur hexafluoride peak appears. The 
concentration of tracer can be evaluated from either the height of the peak or the area under the peak. 
The sample valve is then operated at regular timed intervals (1-2 minutes) until sufficient data points 
are obtained. The concentration decay rate, hence the air change rate, is deduced from the records of 
the values of the concentrations at the various times. 

6.23. Tracer Gas Dewy Rate - Grab Sampling in Bags or Bottles. 

Introduction 

This technique has been in use since 1980 [Grot, 19801 to estimate the air change rate of dwellings or 
larger buildmgs over a 2-3 hour riod by the decay rate of a tracer gas. On site gas Injection and 
sampling is performed using flexi F le plastic bottles, syringes or plastic bags. Air samples obtained in 
this manner are returned to a central laboratory. They are analyzed for tracer gas concentration from 
which the air change rate is evaluated using the decay data. 

Equipment and Instrumentation 

The equipment can be divided into two categories: 

Field Equipment: The tracer gas (sulphur hexafluoride is in common use for this technique and will 
be discussed here) is injected and sampled using flexible polyethylene bottles (e.g. 500 ml), syringes 
or lastic bags. Several receptacles are required to make a test, e.g. for a dwelling - one for injection 
an B five for sampling. In order to avoid cross-contamination, the injection contamer must be clearly 
marked and never used for sampling. Each sampling receptacle must also be marked to enable it to be 
uniquely identified. A simple numbering system is adequate. It may be necessary to d d  tracer gas 
mixing using paddles or small electric fans. 

Laboratory Equipment: The laboratory instrumentation essentially consists of a gas analyzer. In this 
case a specific analyzer i.e. a chromatographer with electron capture detector will be discussed. This 
commercially avdlable unlt is specially adapted to enable samples to be analyzed for sulphur 
hexailuorlde concentration, The chromatographer sample line is fitted with a small hypodermic 
needle. This is inserted into the rubber gasket closing the sam le container which acts as a septum. Air R is withdrawn at a controlled rate measured by a sensitive ow meter and needle valve. Pressure is 
exerted on the container to avoid the entry of m m  air. This is achieved by using a weighted clamp 
which presses down on the container under examination. 

Procedure 

A clearly marked container is charged with tracer in the laboratory. This is taken, along with five 
sarn le receptacles, to the measurement location. The tracer is then released into the building. This is 
easi P y performed by loosening the cap and walking around the building while gently squeezing the 
container. 

Air and tracer should then be allowed to mix. After the initial mixing period ( proximately half an 
hour), the first sample receptacle can be filled with air from the measurement 7 te. The receptacle is 
squeezed and released, rotated 90 degrees and the procedure repeated for a total of 10 cycles. This 
should adequately fill the receptacle with d r  from the given location. The cap should then be firmly 
replaced on the receptacle. From then on, firther samples can be taken at given time intends. A 
sample interval of half an hour is often used. 

The receptacles should be clearly numbered and the time and location of samples must be recorded. A 
simple logging sheet Is useful for this purpose. Wind, temperature and other relevant data can also be 
recorded on this sheet. 

Synchronous samples may be taken at several locations in the same building. This could be used, for 
example, to examine air change rates for individual floors of a multistory building. If suficient 
personnel are available, simultaneous sampling can be performed in many buildings in the same area. 
This would allow the air change rates of those buildings under similar weather conditions to be 
compared. 

Samples are then returned to the laboratory for analysis. Several individual measurements of 
concentration may be obtained from each container and a mean value obtained. Because the 
receptacles are fitted with the rubber septum, they can be reused many times, providing the air from 
the previous sample is fully discharged. 

If tracer injection and sampling takes place simultaneously at several measurement sites in the same 



m. Air Flow Measurement Methods 

Figure 6.2: Simultaneous mearurements of I5 dwellings (Harrje, Gadsby, and Linteris, 19821 

general a m ,  the inter-comparison of many buildin S under the same weather conditions can be f performed. This is illustrated in Figure 6.2. Here simu taneous air change measurements were made in 
15 nominally identical houses and the houses are arranged from left to right in increasing air change 
rate order. 

6.23. Tracer Gas Decay Rate - Grab Sampling in Detector Tubes. 
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This technique enables the total building air flow rate to be evaluated. It has been tested in a 
mechanically ventilated controlled flow rate test house. with a maximum of two occupants [Sandberg 
and Sandberg, 19871. Site work had also been performed in dwellings with mechanical extract 
ventilation. 
Principles of operation 

t ODay 3 

Carbon dioxide is used as a tracer gas and its variation in concentration with time is monitored on site 
using detector tubes (see 5.4.6). In occupied spaces a simple exponential decay of the tracer does not 
occur, this is due to the carbon dioxide exhaled by the occupants. Hence it is not possible to use the 
standard decay curve method, to evaluate the air change rate. Instead a slightly more complex analysis 
must be utilized, which is presented in Section 4.2. 
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Two essential items are required for this technique. These are a source of carbon dioxide and a set of 
detector tubes with bellows. The carbon dioxide source must be capable of roducing an initial 

L E concentration of tracer in the test building of approximate1 2000 ppm (0.2% y volume). This is 
easily achieved b releasing a short burst of carbon dioxide m a gas cylinder. Mixing fans may be 
used in order to o g tain a uniform concentration of carbon dioxide throughout the test space. 

Tracer concenmdons are obtained using the detector tubes described in Section 5.4.6.. 
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Procedure 

W 

Before the measurement commences, the volume of the building and the occupancy level must be 
noted. Both of these parameters are required in order to be able to calculate the air change rate. The 
tracer gas is then released and small mixing fans can be used to maintain a constant spatial 
concentration. An ideal starting concentration is in the region of 2000 ppm. 

After release, the tracer concentration should be monitored at several evenly spaced time points. A 
total of five points at 15 minute intervals has been found to be adequate for this purpose. 
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An individual measurement may take some time to perform. Typically ten strokes of the hand held 
bellows are required to draw sufficient air through the tube. Each Stroke may take in the region of 15- 
25 seconds to rform. Hence the "spot" measurement of concentration is actually obtained over a P" period of a ew minutes. This, however, should not create dlfficuldes pmviding consistent 
measurement and time logging procedures are adopted. 

Oas detector tubes are available from: 

Drtlgerwerk AG, LUbeck 
Federal Re blk of Clermany 
Tel: Int +4 ir 45 1 882-0 
Telex: 268074 

This company name has become synonymous with this type of detector tube. Although based in 
Germany the company has suppliers world wide. 

6.2.4. Inlegral Pulsc Idection Tracer Technique 
Introduction 
The integral pulse injection tracer gas technique combines pulse injections of tracer gas with integral 
mass balance analysis of the tracer gas concentration response to determine air flow rates between the 
zones of multi-zone air flow systems [Axley, and Persily, 1988; Persify and Axlcy, 19901. For building 
air flow systems, or portions of them, the air flow system is first idealized by an appropriate multizone 
model of well-mixed zones. Pulse injections of tracer gas are then applied to each zone independently, 
and the concentration response of each zone is measured. From the concentration response data, the 
multizone integral mass balance equations are formed and solved to determine the air flow fates 
between the zones. As in any multizone tracer gas technique. the air flow rates that are determined and 
the accuracy of these determinations are dependent not only upon the air exchange characteristics of 
the building, but also on the appropriateness of the system idealization employed. 

Measuring Technique 
While the integral pulse injection tracer technique is general1 a multi-zone rneasurtment approach, it 
can also be applied to determine the airflow rate through a d uct and the air exchange rate assodated 
with a single zone. In the duct pulse application, one injects a known volume of tracer gas into the air 
stream flowing within the duct. The tracer gas concentration response downstream from the injection 
is then measured, starting before the injection and continuing until after the tracer gas concentratlon 
has decreased to the pre-injection concentration. 

An integral formulation of the mass balance of tracer gas in the duct is used to determine the air flow 
rate through the duct. Thls integral formulation takes the form of a scalar equation (see Part V, Section 
2.3). To determine the air flow rate through the duct, one needs to know the volume of tracer gas 
injected rather than time history of the injection rate. Similarly, one needs to know the integral of the 
tracer gas concentration res nse and not necessarily a temporal profile of this concentration. This 
concentration integral can E determined numerically, based on the measured concentrations, or 
directly, by determining the average concentration over the period beginning before the injection and 
continuing until the concentration decrease to its reinjection value. The average concentdon can be 
determined by simply filling an air sample con ner at a constant rate over this period and analyzing 
the concentration in the container after the test. 

tJ 

The single-zone pulse technique is similar to the duct pulse technique in that a short duration injection 
of tracer gas is released in the volume being tested and the concentration response is monitored. An 
integral formulation of the mass balance of tracer gas in the zone is used to determine the air exchange 
rate of the zone. This integral formulation again takes the form of a scalar equation. As in the case of 
the duct application, one needs only to know the total amount of tracer gas injected and the integral of 
the concentration withln the zone. This integral can be determined by sampling the air continuously 
over the integration period. The integration period need not include the time during which the tracer 
gas is injected and there are circumstances for which this would be advantageous. 

The single-zone application of the integral ulse technique is based on the following assumptions: the 
tracer gas concentration within the volume L 2  ing usud  is uniform, the tracer gas injection rate is small 
compared to the air exchange rate of the zone, and the air exchange rate during the rncasurement is 
relatively constant. 
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The multlzom integral pulse technique is an extension of the single-zone approach to several zones 
and enables the air flow rates between the zones and from each zone to the outside to be determined. 
In this application, there is a separate pulse injection of tracer gas into each zone and the collcentration 
response of each zone is monitored h all  of the zones of the system. In the multizone case, the integral 
mass balance of tracer gas yields a system of equations. 
The measuring techdque can be applied wlth a single tracer gas by injecting tracer gas into each zone 
successively. The use of multiple tracer gas enables the Injection of tracer gas into more than one zone 
at a time, thus shortening the length of time required for a measurement The integration period for 
each injection may or may not include the injection period, depending on the circumstances of the test 
and the characteristics of the airflow system under investigation. 

Aside from the experimental and analytical procedures, the manner in which a particular building 
system is represented by a series of well-mixed zones is crucial in obtaining relable measurements. 
The development of such a multizone repmentation is by no means obvious or straightforward, but L 
Is extremely important. The multizone application of the integral pulse technique is based on the 
following assumptions: the tracer as concentration w l M  each zone Is uniform, the Vacer as 

l! 
the measumment art relatively constant. 

d injection rate is small compmd to e system alr flow rates of the zone, and the air flow rates du ng 

Equipment 
The equipment requirements of these measurements are similar to those for any tracer gas 
measurement technlque. Air sampling equipment is required for the tracer gas concentration response 
determination. ) For real-time monitoring, this equipment requires a system of pumps and air sample 
tubes to bring air from the zones being tested to the tracer gas concentration measuring equipment. 
The determination of average concentrations requires a constant flow pump and air sample containers. 
The air sampling equipment must be selected with consideration given to the number of air sampling 
locations and the number of zones being tested. In general, there must be several alr sampling 
locations In each zone to verify that the tracer gas concentration within that zone is uniform. 
Tracer gas concentration measuring equlpment is also required for these air flow rate measurements. If 
real-time concentration monitoring is employed, then thls equipment must be on-site. If average air 
samples are used, the equipment can be located elsewhere. In multizone applications, it b generally 
recommended that the equlpment be located on-site. The important features of the concentration 
measuring e ipment Include the range of measurable concentrations and the frequency at which air 

r e  samples can analyzed. A tracer gas injection system is also w i r e d  to inject the pulse injections to 
the appropriate locations. Such a S stem requires a source of tracer gas, a means of controlling its 

wlth each pulse injection. 
'7 in ection. a distribution system, an a means of measuring the total volume of tracer gas associated 

6.3. Single Tracer, CCTG Instruments 

63.1. The Princeton CEES Constant Concentration Tracer Gas System 

CCTG Measurement Technique 
con- Concentration tracer gas (CCTG) systems have been developed by research laboratories in 
many of the IEA countries. The advantage of this approach with respect to multizone and intcmne air 
flow appllcadons is that by keeping the tracer concentration constant, in each of the many zones being 
tested, injection rate of the tracer is then needed only to compensate the dilution caused by air entry 
from outside these zones. 

Typical of the CCIU systems is the IBM compatible PC-controlled lczone system emplo ed by 
Princeton University Center for Energy and Environmental Studies [Harrje, Dun, Bolurc, C!udsby, 
19851. A dixect descendant of the Danish system [Collet, 19811, this system currently uses a single 
tracer gas, sulfur hexafluoride. The CCI'O system is a "cl& loop" operation in that it feeds back 
informdon on the measured concentration in each zones. This feed back Is used to regulate the 
injection of the tracers in order to keep the tracer concentrations at or near the target concentrations. If 
interzone information Is rcquiml and only one tracer is being used, discontinued in'cction 
(concentration decay method) to selected zones can be used. Since this techni e is restrlcte to 10 f d 
zones, techniques such as guarded zone and surrounded sampling should be emp oyed with the C m  
when used In large buildings containing many zones. [Bohac and Harrje, 19871 
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CCTC Principles of Operation 

The constant concentration technique measures the outside air flow into each zone of a building. To 
make this measurement, a metered amount of tracer gas is injected into each zone so that the 
concentration of the tracer gas is kept at a target level in all the zones. If the tracer concentration in a 
zone is not near the met, the measumi air flow rate in that zone is in e m r  and the air flowing From 
that zone causes the measured air flow rates in the adjoining zones to be in error. To compute the rate 
of tracer injection, a control and estimation algorithm is applied which considers the present and past 
level of the measured concentrations, the past injection rates of the tracer, and the estimated air flow 
rate [Bohac, 19861. 

The constant concentration system operatcs in two modes, thtse Wig:  the start-up period, followed 
by the continuous response riod. The contml algorithm must take both these periods into account P" The start-up period is mode ed as a step change in the desired concentration from zero, at the initial 
time, to the target concentration at all subsequent times. The control design during this period is a 
classic scrvo design problem. The goal of the design is for the concentration to rapidly follow the 
change in the desired concentration with little or no overshoot. 

During the continuous response period. the goal is to keep the concentradon at the target level. This is 
a classic regulator problem. It can be demonstrated that a state-space analysis of the start-up period 
maybe used as an indicator of the form of the response of both the start-up period and for chanfts in 
air flow rate. The simulations of changes in air flow rate are used to verify the state-space analysis and 
to provide a qualitative analysis of the response. 

To summarize, in order to maintain the tracer as near thc target level in each zone while the air flow 
rate is changing, the criteria to meet this condi d on are: 
1) fast response to changes in the air flow rate with little overshoot in concentration 
2) low steady state error 
3) low sensitivity to measurement errors and disturbances (system noise) 

CCTG - Analysis 

For the analysis of the data, each zone is treated se arately. It is assumed that the concentration of the 
air flows between the zones is at the target leve f . Thus, the tracer injection rate mponds only to 
changes in zone infiltration rate and not intemne rates. Since the concentration in the zone does not 
stay exactly at the target, the computation method considers both the tracer concentration and tracer 
injection rate data. This is accomplished by performing a least squares regression analysis of the data 
over the specified time period. Instrument error has gencxally proven to be of the order of 2%. But as 
with any tracer measurement system that must rely on mixing within the zone to be near perfect, 10% 
accuracy is a more realistic estimate. 

CCTG Hardware Description 

The C m 0  system consists of an electron capturt gas chmmatographer, a series of tracer injection 
valves and lines, a series of tracer sampling h e s  from each zone, an auxiliary pum to draw in the 
samples, valve control electronics and a microcomputer-based data acquisition control system 
with appropriate software. A typical operational sequence would be: 

an'f 

- the concentration of a single zone is measured 
- the sample valve of the next zone is opened 
- the estimated concentration, the air flow rate, and injection rate are computed 
- the new information is displayed on the monitor and saved to disk file 
- tracer gas is injected to al l  zones almost simultaneously (this feature simulates steady injection 

greatly aiding the mixing process) 

The tracer concentration measurements each take less than 30 seconds using a back flush and 
molecular sieve approach in the gas chromatographic procedure. 

At 1990 prices, this package of e ipment costs approximately $30,000 including gas 
chromatographer, computer, software, an mjection and sampling modules. Ten zones are currently 
measured but more zones can be added; however, as more zones are added, the measurement time 
needed to analyze all zones increases, thus increasing deviations in the zone concentrations from the 
target value. 
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6.33. EMMARA: The Automatic CCTG Instmment of the LNE 
Introduction 
In the last 10 years, the Laboratoirc National d'Essais (LNE, National Testing Laboratory) has 
conducted many air renewal measurements, mainly as expert testimony for litigation involving 
questions of ventilation [Launcy and Rubourdin, 19891. 
The deca method was used first. This method only gives limited information on air renewal as far as 'i air flow ~ c t i o n s  between rooms are known. 

Because of these problems, the LNE has developed an apparatus for air infiltration measurement in 
multizone buildings using the Constant Concentration Tracer Gas method (CCTO) [Cowton, Launcy, 
Rubourdin, 19891. This apparatus is called EMMARA for "Equipement Mobile de Mesure 
Automati e de Renouvellement d'Air" (Mobile equipment for automatic measurement of air 
renewal). P t is adapted for automatic on site measurements for buildings with up to eight m m s  or 
zones and for periods of eight days or more. 
Principle of operation 
The principle of operation is a single tracer gas (N20) using the constant concentration method. The 
tracer gas concentration is maintained at the same concentration in each m m .  The gas injection and 
the gas co~lcentratlon are controlled by the EMMARA in each m m .  

The apparatus consists of a computer, an inftanxi gas analyzer and eight identical pneumatic 
segments. Each segment is sequentially scanned by the computer every 270 seconds. 

The characteristic of this insttument is that the tracer is continuously injected in each m m  and the air 
of each room is continuously sampled. This task is accomplished in each room by using an individual 
pneumatic segment. 

Data storage: All the data are stored on the hard disk of the computer. They are also sent to 8 analog 
outputs or by phone to another computer. 
Safety: A safety system was developed for the safety of inhabitants when the apparatus works 
automatically during long periods. 
InJection and sampling in the individual rooms: 

Thne modes of injection are used. They are chosen considering three criteria: 

- required accuracy 
- inhabitants in rooms or not 
- known information on air flow directions 

first mode: 
injection: 
sam ling: 
stab P uty: 

second mode: 
injection: 

sampling: 
stability: 

third mode: 
injection: 
sampling: 
stability: 

at the back of a mixing fan 
In the middle of the room 
gas concentration f 1 %, tracer flow f 10% 

with 4 plastic pipes linked to 4 columns. Each pipe has twenty 0.5 mm diameter holes 
(no mixing fan). 
with the same system used for injection 
gas concentration f 2 4 .  tracer flow f 25% 

near an air inlet (no mixing fan). 
near an air outlet 
gas concentration f 796, tracer flow f 100% 
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Description of one pneumatic segment: 

1: pipes 6: balloon 
2: pump 7: valve 
3: flow-meter 8: Pump 
4: room 9: analyzer 
5: mass flow-meter/controller 10: flow-meter 

1 1 : pressure gauge 
12: filter 
13: tracergas 
14: safety valve 

Two plastic pipes (l), a pump (2), and a flow-meter (3) are used to take 300 liters of air per hour from 
the room to the EMMARA then back to the room (4). This system gives to the EMMARA 
"instantaneous" information about variations occuning in a room even if it is far from the apparatus. 

The mass flow-meter/controller (5) is used to deliver a known tracer gas flow In the room. 

A two liter balloon (6) is used to store air while the pneumatic component is waiting to be scanned by 
the computer. The balloons are used to subdue the effects of tracer gas heterogeneity in rooms. 

An electric valve (7) is used to flll or to empty the balloon. 

The balloons are emptied with a pump (a), connected to the tracer analyzer (9). The flow is controlled 
by a flow-meter (10) and a pressure gauge (1 1) connected to the EMMARA. 

Control principles: the control algorithm must: 
- reach the wanted gas concentration in a short time 
- keep constant concentration despite significant variations of air change rate 
- induce slight variations of the tracer gas flow 

We do not use a roportional-integral-differential control algorithm because parameters of this type of 
algorithm depen 1 S on the air change rate. We use a transient single zone model and mass conservation 
during a given period. Quite simple h theses can be used because "immediate" accuracy is not 
required. The control algorithm is the 

Parameters: C tracer gas concentratio ( ) 9 - s flow of tracer gas (Nm /h) 
n air change rate (-) 
V Volume of the room (m3) 
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Basic equation: 

dC/dt = s/V - n C 

At time ti = tl-l + At 

measurement of the tracer gas concentration C, 

evaluation or the air change rate n, for a period N At long. (hypothesis: N steady states) 

evaluation of the amount of gas tracer si needed to reach the gas concentration CO at the next 
time ti + A': 

"m v [CO - C, Exp(-nm At) J 
= l - Exp(-n, At) 

injection of si 

C i =  C,, ni= n, 

proceed to the next time step. 

With this control algorithm, the desired gas concentration is reached in less than one hour. 

When the air infiltration flow decreases by 50%, the control algorithm stabilizes the gas concentration 
in less than thirty minutes with an overshoot of 3%. 

Hardware and software description 
Tracer gas: Nitrous oxide (N20) is used. 
The purpose is to measuR air change rate with inhabitants in rooms so we have investigated what srt 
the highest usable gas concentration. There is some evidence that nltrous oxide will present no 
problem below a concentration of 450 ppm in volume [Shurer, Nunn, Royson and C h r f n ,  19831. 
The gas concentration used depends mainly on: 

- the sensitivity of the analyzcr 
- the sensitivity of the mass flow controller device 
- the number of rooms 
- the duration of the study 
- the air change rate 

For studies in eight rooms, for a period of eight days, with a maximum air change rate of 5, a gas 
concentration of l00 ppm is used. 

Injectors: 
Mass flow controller devices arc used (one for each room). One mass flow controller device consists 
of a mass flow meter (hot wire anemometer) and a control valve. A calibration is done for N20. 
Each mass flow controller has an input/output device: 

input: desired injection rate 
output: effective measured injection rate 

Type: RDM 280 of Air Liquide Alphagaz 
maximum flow: eight mass flow controller devices are used 

1 X l000 Ncc/mn (Nominal cubic centimeter/minute) 
1 X 300 Ncchn 
6 X 100 Nccfmn 

accuracy: f 1 % full scale 
control efficiency: f 0.25% full scale 
response time: less than 2 seconds for 98% of scale 
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Sampling: 
PU"w diaphragm pumps are used at a flow rate of 300 liters/hour 
P~W: polyvinyl chlorlde pipes (inner diameter: 6 mm) art used. The system is designed so 

that these pipes are compatible with our process (no significant problems of gas 
adsorption or absorption). 

balloons: two liter rubber balloons normally employed for artificial respiration. 
Anal yzer : 
A nondispersive Hartmann & Braun type URAS 3G infrared N20 analyzer is used. 
scales: 0-50.0-125,O-350,O-800 ppm in volume 
accuracy: f 1 96 full scale 
response time: less than 5 seconds for 98% of scale 
induced drift: 1% full scale per week 
linear change in sensitivity: 1% full scale per week 

Control system: 
the control system consists of: 

- an IBM PC compatible Computer CIOUPIL 05 with hard disc and 8 MHz clock 
- a computer front end FLUKE HELIOS 1 with high performance A D  converter, thermocouple 

and DC volt scanner, digital I10 assembly and analog output 
- electric and electronic hardware manufactured by the LNE, featuring the safety control, starting 

of the measurements and valve control. 
- software develo by the LNE in MICROSOFT QuikBASIC 4.5 language. The system is 

menu driven an 8" produces flles compatible with MICROSOFT EXCEL. 

633.  NIST Automated Air I@kadon and Ventilation Measurement System 

The Center for Building Technology of the National Institute of Standards and Technology has 
developed an automated air infiltration and measurement system for large building applications. This 
system consists of an IBM compatible PC microcomputer. an electron-capture gas chromatographer, 
tracer gas injection system and air sampling pumps. This system is currently bein used for indoor air 
quality and ventilation studies in lar e office buildings. Two specially designed nterface cards have R f 
been designed and manufactured by ST to interface the electron capture gas chmmatographer with 
the IBM compatible PC. 

The electron capture detector is a variable frequency/constant cumnt detector which has a wide 
dynamic range (approximately 4 orders of magnitude). This GC is operated usually in the back flush 
mode which reduces interference with other electron capture substances found in large buildings 
(usually Freon). The GC has a temperature-controlled oven and a ten port multi-sample value which 
allows the monitoring of tracer concentrations in up to 10 locations. The system can control tracer 
injection in up to 7 zones. 

The system can allow the hardware to operate in either the tracer decay mode. constant injection or 
constant concentration. However, software has been developed only for the decay and constant 
injection mode of operation. 

In addition to monitoring and controlling the injection of tracer in a multi-zone building, the system 
monitors external environmental conditions, interior temperatures (10). the stahls of HVAC system 
fans (up to 8) and the pulses From up to 5 pulse meters (such as electric or gas meters). 

The system can operate unattended for periods of up to 5 weeks. 
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6.4. Multi Tracer, Pulse or Decay Instruments. 

6.4.1. BRAY M U l d - t ~ c W  Multizone Alr Exchange Rate Measurement Systems 

Introduction 

The origins of the techniques and equipment described here lie in the challenge to measure infiltration 
in large, multicelled and naturally-ventilated buildings, at a time (1979) when this problem had been 
almost totally neglected both because of its difficulty and an absence of appropriate techniques. 

Theoretical analysis of the problem of measuring intemnal air movements and a review of existing 
tracer gas methods [Perera, 1982; Perera, Walker, Hathaway, Oglesby, Warren, 19831 suggested that 
two techniques should be further developed: 

- multiple tracer gas 
- constant concentration. 

The advent of ~lat ively cheap microprocessor-controllers opened up the possibility of automated 
systems able to conml accuntely a complicated sequence involving tracer gas release. sampling of air 
from several locations and recording of analyses. These tasks would be too difficult to perform 
manuall . The basic elements of the systems developed have emerged as common to all such systems, 4 as desc bed in Chapter 4. 

m e  systems have been developed at BRE, and these ace briefly described below. The first two 
systems presented were desi ed to measure intemne air exchanges using several tracer gases in P 'decay' mode, one designed or installation in ve large buildings, and the other a modular system 
particularly suitable for smaller buildings ( s u x  as houses). The third system is a constant 
concentration system suitable for installation in either small or large buildings. 

sample ",- 
control 

M~croprocessor- 
controller 

1 

Figure 63: Modular system for multizone air exchange rate measurement using three tracer gases 
('Decay') walkcr.  19851. 
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The two systems developed follow the same operating principles, but employ hardware of different 
degrees of sophistication. Their use in naturally and mecharucally ventilated omce buildings and a 
house has been reported [Perera, Walker, Oglesby, 1983; Perera, Walker, Trim, 1983, Walker, 19851. 
The main features of each are as follows: 
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Mdu1a.r system 

This system comprises interconnecting self-contained modules (fig. 6.3), and is designed to be easily- 
assembled. easy-to-use and turn-key operated. 
Tracer gases (a maximum three) from compressed/liquefled sources (gas bottles) are delivered under 
pressure to the various zones through 6 mm bore nylon tubing via an injection unit containing solenoid 
valves. A pump draws air samples from all zones through a similar arrangement of mbing and one or 
more sample units (four sample lines each) containing solenoid valves. Air is returned through the 
injection network, thus flushing out the residual tracer gas. The sam le units sequentially divert air A samples from each zone to one or more analyzers, as necessary to yze each of the tracers used. A 
self-contained data-logger monitors the analogue output from the analyzer(s). A programmable logic 
controller, controls the injection and sampling units and also synchronizes the data-logger. 
Alternatively a simple, but less flexible, rotary timer unit can be c o m t e d .  

System for large buildings 

The system for large buildings (fig. 6.4) differs in the following ways. A micmmputer maintains 
overall control and m r d s  data through an interface to a single flexible micmpmcessor-contmlled 
multicomponent infrared analyzer and a large-bore gas-line sampler and injector unit. Ihe  analyzer 
can be programmed to analyze up to ten different gas components, at concenmtions in the very low 
parts-per-million range. It has a gas cell of 5.64 litm which uires a large sampling flow rate to 
enable rapid analysis (6 sec per component plus 9 sec overh ), and for this reason 10 mm bore 
tubing is used in conjunction with a vacuum pump. 

3 
Injection and Sampling strategy 

In each case the following applies: 
- tracer gases arc simultaneously delivered, one to each zone, 
- initial target concentration achieved and delivery stopped 
- achieve and maintain a homogeneous mixture of air and tracer within each zone by some means 
- air samples sequentially drawn from each zone 
- tracer concentrations in each sample analyzed and recorded over 30 to 60 minute test period. 
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F i g m  6.4: Multizone, multi-tracer 'Decay' air exchange rate measurement system for large 
buildings. 

Data Analysis 

The mass balance equations for tracer gas and airflows between the zones and to the outside are 
formulated assuming perfect mixing and neglecting small changes in density. These are then solved 
for the airflows in either of two ways: 
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(i) at an instant in time, using measurements of the concentrations and rates of 'decay' of 
each tracer in each zone, or 

(ii) over a short period of time, over which the equations are integrated, using measurements 
of the net change in concentration and r!x area under the curve of concentration vs. time 
for each tracer in each zone. 

The roblem is conflgurtd as a system of simultaneous ations [Perera, Walker, Oglesby, 19831, 
whic R are solved for the airflows by Gaussian eUmination"X1cast- uares procedure [Perera, Walker, 
Trlm, 19831 may be lied to constrain the solutions to have posi ve solutions. An e m r  analysis is 
carried out walker ,  I % S]. 

"9 
Equipment 

The details of the salient items of equipment for each of the two sysums are as follows. 

Modular system 
- tracers: N20 (200 ppm), SF6 (50 ppm) CO2 (5000 ppm) and refrigerant RI3B (50 ppm) 
- analyztr: dual tracer nondispersive IR, Ltybold Heraeus Binos 
- data logger: 13 channel, 12-bit, Orant Squirrel 
- controller: programmable logic controller, lTI' Director 
- valves: 6 mm bore, 3-port, 240 V solenoid, MAC. 
Large buildings system 

tracers: SF6 (15 ppm), Refrigerants R13B (50 ppm) and R (1 15 ppm) 
Analyzer: rnicroprocessorcoIltrolled, mdtimmponent IR (opucal filters), Miran 980 
Control and Data logging: Commodore CBM micro-valves: 12.7 mm borc, 3-port, 110 V solenoid, 
MAC. 

30 INLAB UNIT 

Figure 6.5: Constant concentration system for injlltratlon measurement in rnulticelle~ 
schernadcs [Perera, Walker, Hathaway, Oglesby, Warren, 19831: 

Constant concentration system 

i buildings, 

This is a microcomputer controlled system (fig. 6.5) capable of maintaining a constant concentration at 
twelve sample locations. It has been used to measure infiltration rates in an office m m  in a fully 
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occupied four-storey naturally-ventilated office building [Perera, Walker, H a t h a y ,  Oglesby, 
Warren, 19831. 

Principle 
A constant concentration of tracer is maintained In the zone(s) of interest (test zone) and also in al l  
sumunding zones with which significant air exchanges may occur, 
- the injection flow rate (when required) is closely maintdned at a set value using high quality gas 

regulators and needle valves, and regular checking with a Soap film meter, 
- id-response solenoid valves ensure a steady injection flow rate is quickly achieved over short 

Jction times; 
- in the test zone, the injection times are summed over a suitable period (e.g. one hour) and used to 

compute the fresh air inflltradon into that zone during the period. 

Equipment 
- tracer gases: SF6 (e.g. 5 ppm), N20 (G200 ppm), refrigerant R13B1 (CL50 ppm) 
- valves: rapid response (3 ms), micro-solenoid valves (Lee Products Ltd) 
- analyzer: non-dispersive infrared, Leybold Heraeus Binos 
- controller: Commodore CBM micm. 

6.43. Parallcl Column System (PCS) for the Measurement of Air Flows Between up to Three 
Zones 

Introductlon 
The development of the PCS became necessary when it was realized that a simple, single 
chromatographic separation column could not analyze air samples containin three tracer gases within f a sufficiently short time interval to enable the prefemd mathematical analys s to be used successfully, 
whilst maintaining a satisfactory level of tracer gas peak resolution at low mcer gas concentrations. 

Measurement 
zones Exhaust 

Figure 6.6: PCS system schematics [Irwin, Edwards, Haworth, 19851. 

Principle of operation 
The technique is of the decay type. Tracer gases are injected manually into each cell. Mixing is 
effected by the use of 400 mm diameter oscillating desk top fans. Good mixing is generally achieved 

m.63 
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within five minutes. Sam les are drawn from each cell by means of a small pump, and are introduced 
into the PCS by means o P a manual sampling valve. 

The PDS is fitted with an electron capture detector (ECD). Two gas chmmatograpluc separation 
columns arc connected in arallel to the ECD. Using three tracer gases, an alr/tracer gas sam le can be 
analyzed in 30 seconds. ' d e  rapidity of sample analysis is achieved by making use of the " & c l  time" 
associated with the passage of a sample through a separation column [twin, Edwardr and Howarth, 
19851. 

Interzonal air flows are calculated by a mathematical analysis which involves the solution of the 
fundamental conservation of mass of tracer gas dons. The solution is simplified by the omission 
of recirculation terms [lnvln und EdwardF, 1 9 r 1 t  has been shown that in the vast majority of 
circumstances, r circulation effects will not exert a significant influence over measured tracer gas 
concentrations for the first twenty minutes of a decay-t test: this means that, providing sufficient T data points can be taken during this period, then the omiss on of the  circulation terms is valid. 

Hardware and software description 

The thrrGe gases used arc Fnons 12, 114 and BCF, although the feasibility of replacing the tracers with 
more "ozone friendlyn substitutes is being evaluated. Typical concentrations would be in the range 1 to 
10 parts per million. 

The PCS is based upon the Analytical Instruments Model 505 portable gas chromatographer. The gas 
chromatographic separation columns used are of 6 mm internal diameter, and 3 meters length. 

The packing is 10% squalane on a zcolithe (non add washed) base. In order to ensure the best possible 
response match between the columns, the columns are conditioned prior to use, and are immersed in a 
thermostatically controlled water bathJstirrer unit at a temperature of 30'C during operation. The four 
point valves are made by Whitey. The separated samples are analyzed by means of a Ni-63 electron 
capture detector. 

The instrument is capable of detecdng tracer gas concentrations of as low as parts per billion, although 
the preferred operating range is of the order of low parts per million. Tracer gas concentrations in 
excess of 12 ppm will "saturate" the ECD and are thus avoided. 

Tracer as concentrations are cumntly output to a chart m r d e r .  The use of a Squiml data logger as 
a reco f ing device is currently being assessed. 

6.43. Patallel Detector System (PDS) for the Measurement of Air Flows Between Four or More 
Zones 

Introduction 

The PDS system is a further refinement of the PCS described earlier. The development of the PDS 
became necessary when it was realized that the PCS could not analyze air samples containing four or 
moR tracer gases within a sufficiently short time interval to enable the preferred mathemadcal 
analysis to be used successfully, whilst maintaining a satisfactory level of tracer gas peak resolution at 
low tracer gas concentrations [Edwardr and Invin, 19871. 

Principle of operation 

The technique is of the decay type. Tracer gases a= injected manually into each cell. Mixing is 
effected by the use of 400 mm diameter oscillating desk top fans. Good mixing is generally achieved 
within five minutes. Samples m drawn from each cell by means of a small pump, and are introduced 
into the PDS by means of a manual sampling valve. 

The PDS is fined with two electron capture detectors (ECD), which are capable of being operated both 
simultaneously and independently. Two gas chromatographic separation columns are connected in 
parallel to each ECD. Using four tracer gases, an &/tracer gas sample can be analyzed in one minute: 
this means that the PDS can w i v e  one airltracer gas sample every thirty seconds, since the use of 
parallel detectors doubles the available time for which detector output can be monitored for a given 
sample. This extra time reduces the urgency for rapid tracer gas peak throughput, and hence improves 
peak resoludon at lower tracer gas concentrations. 

Intcnonal airflows are calculated by means of extending the analysis used for three interconnected 
cells to the case of four interconnected cells [Edwards, Invin, 19871. 
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Hardware and software descrlptlon 

The four tracer currently preferred are Freons 13B 1,12, 1 14 and prfluoroc&n PPI, although 
the feasibility o npladng the t h e  Freons with more "ozone mendly' substitutes is currently being 
evaluated. Typical concentrations of tracer gas would be in the range 1 to 10 parts per million. The 
PDS is based upon the Analytical Instruments Model 505 portable gas chromatographer. The gas 
chromatographic separation columns used are of 6 mm internal diameter, and 3 meters length. The 
packing is 10% squalanc on a zeolithe (non add washed) base. In order to ensure the best possible 
response match between the columns, the columns arc condidoned prior to use, and are immersed in a 
thermostatically controlled water bath/sdrrer unit at a temperature of 40'C during operation. The four 
point valves are made by Whitey. The separated samples are analyzed by means of two Ni-63 electron 
capture detectors. 

The original signal ampliflerAnvertor board within the AI505 unit has been replaced by a custom- 
made twin channel board. The instrument is capable of detecting tracer gas concentrations of as low as 
parts per billion, although the r e f e d  operadng range is of the order of low parts per million. Tracer P gas concentrations in excess o 12 ppm will "saturate" the ECD's, and are thus avoided. 

Tracer gas concentmdons art cumntly output to a twin-channel chart recorder. The use of a Squirrel 
data logger as a recording device is currently being assessed. 

Measurement 
zones 

Column 4 

ECD 2 

ECD 1 

Figure 6.7: PDS system schematics [Edwards and Invin, 19871. 
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6.4.4. Multi-tracer Instnrment from BrUel & m e r  

In 1979 a project was launched at the Technological Institute, Copnhagcn with the purpose of 
develo ing a method for continuous measurement of air change r a m  m occupled dwellings. 10 years 
later, R 1989, we have introduced t k  first generation of mass-produced equipment performing 
measurements of air change rates employing the method of constant concentration of tracer gas 
[Grieve, 19891. The prlnciplcs used in the first model, which was introduced in 1981 at the 
Technological Institute, are largely identical to those used in the latest model from BrUel & Kjaer. 

However, the basic components and the m l c m m  ter programmes have been changed several times 
and, through the years, new programmes have n developed that expand the capability of the 
measuring equipnent. 

E 
Among the most important improvements - introduced in 1988 - was the use of multl tracer gases 
when making measurement, so that interzonal air flows could be measured. 

Principle of operation 

The primary function for the measuring equipment is to maintain a constant concentration of one or 
two tracer gases in between 6 and 12 rooms, to register how much tracer gas is dosed in each room, 
and to measure the concentration of tracer gases in the rooms. Furthemore, the equipment can be set 
up to glve a user defined constant dose in some or all of the rooms. 

Application Software 
7620 

Multi- gas Monitor 
1302 

............. .. b... 

Multipoint Sampler 
and Doser 

1303 

1 1 Printer 

I Graphics Plotter 

Figure 6.8: Composition of the equipmenr [Brllel& Kjaer Company 19891. 

The main function of the computer is to control the "dosing" of tracer gas from the "doser" part of the 
1303 to each of thc rooms in which airchange analysis is being performed, and to control the 
"collection" of air sam les from each of the rooms by the "sampler" part of the 1303, which sends 
them sequentially to e 1302 for analysis. The other important function of the computer Is the 
collecdon and storage and analysis of measurement data from the 1302 and 1303 (S). Stored data are 
presented in both graphical and listed form. 

The Multi-gas Monitor Type 1302 measurement principle is based on the photoacoustic infra-red 
detection method [Crlstcnsen, 19901. In effect this means that the 1302 can be used to measure almost 
any gas which absorbs infrared light. Appropriate optical filters (up to 5) arc installed in the 1302's 
fllter carousel so that it can selectively measure thc concentration of up to 5 component gases and 
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water vapor in any air sample. 

Each of the two Multipoint Sampler and Doser Type 1303's can be supplied with an individual tracer 
gas. This means that one tracer gas can be dosed into 6 rooms, and that an alternative tracer gas can be 
dosed into 6 other rooms. 

The sampler system of the 1303 has 6 inlet channels, each with a solenoid valve. The 6 inlet channels 
converge into one; a thne-way valve can then dinct the gas sam le to the 1302 for analysis, or 
through the pump to the waste air outlet. A pmsure transducer chec S the efficiency of the sampling 
pump and allows checks for blocked airways. 

P 
The doser system of 1303 has 6 outlet channels, each with a solenoid valve. Each channel has a nozzle 
which reduces the internal diameter of the channel. The design of the nozzles ensures that the rate of 
flow of tracer gas to the dosing points is dependent only upon the tracer gas supply pressure and 
temperature, and is unaffected by the pressure in the dosing tubes or at the dosing point itself 
(supemnic nozzle). 

Two separate inlet channels serve the dosing tubes: the tracer gas inlet, and the carrier air inlet. The 
tracer as inlet channel is pressurized by the tracer gas supply cylinder. The carrier air inlet pumps f extra a r to the dosing tubes to speed delivery of the tracer gas to the dosing point. 

The dosing system can deliver a continuous dose, that is, an uninterrupted flow of tracer gas over a 
. period of dme; or a discontinuous dose. in which the amount of tracer gas delivered is reduced by 

intempting the flow at ngular intervals during the dosing period. 

The 1303 can calibrate each dosing nozzle automatically, so that the amount of tracer gas delivered 
during a dosing procedure can be accurately determined by the 1303. 

Specification 
The measuring system uses non diluted tracer gases. Usable tracer gases are: SF6, N20, R-12, R- 13B 1 
and R1 15. 

The repeatability of the monitor is 1 % of the measured value. 

The measuring range for SF6 of the gas monitor is 0.05 ppm to 500 ppm, and the uncertainty of 
concentration measurements at 1 ppm is approx. 3% of the measured value; all assuming that the 
monitor has been calibrated d u ~ g  the last month and that the uncertainty of the concentrauon of the 
calibration gas used for this calibration is less than 2.0%. 

Measuring time per point is 45 sec. when 
the concentration of two gases is to be 
registered. 

Accuracy of dosa e calculation in the 1303 
is G%. The max f mum dose rate of tracer- 
gas amount from one 1303 is 27.5 mllsec. 
This means that air changes of up to 
100,000 m3/h can be measured if the 
concentration in the m m s  is maintained at 
1 PPm. 

. Figure 69: The equipment for measuring 
with two tracer gases is composed of: 
I BrUel & Kjaer Type 1302 Multi-gas 

Monitor 
2 BrIlcl & Kjaer Type 1303 Multipoint 

Sampler and Doser 
I Brllel & Kjaer Q p e  7620 Application 

Sojhvare 
I Toshiba T1600 or IBM PS2-SO computer 
Photo Br(lcl& Kjaar 
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6.4.5. A Multi-tracer system wWI variable internal samphg.  
Introduction 
The concentradon is widely used for the measurement of alr flow in buildings [tagus 
and Persily, 19851. involves the injection of a known amount of tracer gas into a 
building followed to establish a uniform tracer concentration. The decay of 
tracer gas is then measured. In the case of air flow measurements made between two zones, the 
variation of tracer gas concentration with time depends on the size of the doorway and on the 
temperature difference between the two zones. Recent work has indicated that the accuracy of air flow 
estimation is strongly influenced by the number of samples taken during the transient period [R1 at, in f BSRT, 19891. This is the first 2-10 minutes of the measurement when then the concentration o tracer 
gas is varying most rapidly. Tracer gas decay systems which are currently available do not have 
sufficient flexibility to provide accurate measurements of air movement through large openings as 
their samplinglanalysis times are too long (typically 3-4 minutes) to allow a sufficient number of 
measurements to be taken during the transient perlod. Clearly there is a need to develop a new system 
which allows a large number of tracer as samples to be taken at intervals as short as 5 seconds during 
the transient period and a small num!er of samples at intervals greater than 5 seconds during the 
remaining penod. 

Sample bag 
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inlet 

Printer D 

Storage 

Figure 6.10: A multi-tracer gas system with variable interval sampling ffrom Rwat]. 

Principle of operation 

The automated sampling system Is shown in Figure 6.1 1. The sampling speed of the system can be 
adjusted so that a large number of tracer gas samples can be collected during the transient period of an 
measurement and a smaller number during the ~maining period. This technique minimizes the error in 
the term dCldt (whenz C is the concentration of tracer gas and t is time) and hence allows an accurate 
estimation of air flow rate to be made [Riffat, Vancouver 19891. 

The tracer gas system is flexible and could be used for on-site analysis or for grab-sampling. On-site 
analysis Involves connection of the samplin system to a portable gas chromatographer so that tracer 
gas samples can be injected directly into a c 8, matogmpher. Grab sampling involves the collection of 
tracer gas samples for subsequent analysis in the laboratory using a more sophisticated gas 
chromatographer. In this case, more than one tracer gas could be used in each measurement. 
In order to measure intemne air flow, a sampling system Is placed in each zone. Different tracer gases 
are then released, one gas in each zone. using automatic injection units. After tracer gas release and 
mixing, samples are collected and analyzed in the laboratory. The sampling system is designed to 
collect as many as 40 samples from a zone at intervals ap ropriate to the measurement. In a typical 
measurement the system would collect about 30 samples f uring the transient period (at 5-10 second 
intends depending on the size of the opening and the temperature difference) and about 10 samples 
(at intervals greater than 10 seconds) during the remaining period. 

Hardware description 

The microprocessor-controlled tracer gas system is capable of taking samples at intervals as frequent 
as every 5 seconds. In essence, the tracer gas sampling system incorporates solenoid valves, tracer gas 
sampling bags, a pulse pump, a microprocessor-based controller, a manifold and a by-pass valve. The 



m.6. Examples of systems 

short sampllng period is achieved using a specially designed microprocessor controller. This contains 
a central processing unit and programme memory with a capability of 60 input/output. 

The portable chromatographer consists of a 6- rt valve connected to a 0.5 m1 loop, a column, a 
chromatographic oven and an electron capture ‘4'“ etector. The system Incorporates a microcomputer, a 
parallel printer and interface cards for both analogue and digital data. The system could be used for 
sampling various tracer gases. We chose to use sulphur hexafluorlde (SF6) and perfluorocarbons 
(PFTs) as they have desirable characteristics in terms of detectability, safety and cost. In addition their 
suitability has been demonstrated previously by their successful use in other alr movement studies 
[Riffat, Eid and Littler 1987, Diea and Cote, 19821. 

Tracer gases are released automatically using portable and free-standing units. The perfluomarbon 
release S stem consists of a small cylinder wrapped with a hedng mat and fitted with a pressure relief 
valve. d e SF6 release system consists of a small SF6 cylinder, a pressure regulator and a solenoid 
valve. The solenoid valve is normally closed but can be opened automadcally using the 
microprocessor. The volume of tracer gas released depends on the size of the building and Is 
conuolled by adjusting the length of time that the valve is open. 

6.5. Multi Tracer, CCTG or CITG Instruments. 
6.5.1. MTMS: The LB L Mu higas Tracer Measurement System 

Detailed air flow measurements require complex, multizone tracer gas strategies. Although single gas 
strategies can be employed In many instances, only multigas capabilities are appropriate for 
determinin an entire matrix of air flows. The Lawrence Berkeley Laboratory, Energy Performance of 
Buildings 8 roup has developed a multigas tracer system for muldzone air flow measurements based 
upon the use of a mass spectrometer to provide real-time measurement capability of time-varying 
interzonal flows [Shermun, and Dickerhoff, 19891. This MTMS system has been employed in both 
single family and multi family buildings to determine the flow rates between zones and between each 
zone and the outdoors. Its measurement results were com a d  to those of other instnrments in several 
buildings [Harrje, Dietz, Sherman, Bohac, D'Onavio, a J' DickerhoB; 19901 

MTMS Principles of Operation 
MTMS, like all tracer gas ventilation measuring systems, uses the dilution (or non-consclvation) of a 
tracer gas to infer air flows. In order to do this, the system must be able to perform certaln hcdons :  
injecting controlled amounts of tracer gases into specified zones, measuring the concentration of the 
tracer gases in all the zones, and storing the resultant information for later use. MTMS is able to do 
these functions using a PC-controlled data logging and control system. Air sam led from each zone is P sequendally introduced into a Residual Gas Analyzer (RGA,i.e., a quadrupo e mass specmmeter) 
which measures the intensity of selected peaks that uniquely identify and quandfy the concentration of 
all the tracers in each zone. At present flve tracer gases have been used successfully and a capability of 
eight has been demonstrated in the laboratory. In order to keep concentrations within acceptable llmits, 
MTMS attempts to keep the concentration of each gas at a constant value in the zone in which it is 
injected. Since (In contrast to the CCT'G system) the analysis is not dependent on holding constant 
concentration, the control is optimized for stability rather than fast response. 

Under perfect conditions, almost any method of injecting the tracer gasses into the zones would lead to 
a good estimate of the air flows; but the accuracy and precision of the air flow calculation depends on 
many factors: instrument ca abilities, relative size of air flows, mixing, the conditioning of the 1R concentradon matrix, etc. e purpose of the control algorithms In MTMS is to minimize the 
uncertainty in the data analysis by suitable control of the injected flow. The control strategy used in 
MTMS is an attempt to minimize errors due to sevcral different sources as follows: 

a) Instrumentation Accuracy: The precision of the injection and concentration determination is 
usually an absolute value expressed as a percentage of full scale. To minimize the impact this 
uncertainty has in the calculation, it is desirable to maximize the signal. 

b) Mixing: When tracer is injected into a perfect zone. it is com letel and instantly mixed. In a real 
zone it takes some time for the measured concentration to re 1 ect X e zone average concentration. 
This kind of mixing effect can be reduced by keeping a steady injection and concentration within 
the zone rather than allowing the zone concentration to fluctuate. (Other types of mixing effects 
such as stratification, dead zones, short-circuiting, etc. require careful sampling design and cannot 
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be dealt with by the control strategy.) 

c) Matrix conditioning: The analysis method includes the inversion of the concentration matrlx. 
Uncertainties in the measured quantities and numerical errors will be amplified if the 
concentradon matrix Is ill-conditioned. (The best conditioned matrix would be diagonal; the 
worst would have a zero determinant.) Although the conditioning of the concentration matrix will 
be to some extent limited by the conditioning of the problem (i.e., the air flow matrlx), the control 
strategy should seek to keep the concentration matrix well-conditioned 

The MTMS control strategy is a compromise between these objectives. A single, uni e tracer gas is 
injected into each zone. Thus, the concentration of that gas in that zone will be largest; P f there were no 
air flow between the zones this would lead to a perfectly conditioned concentration matrix. Given that 
it Is not possible to inject a negative amount of tracer gas, this strategy leads to a maximally well 
conditioned concentration matrix. For a single tracer to be injected into each zone a target 
concentration is chosen so as to maximize the dynamic range of the instrumentation and thus minimm 
the instrumentation-induced errors. 

The control algorithm used in MTMS is a type of proportional-integral control scheme that separately 
controls the injection of each tracer gas based on the concentration of that tracer in the zone in which it 
is injected. 

MTMS Hardware Description 

The MTMS hardware is responsible for measuring the concentrations of all ases in all zones and for L injecting tracer gases into those zones in order to effect the control strategy. c core of the system is 
the measurement of concentration and it is supported by plumbing and control technology. Total cost 
for the hardware alone (not includlng fabrication labor) was about $33,000 (1989 prlces). 

Cumntly, Residual Gas Analyzers (RGAs). quadrupole mass spectromettrs, are small, reliable, and 
available at prices comparable to gas chromatographers. 

Air coming into an RGA Is Ionized and the resultin positive Ions are separated by their charge-to- 
mass ratios and directed at an electmnmultiplier for f e m o n .  Separation is achieved by directing the 
ions axlally between four rods and varying an electrlc field on the rods at radio frequencies. When a 
new air stream is selected it must flush out the ionization area before its concentration can be 
measured. 

The sample air pressure must be reduced to that required by the RGA. A multistage reduction in 
pnssurt is necessary to meet the pressure requinments. The first reduction is achieved by flow 
resktance within a small capillary tube. This reduction is limited to the pressure at which molecular 
flow is induced. 'Ihe pressure is further reduced b expansion into a small chamber fmm which a 
small portion is allowed to expand Into the ROA v r a an odfice, the bulk of the gas is pumped away 
with the vacuum fore-pump. This pmcess limits the response tlme by the travel time in the ca illary 
and the flushing of the expansion chamber with the fore-pump. Including the valve manifo d, the 
overall response time of the MTMS hardware is about one second. 

f 
The ROA itself has an absolute accuracy of about 112% of reading; however, at the pressures we are 
wor!dng then is electronic noise of about 20 ppb. Most tracer gases can be calibrated to f 1% down to 
2 pprn where the nolse dominates the uncertainty. Gases with a large background concentmtion in air 
may have to be used at higher concentrations to maintain the same uncertainty. (e.g.helium at 5.25 
ppm background concentration will have a minimum uncertainty of 53 ppb). The electron multiplier is 
less sensitive to heavy ions and so it is necessary to use slightly higher concentrations for gases such 
as sulfur hexafluoride. For MIUS gases the typical target concentratlon (1.e.the concentration in the 
zone in which they are injected) are from 20 to 50 ppm to allow the non-target concentrations to be 
measured with some accuracy. 

I n J ~ t i o n  of Tracer Gas 
The tracer gas injection is controlled by a se ante Mass How Controller (MFC) for each gas. These P devices measure the mass flow with a prec don hot iKilrt anemometer (or hot films) and control a 
needle valve to regulate the mass flow to within 1% accuracy (W scale) In a 50: 1 operating range. 
These specifications are often exceeded in practice where one can sometimes et a 70:l range and 
better low end accuracy. Response time is typically under 10 seconds, occasion ly some adjustments 
are necessary to the controls when changing gas type or flow range. 

f 
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6.52. CESAR: Compact Equipment for Survey of Air Renewal 
Introduction 

The described apparatus measures the air change rates using three tracer ases and was built on the f basis of the experience gained with a single-tracer C m 0  i n s w e n t  [ cartezzini, Roulet, Jollier, 
1985; Roulet and Scartczzinl, 1984 and 19871. Up to 10 locations can be measured simultaneously 
either by the decay method, the constant flow or the constant concentration method, the latter being 
particularly developed and the most used. The analyzers are non dispersive IR spectrometers, the 
tracers being N20, SF6 and Halon R 1301. 'Ihe complete equipment can be transported. 

Principle of operation 

The controller is a MS-DOS com atible personal computer. It monitors the programmable sampler J and injector and logs the measu data. A control pmgram is designed to inject the right quandty of 
tracer gas in such a way that a constant concentration, which is not hazardous even for long time 
exposure, is obtained. 

The control method used in the program is a digitized and modified PI (proportional-integral) which 
can achieve a very stable concentration, even when the air flow rate changes strongly. The control 
parameter are chosen in an o drnal way and do not depend much on the air flow rates [Cornpugnon, l Kohler, Roecker, Roulet, 19 8). Overshoots are avoided by non linear modification of the control 
algorithm (see Section 4, appendix 2 for more details). 

The air flows are also computed off line and are displayed by the controller, taking into account the 
residual small variations of the concentration of the tracer, the cross sensitivity of the analyzers and 
the variations of the density of air. The interpretadon uses the zone-by-zone systems of equations. 

Hardware and software description 

This equipment has the following parts: 

1- Four non dispersive infrared spectrometers (BINOS of Leybold Heraeus com any). one tuned for 
&l water vapor and the others for the rime tracers used: nitrous oxide (N 0. 2 ppm fsdt), sulfur 

hexafluoride (SF6. 20 ppm fsd) and Halon 1301 (R1 3B l. 20 ppm fsd). d e  necessary comction on 
the tracer concentration due to the resence of water va r is automatically performed. Other 
analyzers may be installed with m nor modifications. ce analyzed, the sample is flushed 
outdoors. 

P 6 
2- An 11 channel programmable sampling unit (developed at the LESO), the eleventh channel being 

the outdoor air. This sampler contains the sampling pumps and sets of electrovalves enabling the 
sampling of the rooms in an arbitrary sequence. While the air of a given m m  is sampled and 
injected into the analyzer, the sampler pre-pum the sampling duct of the next channel. The 
analyzing dme is short enough to scan 11 channe (e.g. 10 rooms and the outdoor air) in less than 
10 minutes. 

E" 
3- A 10 channel programmable tracer injection unit (also developed at the LESO), which can Inject. in 

any sequence, one of the three tracers in a duct leading to a room. Each channel has two supersonic 
nozzles, adjusted for two different flow rates. The control of the injected quantity is achieved by 
electrovalves controlling the injection time through the chosen nozzle. The tracer injected in the 
duct is then flushed with outdoor air, while the unit injects another tracer in the duct connected to 
the next m m .  

4- A process controller (an MS-DOS operated PC) and a data rocessing unit (Hewlett Packard 
3852A). These control, by means of the CESAR software, the e-shared Injection and sampling 
sequences and the data logging. 

L 
5- An anemometer to record on site the simultaneous values of wind direction and speed. 

6- Tempemturc sensors (Pt 100 Ohm) to measure the indoor and outdoor temperatures. 

Two programs are used with this system: 

CESAR is the controlling code, main1 developed for the constant concentration method. It is written K in Quick Basic for MS-DOS. It pe orms the automatic control of the programmable injector and 
sampler, and logs the measured data in the mass memory (hard or floppy discs). The input of the 
measurement parameters (i.e. volumes of the rooms, sequence of the injections and measurements, 
etc.) is menu driven and user friendly. It can also, as an option, monitor the decay method, which is 

t fsd for full scale deflection. 
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mainly used to measure the local or room mean age of air. 

AUBE interprets the data files created by CESAR and gives the results in a numerical form. This 
program, written in Fortran 77 uses the equations presented in 5 4.4.1 of Part 111, allowin density 2 variations [Rodet and Compagnon, 1989J. Resolving of the system of equations is unde en zone 
by zone, non existent flows are hence not calculated. A Bayeslan tcchnl ue is used for error analysis. 9 The results of this program can be examined graphically with the help o a graphic code in use at the 

Figure 6.11: Schematic layout of the CESAR instrument, as it appears on line on the screen of the 
controller, to show a synoptic color picture of the system. The travel of the tracers and purging air, as 
well as the measured concentrations and temperatures are displayed. 

6.53. MATE: Mulfipurpose Automated Tracer gas Equipment 

The MATE system was developed in 1987-1989 primarily for measuring air flow rates by using tracer 
gas in 60 naturally ventilated ducts but with the requirement of being general enough to allow other 
kind of tracer gas measurements [Wouters, Vandaele, Bossicard, Voordecker, 19901. Applications 
which are already being performed or are planned for the near future are: 
- measurements of flow rate. humidity level and CO2 level in 60 natural ventilated ducts with a 

sampling time of some 20 seconds per duct, wouters and Vandaele, 19901 
- measurement of pollutant distribution within an enclosure (50 measurement points within the 

enclosure) using 2 mcer gases, 
- measurement of radon levels, CO2 levels and N20 levels in buildings with high radon 

contamination. 

Principle of operation 

The system is not bein developed for any single application. It means that the principle can vary as a S function of the applicat on. 
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The type of components is the same as used in some other systems. Speciflc attention went to the 
requirement of short measuring cycles since up to 60 channels must be measured in a reasonable time. 
A number of basic routines exists but no general software usable for all envisaged applications is 
available or planned in the short term. 

Hardware and software speciflcatlons 
The basic components of the system are: 

6 programmable MATE-boxes, developed at BBRI, allow each of them to inject tracer gas in 10 
zones and to take air samples in 10 zones. Each box can only inject 1 type of tracer but the 6 boxes 
together permit the injection of a maximum of 6 different tracers 
the controller is an IBM-PC com tible machine with 'vipet-card which enables the use of 
programs written in HP-basic. An H%" Vectra with viper card is normally used. 

the data acquisition system is an HP3852 

a pump system continuously extracting air from all  sampling points permits a substantially reduced 
measurement time per point 
one or more infrared gas analyzers (CO N20, ...) characterized b a very short reaction time (time 
constant of less than a few seconds). &e analyrcn for CO2 (0- 000 ppm) and N20 (0500 ppm) 
are both from Servomex 

2' 
one or two programmable MASS-boxes (Multipurpose Automated Sampling S stem), developed at 
BBRI. enabling the measurement of up to 20 pressure differences per box W th a whole range of 
opdons with nspect to the reference pressure. 

r 
the controlling code is written in HP Basic. The implementation of control algorithms for constant 
concentration are planned for the medium term. 

6.5.4. The BNL and CEES Petjlhorocarbon tracer (PFT) Measurement Technique 
Introduction 

Perfluorocarbon tracers provide the multitracer capabilities needed for muldzone and interzone flow 
measurements. The developments of the PFI' concepts by Brookhaven Nadonal Laboratory have 
resulted in a family of measurement systems [Dietz, Goodrich, Cote, Wicser, 19861. The PFT gas 
source has centered on the use of miniature permeation sources for each of the individual PFT types. 
Based on gas chromatographic analysis, up to seven PFT gases have been uniquely detected in 
laboratory tests, and three to five gases have been routinely used in a variety of field studies in single 
and multifamlly buildings. 
In many of these studies, PFT concentrations at a given building location, have been measured with a 
passive integrating sampler for extended periods, weeks or even months, to estimate average air 
exchange rates. The passive sampler has been applied routinely in measurement periods as short as six 
to 12 hours. Where shorter-term air flow data are required (e.g., as little as 15-minute periods), active 
shortduration programmable sampling, or even real-time measurements can be made. The variety of 
PFT measurement equipment includes a real-time portable gas chromatographer that was originally 
designed for airborne service to measure PFT concentrations released from ground sources (such as 
power plants), an automated measurement system taking samples over predetermined time intervals 
and known as BATS (Brookhaven Atmospheric Tracer Sampler), and the most wide1 used techni ue 
of passive sampling that relies on passive adsorbent tubes known as CATS (Capi g ary Adsorpt ? on 
Tube Sampler). CATS and BATS q u i r e  a laboratory gas chromatographic system to determine the 
PFI' concentrations. 
PFI' Principles of Operatlon 

The advantage of using P F h  is that these tracer gases are almost absent from the background in our 
indoor or outdoor environments. Therefore, using sensitive gas chromatographic electron capture 
detectors, measurements of concentrations used are nominally in the 1 to 30 parts r trillion range. 
This means small quantities of tracer needed and cost savings in the testing; e.g., a r- 0-story, 200,000 
m3 buildin would require less than $ 10 of PFI' for one year of tesdng [Diea, 19881. One would like I a series of FI' gas types that are distinct from each other, yet are able to be analyzed quickly. Four of 
the PFI's being used can be analyzed with a GC cycle time of about eight minutes; if five are used, the 
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total analysis time is typically 13 minutes. The laboratory GC cycle consists of sampler desorption, 
precut column separation and catalytic treatment of unwanted constituents with retrapping of the 
PFTs, followed by desorption, additional catalytic treatment, drying, separation and detection. 

In a typical field study the sources are distributed in each of the zones to be tested. Although the 
source emission rate is temperaturt dependent (involving about 4% per degree C increase), tests have 
shown no bias in the rtsults as long as the true average source temperahm is used to calculate its rate. 
To maintain a constant production rate, commercial1 available temperature-controlled source holders 
can be used, but with a resulting orderaf-magnitu d' e increase in the source cost. Typically, CATS 
would be placed in each zone away from PFT sources and so positioned that natural air movement in 
the room would cause the room air mixed with the PPT tracer to be present at the CATS loadon. If 
the BATS unit is deployed it would also normally operate in the zone of interest. but like the real-time 
system it can also sample from each zone via tubing. AAer each measurement period, the CATS are 
analyzed by the gas chmmatographer, the concentrations for each PFT in each zone indicate both the 
magnitude of dilution from outside air (air infiltration rate) into each zone and the amount of air 
exchange to and from each of the other zones. 

PFT Analysis 

The method of air flow analysis used by BNL inserts the measured tracer concentrations and known 
emission rates from the sources into a multizone model consisting of mass balance differential 
equations and 2N+1 flow balance equations, where N is the number of well-mixed building zones. 
With passive sampling (CATS), the equations are solved assuming steady-state prevails (i.e., the 
derivatives are set equal to zero). With concentration sampling as a b c t i o n  of time, obtained from 
programmable sampllng using BATS, the derivatives within the mass balance equations are evaluated 
using a five point numerical technique around the point of interest. Errors on computed flows are 
estimated using a first-order error analysis technique. A further description of the techniques used by 
BNL to calculate vendlation flows and their errors from the concentration measurement. can be found 
in [D'Ottavio, Senwn, Dietz, 19871. 

Hardware Description 

Field Equipment: The BNL passive sources are aluminium shells 32 mm long X 6.6 mm inside 
diameter. which are flared slightly to facilitate the insertion of oversized silicon rubber plugs (12.7 
mm long X 7 mm diameter). The shells are then lubricated, swabbed with a solution of 5% silicone 
grease in eth 1 acetate, and airdried in an inverted position to concentrate the lubricant at the opening. L A code num r is engraved onto the shell for identification of the PFT source, silicone rubber plug 
type and number of the source. 

The shells are filled with exactly 0.4 m1 of the appropriate Pm liquid, usin an automatic pipette. The 
pre-cut plugs are inserted, pressed flush with the end. The cost is about dollars per source (1990 
prices). 

f 
The passive sampler. CATS, is a Pyrex glass tube 6.4 mm diameter. 6.4 cm long with rubber end caps, 
one of which is removed during the test period. The tubing is selected to have an ID within f 1.5% of 
the desi value; the length is cut to within f 0.8 mm. This tolerance is necessary to keep the sampling 
rate, W d ch is proportional to the cross-sectional area and inversely proportional to the length from the 
mouth of the glass tube to the surface of the adsorbent bed, within f 3% precision. The glass tubes are 
clemd using a detergent solution and given a unique identification number. 

Within the tube, held in place by 150 mesh stainless steel screen, is exactly 64 mg of a charcoal-like 
adsorbent, Ambersorb, in the form of tiny spheres which capture the PFT tracer. This adsorbent is put 
through a conditioning p m s  before being used as a tracer sampler. It is initially boiled, three times, 
in distilled water, and any fine dust floating on the surface is decanted off. It is then dried and rolled 
down a very shallow, inclined plane to separate any shapes which are not nearly rfect spheres. 
Finally, it is boiled again until the decanted fluid is clear, dried and sievcd to a 3040-5 f =  mesh size. 

After initial fabrication of the sampler it is made ready for its first use by being thermally desorbed at 
425450 'C for 10 minutes. The ends are then sealed with specially fabricated polyurethane rubber 
caps. 
Cost is about $ 7  per sampler at 1990 prices. Both the sources and passive samplers are commercially 
available. 

The BATS programmable sampler contains 23 metal tubes each filled with Ambersorb. Each tube in 
the lid of the BATS may be selected to receive the pumped air flow for a particular time period. The 
current commercially available BATS, as well as a new generation prototype under development, was 
developed for atmospheric tmcer measurements and costs between eight and nine thousand dollars. 
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Sim le,automated and programmable systems using the CATS tubes as the sample collectors have 
U d' commercially available plastic bag and syringe samplers with costs in the range of 2.000 to 3.000 
dollars. 
The real-time sampler1 as chmmatographer may be used for in-situ indoor or outdoor air flow studies 
or it may k employed a the laboratory for CATS analyses. 'Ik latter arrangement involves the use of 
a rack to hold the CATS and auxiliary electronics. Each CATS is heated with a nichrome wire heater, 
forcing the tracer to leave the Ambersoh and move to the trap(s) within the real-time sampler. From 
there it is analyzed in much the same wa as the laboratory gas chromatographer. The procedure is 
com~uterized and automatic with each 2 ATS analvzed in turn, data then is recorded on disk and 
priniout provided. 

Figure 6.12: A schematic of a modified gas chromatographer assembly, used for the BNL technique 
[Dietz, Goodrich, Cote, and Wieser, 1986). 

Laboratory equipment: The determination of the concentration of the PFTs collected by the tubes Is 
also accomplished with a modified gas chromatographer system. The scheme includes thermal 
desorption, chemical and physical processing, chromatographic separation and electron capture 
detector @CD) determination of the quantity of tracer recovered. A schematic of a gas 
chromatographer assembly, used for this technique, is shown in Figure 6.12. 

The sample is automatically thermally desorbed and passed through a palladium catalyst bed and a 
pre-cut column before being re-concentrated on an in situ trap. The trap prevents the collection of 
unwanted low molecular weight constituents, and the pre-cut column prevents the passage of 
unwanted high molecular weight constituents. After thermally desorbing the trap, the PFTs .are 
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separated in the main column after passing through another palladium catalyst bed and permeation 
dryer (to remove moisture) and detected in the ECD. Two processes occur during a single cycle; 
analysis of a previously collected sample and the loadin of a new sam le onto the tra . At the start of 
the cycle, the FD valve goes on as well as the Floras if  trap valve (F&. Note that afl the valves are 
shown in their "off" position; "on" means the FS valve rotor turns 90 degrees and the others, 60 
degrees. Thus, when heat is applied to the FS trap, the adso&d PFTs are flushed out through catalyst 
bed "A", catalyst bed "B", the dryer, the main column, and the detector (ECD). The entire process for 
the last PTCH isomer to elute is under 12 min: the cycle time was set for 12 min. 

Prices for the real-time sampler unit start at $24,000. Rack, computer, software, interface com 
PFT gas standards, and training bring the total cost to approximately $40,000. A complete la rat0 
Pm analysis system built around a commercial OC insuument, and including an automated G - 

'P 
r? 

CATS deso tion rack, PFT gas standards, data acquisition with computer and software, manuals, and 
system train ng would cost about $ 130,000, but measurement sensitivity is increased by an order of 
magnitude over the sampler unit Costs are based on 1989 prices. 

6.5.5 The SIB passive tracer gas method. 

Introduction 

The passive techniques using PFTs are well developed in Nordic countries [Sllterl, 19911 and they 
rely on the same basic pnnciples as the perfluorocarbon tracer (PR) measurement technique 
developed at Brookhaven National Laboratory. Thus, perfluorocarbon tracers are released at a constant 
rate by diffusion from liquid tracer compounds in small containers. Sampling is also made passively 
by diffusion into an adsorbent contained in a narrow glass tube. The SIB passive tracer gas method 
developed at the National Swedish Institute for Building Research [Stymne Md Ellasson. 19911 
present details of the tracer source design and PFT analysis which are, however, widely different from 
the BNL-method. 
Principle of operation 

The passive tracer gas sources and samplers are distributed in the building to be investigated. After 
mixing, which takes a few hours, the samplers are decapped and left to sample the air for one week to 
several months. After sampling, the time is noted and the samplers recapped and sent to the laboratory 
for analysis. In a typical case where the total ventilation flow is of primary interest, two different 
tracer sources are used in conjunction with a few samplers, which are preferably located close to 
identifiable extract points. 

At the laboratory the adsorbent is transferred to a glass vial. The adsorbed compounds are extracted 
with 1 m1 of purified toluene. A small portion of the solution (1 microliter) Is injected into a as 
chromatographer (GC) where separation is achieved with a dual column system, with refocusing a er 
the pre-column in a cooled trap. The effluents from the analytical column are measured with an 
electron ca ture detector. The total amounts of tracer compounds are quantified through comparison 
with the E 8 D signals from a standard sample. From the known sampling rates of tracer gases in the 
adsorption tube, the emission rates of tracers and the sampling time, the average tracer concentrations 
at the location of the sampling tube are calculated. 

The estimation of ventilation parameters (e.g. total ventilation flow, purging flow rates, room to m m  
air flows, ventilation indices) from tracer concentrations is performed using a multicell model with 
necessary simplification due to building characteristics and emission and sampling strategy. 
Hardware description 

At present two tracer gases can be analyzed on a routine basis (perfluro-benzene (PB) and perfluoro- 
methylbenzene (PMB)), while three others (PMCH, PDCH and PDCP) still require additional 
development of the GC separation technique to be useful for field trials. 

A tracer gas source is constructed from a 1 m1 glass vial equipped with a Teflon membrane. A 
diffusion adsorption tube consists of a standard SKC-Anasorb sampling tube, which is cut 17 mm 
above the adsorbent bed. The inner diameter of the opening is 4.3 mm and the sorbent bed consists of 
100 mg activated carbon, and a back up layer of 50 mg activated carbon. The cost of one tube is 
approximately 1.2 US$. The tubes are disposed of after use. 
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The gas chromatographtr emplo ed is HP 8990 quipped with an automatic sampling tray (100 vials) 
and a commercially available a, umn switching system (Chrom ). Prwcparation is donc on an 8 m 

fhF wldc-bore fused silica column, coated with carbowax, and stparation is Qnc on 2.5 m capillary 
(0.2 mm) fused silica column with dimethylsiliconc coating. Intermediate trapping is p e r f o d  using 
a 20 cm dimerhylsiHcone c a d  capillary column piece. cooled with carbon dioxide. Tht total 
cost of the complete laboratory equipment anounta to approximcltcly 000.- at 1990 prices. 

6.5.6 The Automated Appara!us of the Politecrrico dl Torlno 

Introduction 

The aim of the research up of "Dipadmento di Entrgetica" m Politecdco of Twin is to set U an P apparatus for air infiltra n measurement comparabk to thosc of other IEA countries [Borchie lid, 
1983; Vucchelli, 1986; Call, Fracastoro a d  VacchcU, 19861. At the same dme, the experience 
developed in the theorcdcal studies of inverse pmblerns (applied to heat conduction) was applied to air 
infiltration studies. 

Apparatus description 

This apparatus was designed for on-site measurements and for laboratory test. It consists of two main 
subsets of components: 
- SubSet A (SSA): a compact and mobile multi-tracer gas system developed for multizom analysis 

and for on-site measuranents; 
- SubSet B (SSB): it just includes the components used in laboratory experiments in order to test the 

calculadon technique based on the "Ill - posed problems" theo [Beck and Arnold, 19771, [Beck, 7 Blackwell, St. Clair, 19851. Since the conservation equations o the mass of mcer ancl the mass of 
air arc written for a zerodimensional model, we have decided to use small boxes, easy to build, to 
model different zones. 

Figure 6.13 displays schemadcally the complete system. The sub-systan A consists of: 

two infrared-photometers for the m e m m e n t  of the nitrogen rotoxyde (30)  and sulphur J hexafluoride (SFd, these are Leybold-Heraeus models Binos 1 .l Binos 3. 
PC computer, laptop model based on Intel 80C286, 12 MHz processor, the computer contmls the 
valves poddon and acquires data (tracer concentdon, indoor and outdoor temperawe); 
an B M  - compatible multifuncdon analog and digital U0 board (16 singleaded analog input 
channels 12 bits rcsolution, 2 analog output channels 12 bits resolution, H digital inpts  and 8 
digital outputs); 
an IBM - compatible digital VO board (24 channels of digital VO, three &bit groups independently 
selectable for VO. connected to a solid-state relay subsystems); 
an HP-3497A data acquisition conml unit able to replace the two IBM - compatible boards; 
twelve solenoid valves (V0 - V1 1) to perform the sampling of air and the gas injection; the valves 
requires 24 V electrical supply. 

The subsystem SSB is a scale model of a two-zones system; it consists of: 
- two small boxes made of wood: the volumes of the first (ZONE 1) and the second (ZONE 2) are 

respectively 0.0525 m3 (0.35 X 0.50 X 0.30 m) and 0.1242 m3 (0.467 X 0.566 X 0.470 m); they are a 
small scale representation of two different zones connected by a pi between the points 14 and 15 
of Figun 2; each zone has three sampling points (points 1 - 2 - r- for ZONE 1 and 4 - S - 6 for 
ZONE 2) and is connected to the external environment by a pi equipped with a flow-meter (see 
points 13 and 14 in figure 2); the injection of the tracer gas an the air supply are accomplished in 
zone 1 only (points 10 and 12); 

r 
- two mixing fans one for each zone; 
- three flow-meters and three pumps to control the air change and verify the mass balance in each 

zone; 
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- one electric resistance to vary the air temperature; 
- two platinum resistance thennometers to measure the air temperature in each zone. so that it can be 

taken into account in the mass balance equations. 

Figure complete instrumentation [Borchiellini and Cal), 19901 

The two subsystems arc presently used to perform laboratory testr whose main purposes art 
improving our experience on tracer gas measurement and o W n g  the wide set of experimental 
results necessary to check the numerical technique chosen to calculate the air flows. 

The complete apparatus is a multizone and single tracer gas system. The zones are represented by the 
two boxes, which are very tight as indicated by pressurization tests 

A computer program interactive with the operator nms on the PC and executes all the different 
operations required to carry out the measurements. The program includes also utilities to set the zero 
and full scale points of the analyzer, the on-line calculation of the air change and of the initial mcer 
concentration arr: also displayed. 

Data analysis 
The quantities used In the conservation equations can be sorted in measurable quantities. y, and 
parameters, X. Then the equations can be written in the gmral form: 

The measurable quantities in our pmblems are tracer gases concentrations, source flow-rates. 
temperatures and pressures, while the parameters are volumes of each zone and air flow-rates. The 
estimation of the parameters X is a typical inverse problem which has been widely treated in literature. 
A bayesian calculation strategy is used. [Beck and Arnold, 19771, [Beck, Blackwell and St. Clair, 
19851, /Tarantola, 19871. 
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This ap roach was applied successfully to single-room measurements; the measured data being iJ analy after the end of the experiments (whole domain technique); the next step is to apply this 
approach to multizone measurements using either whole domain or sequential (on-line) technique. 

The outcomes of the research work made up till now show that grtat attention must be paid to: 
- the influence of the temperature diffemce between zones and also to temperature changes durlng 

measurements; 
- the data covariancc matrix, mainly when high speed acquisition system is used. 
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III.7. Comparisons of Methods 

7. Comparisons of Methods 
Several publications are found in the literature, which comparrt two or more meawlnment techniques 
used on tht same object. Thls comparisons, which provide useful information on the accuracy of these 
techniques, can be sorted into two categories: tracer gas measurement on well controlled test houses 
and inter-comparisons of different tracer gas techniques in the fleld. 

7.1. Measurements on laboratory test houses or test rooms. 
The trscer gas measurements arrt rformed on well controlled test houses or test rooms, generally R located in a laboratory. The air ow rates in the zones of these tcst buildings arc wnmllcd by a 
ventiladon system, in which the air flow rates can be measurcd in the ducts, using classical techni es 

to provide a good estimate of constant 9" r flow ram. 
9" (see Part V). The objective of such corn sons is to evaluate tbe tracer gas techniques for their ab lity 

Such comparisons were published by several authors, in particular 
Several measurements made in the test indoor house of the National Swedish Institute for Building 
Research are described in [Sandbtrg and B Lrt, 19851. Both decay and constant concentration 
single-tracer techniques were tested. The concl ?r ons an that a perfect uuxing is d m d t  to achieve in 
a multizone building, since the standard deviation of the mean age of air between rooms was between 
10% (for an air change rate of 1.4/h) atad 24% (for an air change rate of 0.3h). The standard deviation 
in measured air change ram between the rooms was nevertheless smaller. Since 10 fans did not 
provide a b e a r  mixing than 6 fans in this 5-zone house, it is proposed to install one fan h each 
ordlnary m m  with an additional fan in the largest room. 
Single tracer gas, decay meawrrements on a two-chamber small-scale test dg m described in [Rwat, 
1989121. Different interpretation algorithms were tested on unperturbed and p e r t u w  measured data. 
The conclusions art given in Section 4.3.2. 

Two- and three- zone deca measurements with the same number of tmccrs m used for a comparison 
between bee analysis me d h s  [Invin and Emv0rd.r. 1990). 
[Enai. Shaw, and Reardon, 19901 present a similar experiment with multi-tracer techniques applied on 
two well controlled rooms. Their results have shown that the accuracy depends on the time at which 
the concentration are taken for interpretation. Therefore, they propose a technique to select the 
appropriate time. 
[Okuyama, 19901 tested his identification methods on measurcment performed in the Swedish 
laboratory test house. This test has shown that a minimum measurement time equal to the nominal 
t h e  constant is needed to obtain a reasonable accuracy. With mixing fans, the intcmnal air flow rates 
were under-estimated by less than 20 8 whlle a mismatch as large as 9096 was observed without 
mixing fans. 
A series of validation experiments were carried out under controlled condition in a three-zone system, 
using tk UMIST three-gas instrument [ I M n  and Edwurds. 19861. The relative difference between 
the air flow rates measured on one hand by tracer gases and on the other hand by hot wire or Pitot tube 
anemometers was about 20 %, but the air change rates were found to be estimated within 10% of the 
true value. In these experiments, the typical time constants (e.g. the ratio of the volumes of the cells to 
the air flow rates) were small (much less that one hour) and the minimum measurement time required 
was found to be about 20 minutes. 
A similar validadon experiment performed at the Universit of Illinois [O'Neill and Crmuford, 19901 
allowed the authors to show that both air flow rates and e !' fective volumes can be determined with a 
reasonable accuracy in a thnt zone system with a single tracer with a reasonable accuracy, provided 
that these unknowns remain constant for the minimum measurement period, which k, in their case, 
two hours. 

These last two experiments seem to show contrary results, since 20 minutes are sufficient in one case 
when two hours arc n&d in another experiment to show a reasonable accuracy. In fact, they agree 
and confirm that the opdmum measurement time period is not absolute, but depends on the typical 
time constants of the measured system. 
A comparison of various methods for two-zone measurements was conducted as well by numerical as 
by experimental techniques [Heidr, Rabenstein, Schcpers, 19901. The numerical technique simulates 
the measurement by Monte-Carlo methods, and the experiments were conducted on laboratory scale 
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models. The authors compared a single-tracer pulse and decay method with dual-tracer decay and 
repeated pulse techniques. They conclude first that the eigen3alue analysis presented by [Sinden, 
19781 and widely used afterwards by others, worked well for clean data, but produced large errors in 
the estimated flows when the data are compted with a small amount of noise (2 R or more). This 
conflrms the ~ s u l t s  of [Irwin and Edwwds. 19861. 

Using the inversion of the mass conservation equations and provided that the tracer concentrations are 
taken at proper time intervals, they found that the dual-tracer technique is convenient for short-time 
measurements (period of the order of magnitude of the nominal time constant or less) while the single 
tracer pulse and decay method can be used for longer time measurements, since it is of simpler use, 
provided that the venhlation remains constant. 

7.2. Field comparisons of different techniques. 
[Walker, 198.51 presents a comparison of different interprttation methods based on the same data, 
measured with three tracers in a two-storey attached house partitioned into t h e  zones. He concludes 
that, for decay experiments, integral interpretation on a given period of time is more accurate than a 
least square fit on few measurements obtained during the same period of time. 

Different techniques used in the United States were compared in a multifamily building [Harrje, 
Dietz, Shennan, Bohac, D'Onavio and Dlckerhof, 19891. The compared techniques include a constant 
concentradon single-tracer gas system, a multitracer gas system using mass spectrometer and 
perfluorocarbons (PFT) multitracer systems both passive and active. Such a field test proved to be 
useful to compare the effects of real-time perturbations on the measurement techniques and their 
results. All techniques, with the exception of passive PFT, were found to respond quickly to fast 
changes in air flows. It also have shown some limits to such comparisons, since first, the compared 
systems cannot use the same tracers and secondly, a system using one tracer at high concentration may 
disturb another system working at very low concentrations. 

Figure 7.1: Three airflow measurement sys tem evaluating theflucncatlng air i@lfratwnf2av rate in 
a zone containing a kitchen and a living room [Harrje, Dietz, Sherman, Bohac, D'Ottavio and 
Dickerhoff', 19891. 
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Figure 7.1 shows the air flow rates as measured by three active systems in a mne. This comparison 
shows that the nsults are fairly similar, but some differences can be observed. A part of the 
differences are attributed to the interference effects mentioned above. Another important part was 
found to be the result of different interpretation methods rather that of the tracer gas in ecdon and 
analysis itself. In rdcular, the large fluctuations observed in the results of the PFT ac ve method 8" a 
between l8:3O an 20:00 are because the n door between the two rooms allowed the different PFTs 
injected in these two connected rooms to O E  intermixed, which causes the systems of equations used 
for interpretation to become illcondidoned. Once the two rooms merged into one zone for 
interpretation, these fluctuations completely disappear. 
Thls last fact is confirmed by another study of the performance of the passive PFT method using as 
well laboratory measurtments as field investigation [Sateri, Jyskc, Majanen, Seppunen, 19901. These 
authors emphasize the im rtance of a good mixing and have found that an accuracy of better than 
20% can be achieved, if m C mum caudon is taken. 
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8. Standards 
This chapter examines a selection of standards and regulatory documents which relate to air flow nuc 
and air exchange rate.measurement techniques. Several countries have developed standards relating to 
this type of measurement. Table 8.1. presents ~everal of these standards giving for each its coun 

accuracy expected. Summaries of the standarde referred to in Table 8.1 are pmuntcd below. 
Yf origin, governing body, designation, title, type of measurement to which it refers, and leve of 

Country 

Nordic 

Nordic 

Sweden 

USA 

Governing Body 

NORDTEST 
PO Box 111 
SF 02101 Espoo 

as above 

BST, Dmttning 
Krisdnas V1Lg 73 
S 11428 Stockholm 

kandards related to measurement ( 

Designation 

NT W S  
048 

NT BUILD 
232 

SS 02 l5  56 

A!STM 
1916 Race Street 
Philadelphia, 
PA 19103, USA 

Title 

ASTM 
E-741 83 

Buldings: Total Flow Rate of Ai 
- Continuous Measurement. 

Buildings: Rate of Ventilation 
in Dlffcrent Parts of a Building 

Buildings: Determination of 
Outdoor Air Inflow 

Standard Pracdce for Measuring 
Air Leakage Rate by the 
Tracer Dilution Method 

rairfrow rate. 

8.1. Nordic Standard NORDTEST NT W S  048 
TWs document describes a standard technique for the continuous measurement of air change rate in 
occupied and unoccupied buildings using the constant concentration mcer as technique. The 
technique can be used for continuous determination of the infiltration of outsi d e air into an entire 
building or individual rooms of a building. Air change rates are determined by measuring the amount 
of tracer gas required to maintain a constant concentration of tracer gas in the measured enclosure. 
Fully automated equipment Is requid  to make this type of measurement. Besides explaining the 
principles of the measurement technique this document describes the equipment required for the test, 
the preparation of the building under examination and the measurement procedure. The expression of 
the results and the accuracy of the technique are also discussed. A standard reporting format for the 
test is also included. 

8.2. Nordic Standard NORDTEST NT BUILD 232 
This document describes a standard technique for monitoring the natural and forced ventilation rate in 
different parts of a building. The method can be used in all types of building. Practical difficulties can 
limit its range of application. Problems occur mainly in buildings with large volumes and high 
ventilation rates. Difficulties in interpnting the mults can arise when examining buildings with large 
intenonal air flows. 

The ventildon rate is evaluated using the tracer dilution (decay rate) method. A suitable tracer gas is 
distributed within the volume to be evaluated, and air sam les are taken for analysis from locations 
where the air change rate requires measuring. The decay of e tracer gas is directly cornlated with the 
ventilation rate in various parts of the buildings. 

8 
The principle of the measurement is explained, equipment suitable for making the test is described and 
the measurement rocedure is presented. Other sections in the document examine the preparation of & the test building, expression of the results, and the accuracy of the technique. A standard format for 
the test report is presented. 



III. Air Flows Measurement Methods 

8.3. Swedish Standard SS 02 15 56 
This standard applies to the determination of outdoor air flow into buildings. The outdoor air flow can 
be created by mechanical or natural ventilation and the standard is primarily applicable to single 
family houses, flats and cell offices. It can be used to determine the total outdoor air flow Into a single 
family how or flat or, the total outdoor air flow into an individual m m  which has both intake and 
extract mechanical ventilation. 

The method Is based on the dilution of tracer gas (decay rate) and the continuous measurement of the 
tracer gas within the building. Two methods are described: in the fust the m r  gas concentration is 
measured in every room of the house or flat; in the second the tracer gas concentration is measured in 
only one room in the house or flat. The first method produces the best measurement accuracy but the 
second q u i r e s  lcss equipment. 

The standard describes the mathematical basis of the test and lists tht equipment required to perform 
the measurements. The preparation of the building is described and the measurement procedure 
presented. Data collection and analysis is considered as is the accuracy of the method. Finally a 
standard reporting format for the test is presented. 

8.4. USA Standard ASTM E 741-83 
This standard describes a techni the air change mu of buildings under natural 
meteorological conditions (decay rate) principle. Two variants of the 
technique arc pnscntcd. In the tracer concentration as a h c d o n  of time is 
measured on site d i d y  as air samples arc obtained. In the "container sample" variant, after the tracer 
has thoroughly mixed an initial air sample container is filled. The tracer is allowed to decay for a 
period of several hours during which a second and perhaps third sample container is filled. The 
samples can then be analyzed at a remote laboratory and air change rates can be determined from the 
decay in concentration. 
The document describes terms specific to the standard, explains the pxinciple of the measurements and 
explains the significance and use of the technique. Apparatus particular to the method is described and 
the measurement d u r e  presented. The initial data analysis and the presentation of the f d  results 
are examined. C 9 ibration and safety procedures arc consided and a standard rtporting format for the 
test is presented. A list of suitable tracer gases is included. 
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Symbols and Units 
A vector containing the coefficients a, bl, bij (i#j) and bii 
a. bi, bij: coefficients in a model 
C#) mass concentration of a tracer at location L and time t. 
CJt) mass concenbation measurcd in the exhaust duct 
CJt) mass concentration measund outdoors 

equivalent volume concentrations 1-1 
matrix of the net mass concentrations C& - CM of contaminant k in zone I. [-l 
probability density ftncdon of the age of air particles b11  
probability function of the age of air particles [-l 
mass of alr contained in the space of interest [kg1 
mass of conramhunt contained in the space of interest [kg1 
model matrix, resulting From an experimental design and a model 
also diagonal matrix containing the masses of air of each zone [kg] 
air change rate [S-l] (or [h-l]) 
number of measuring points [-l 
vector locating a point in the space [m] 
fresh air flow rate (in mass terms) [kgw (or [kgw 
time-averaged flow matrix [kdsl (or Fg/hl) 
frtsh air flow rate (in volume) [m3/sl (or [m3/hl) 
mass flow rate of a contaminant or a tracer [kg/sl (or [bhl) 
matrix of the mass flow rates Sik of tracer or contaminant k in zone i. [kg/sl (or [ k g m  
volume flow rate of a contaminant or a tracer [m3/sl (or [m3/hl) 
time [sI(or [h]) 
purging flow rate [W1 (or [kg/hl) 
purging flow rate [m3/sl (or [m3/hl) 
vector containing the measured quantities (vl, v*,. . .,vJ at n locations 
any variable Ukc concentration or age of air 
volume of the m m  [m3] 
variance function 
coordinates of a measured point (f = 1 to 3) [m] 
time interval [S] 
air change efficiencyt [-l 
coefficient of air change performance = 2 qa [-l 
local ventilation effectiveness or pollutant removal effectiveness [-l 
matrix of ventilation effectiveness 1-1 
m m  average pollutant removal effectiveness [-l 
matrix of distribution effectiveness [-l 
average distribution effectiveness [-l 
relative contaminant removal effectiveness = l/( $ [-l 
air change time : 7, = 2 (7) [S] 
turnsver time of a contaminant [S] 
turnaver dmk matrix [S] 

nominal time constant of the room [S] 
local age of air at point L [S] 

mean age of air at location l [S] 
room mean age [S] 

t The word "efficiency" and the Greek leaer q is reserved kre for ratios havin a value between 0 and 1. For 
other ratim, the words "effectiveness" or "coefficient of performance" and the f ener e ara used. 



l. Introduction 
To ensure their health, safety and comfon, an efficient ventilation strategy should provide an adequate 
supply of fresh air to the building occupants to dilute airborne contaminants to acceptable 
concentrations. This efficiency can be measured at any location or for the occupied space overall, 
provided that the main contaminant is defined and its concentration is measurable. 
Since it can be assumed that the older the air is, the atcr is its contaminant concentration, k" knowledge of the 'residence time' or 'age' of air is of great mportanct. From these quantides, various 
assodated expressions of efficiency or effectiveness can be calculated. 
For an acce table indoor environment, k s h  air should first be distributed in the occupied space, and 
any contam P nant generated in this space should be quickly mmoved. Therefore, knowledge of the flow 
paths of both fresh and contaminated air are also of great importance. A map of the contaminant 
concentrations or the ages of air may help to determine these flow paths. This map can be obtained for 
a parCicular pollutant source by measuring the concentrations at various locations within a room or, if 
the pollutant source is not known, by the measurement of the age of the air in the m m .  This map may 
also be estimated by computation using sophisticated codes [Davldson and Olsson, 19871. 

Various measurement methods, most of them using tracer gases, can be used to analyze the flow 
pattern and the distribution of contaminants in a m m .  The choice is made according to what we wish 
to know; examples of measurement strategies for two different requirements are given below. 
To assess the indoor air quality 
- map the contaminant concentrations resulting from several sources and a given ventilation flow 

pattern, or, if the main contaminant is not known, 
- determine the age of the air at different locations in the room. 

To assess the room-ventilation system itself: 
- determine the air exchange efficiency. i.e. how the f w h  air is distributed in the m m ;  
- determine the ventilation effectiveness, i.e. how effective the system is in reducing room 

contaminant concentrations. 
Each particular objective cited above in the introduction has its own measurement method(s) allowing 
one to measure the necessary quantities. 
Definitions of the above quantities and their different measurement methods are described in the 
following sections. 

2. Definitions 
The quantities defined below arc explained in greater detail elsewhere [Sutcl@e, 1990) and are only 
briefly described here. 

2.1. Age of the Air 
The particles of fresh air coming from outside or From the ventilation system arrive at a given location 
r in a room after a time 5 which will vary from one particle to the other. zr is called the residence time 
of the particle In the m m ,  or its age, as if it were born when entering the m m .  Since there is a large 
number of air partfcles. we may deflne a probability density that the age of panicles arriving at a given 
location is between z and z+dz and. a probability F&) that this age is less than z. The following 
relationships always hold between these two functions: 

dF 
-= f(.t,) and 
dz 

The local mean age of air at a point L is defined by the average age of all the air particles arriving at 
that point: 

The room mean age of alr (.c) is defined by the average of the ages of all the air particles in the room. 
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2.2. Nominal Time Constant 
The nominal time constant of a zone, is the ratio of the volume. V, to the supplied fresh air flow rate, 
q, (including M b t i o n ) ,  or tht ratio of the mass of air contdned in the space, M, to the mass air flow 
rate, Q: 

Its inverse is the specific air flow rate or air change rate, n. 

The measurement methods for these parameters are the variants of the tracer decay method described 
in part III. These methods assume a complete mixing of the tracer. However, even in case of poor 
mixing, it is shown that the nominal time constant is equal to the mean age of air at the exhaust 
[Sandberg, 19831: 

If the air leaves the zone by a single exhaust, which is like1 to be the case in exhaust ventilation 
i, systems, equation 2.4, together with the methods described Section IV.3, can be useful for the 

measurement of the nominal time constant or of the air change rate. 

2.3. Air Exchange Emciency 
This efficiency exDrtsses how the fresh air is distributed h the room. The time. 2,. rewired on 
average to rt lacemthe air prcsent in the space is given by the following expression /hndberg and P Sjdberg, 198 1: 

2a 2(2) (2.5) 
where (2) is the m m  mean age of air. At a given flow rate and space volume the shortest time 
required to replace the air withln the space is given by the nominal time constant 
The air exchange efficiency?, v,, is calculated by: 

The air exchange efficiency is ual to one for piston-type ventilation whereas for com lete mixing it 
is equal to 0.5. Short circuiting "9 o air will give rise to an efficiency which is lower than dl 5. 

Note that in the Standard [ASHRAE 62-19891, a coefficient of air change perfonance, E,, is defined, 
which k twice the air exchange efflciency: 

A complete explanation of the quantities related to air change efficiency is developed In [SutcUffe, 
l99O]. 

2.4. Ventilation Effectiveness 
The ventilation or pollutant removal effectiveness expresses the efficiency in extracting the 
contaminants generated in the rooms, and is generally defined as the ratio of two net concentrations: 

where 
C, is the contaminant concentration in the exhaust air, 
CO is the contaminant concentration in the outdoor air, and 
C, is the contaminant concentration at the location of interest, L. 

t See note under "Symbols and Units" 
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The location of interest can be: 
- any particular location L the result being e,@) 
- the location with the highest contaminant concentration, which gives the lowest ventilation 

effecdveness, e,& 
- all the space, by taking the avera e concentradon (C,) over the space. The result will then be the 

average ventilation effectiveness, 4 e,) 
The ventilation effecdveness Is zero if there Is a short cut between exhaust and inlet grilles (C, = C& 
it is equal to one for complete mixing (C, = C,) and is infinity at the locations nached by pure f ~ s h  

(C, = C,). 

It must be pointed out that the definition and the measurement of e, specifies in most cases the 
measurement of the exhaust concentradon C,. This, in turn, requires the air to leave the m m  through 
a single exhaust duct The definition can be adapted to accommodate multiple exhaust ducts if the 
flow rates through al l  of them are measured. 

A complete explanation of the quantities related to pollutant removal effectiveness is developed in 
[Brounr, 19911. 

2.5. Age of a Contaminant 
The concept of the age of air can be easily adapted to any contaminant or to any tracer simulating a 
contaminant. This contaminant is assumed to be 'born' when entering the room and its age Is the time 
period spent in the space slnce this event. 
Thus the e q w o n s  of Section 2.1 can be used, defining the a e of a contaminant, z, the mean age at 
location l, and the room mean age of a contaminant, (.rc f . 
2.6. Turn-over Time of a Contaminant 
If the contaminant is injected at a steady flow rate, S, in a room ventilated with an air flow rate, Q, an 
equilibrium will be reached after a whle. The m m  will then contain a mass, m, or a volume, v,  of 
contaminant. The turn-over time, z,, is defined similarly to the nominal time constant: 

2.7. Purging Flow Rate 
The urging flow rate is the mass flow rate. U, or the volume flow rate, U,  at which the contaminant is 
ellm P nated: 

and 

Depending on the location where the concentration is measured, this flow rate can be estimated 
instantaneously and locally, or averaged over the space of interest: 

and 

or over time, giving 

2.8. Relationships Between Ways of Expressing the Effectiveness. 
It is shown that the average ventilation effectiveness is also the ratio of the nominal time constant to 
the contaminant turn-over time [Sandberg, 1983): 

Using the definitions of zn and 7,: 
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since, by definition, (C)  = &M. So the average ventilation effectiveness is also the rado of the room 
average purging flow rate to the fresh air flow rate. In other words, the average purging flow rate 
could be named as the 'effective' flow rate. since: 

(W (E,) Q (2.14) 
This denomination is however not recommended, since there are other definitions of 'effective' flow 
rates in the literature. For example, [Shermun, 19861 defined 'an average effective flow rate which 
results in the same time average tracer or contaminant concentration as the measured time average 
concentration: 

Since the average of a ratio is not the rado of the averages, this time averaged quantity is not equal to 
the average purging flow rate. 

2.9. Multizone point of view 
There are several ways to address the efficiency in changing the air or in removing the contaminants in 
multizone buildings. First, any variable which depends on the location as the mean age of air or local 
effectiveness can be used as it is in multizone buildings. 

It is however convenient to present either more systematic or simpler ways in expressing these 
concepts mathematically. 

The 2-matrix presented in Section 111.2.5.2 is the multizone equivalent of the nominal time constant. 
Following [Sherman, 19891, a multizone turn-over time matrix, 5, can be defmed: 

2 =MGS-' =C --- (2.16) 

Where: 
M - is a diagonal matrix containing the masses of air of each zone 
C matrix of the net mass concentrations Cik - C of contaminant k in zone i. M C is the matrix - -- 

containing the masses of contaminant k in zone P 
S matrix of the mass flow rates Sik of contaminant k in zone I .  

Each element 7;t of the 5 matrix is hence the turn-over time of the contaminant k in zone i. 

The matrix of ventilation effectiveness, 5. can similarly be defined as: 

E = z z  -l =C ==C (2.17) 

An overall effectiveness, averaged over time and zones can then be the weighted average of the 
elements of this matrix: 

were 2 is the time-averaged flow matrix and the sum is over all the elements of each matrix. 

A concept which relates the concentration in a location or a zone to the h thetical concentration, C*, 
which could be reached in the building considered as a single, we mixed zone, is crucial in 
determining how concentrations from a single source is distributed in a building. A distribution 
effectiveness can be defined as a matrix [Shennan, 19891: 

Since the local concentration may be smaller or larger than the "well mixed" concentration, the matrix 
E contains elements which can be larger or smaller than one. A global average gives: 
=C 



[Haghfgha,  Faziognd Rao, 19901 defined a relatlve contaminant removal effectlveness, p, which 
is the inverse Q .  ( eJ. If the average is taken over the whole building or if equation (2.20) is used in a 
single zone, ( ed) is related to other quantities defined above: 

The meesurtmcnt of these quantities defined for multizone buildings involves the measurement of the 
following quantities: 
For the turn-over time matrix, the net mass concentrations C- - COk and the mass flow rates S of 
contaminant k in zone 1 as well as the volumes and densities of $ in each zone should be m e d  
The matrix of ventilation effectiveness, 5, can be deduced from the above measunmcnt and from the 
z-matrix, using equation (2.17). Measurnent techniques for the z-matrix arc found In pm m. 'lhe 
overall efectiveness is deduced from this matrix, by averaging over time and zones. 

The matrix of distribution effectiveness, 5, qu i res  measurements of the concentrations of the 
contaminant of interest in each zone. of the'total strength of source(s) spreading that contaminant in 
the building, of the volumes and of the densities of air in each zone. 

The relative contaminant removal effectiveness or the average distribution effectiveness are directly 
deduced from the results of the measurements mentionned above, using tluqtion (2.20). 
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3. Local Age of Air 
It has been shown that the robability functions (2.1) can be measured by recording the time history of 
the tracer concentration, P (2). at any point, r, by either of three strategies as follows [Sandberg and 
Sjdberg. 19821. [Sutcl@e, 19901: 
- uniform concentradon of tracer is achieved at the beginning of the test 
- the tracer is injected at a constant rate throughout the test 
- a short pulse of tracer is released at the air inlet (assumes single inlet). 

The concentration histories are measured by analyzing air samples taken at time intervals, At, at the 
locations of interest. To minimize the discretization errors, this time interval should be small compared 
to the nominal time constant of the room. A recommended value is: 

The mean age of air at a given location in the room can be deduced from the age distributions 
represented by the concentration histories. It is necessary for the experiment to proceed for a dme 
priod larger than the nominal time constant of the room, that is about 1 .S T,,. The tracer concentration 
In the supply air should also be measured. 

3.1. Pulse and Step-up Methods 
These methods can be used in mechanically ventilated rooms where all the fresh air is brought through 
a single air inlet duct. The the room air is analyzed before injection to give the initial concentration Co. 

At time !o, a suitable tracer gas (see 111 5.6) is injected into the inlet duct, either as a short pulse, over a 
time penod much less than the measurement interval At, or at a constant flow rate. The quantity of 
tracer Injected or the tracer flow rate depends on the air change rate and on the maximum required 
concentration as shown: 

Pulsed injection: Injected volume = V C,, (3.2) 

Constant flow rate: Injectedflow rate - n V C,, (3.3) 
To ensun good mixing of the tracer in the air entering the room, the tracer should be injected at a 
point in the duct upstream of the inlet grille, whllst sufficiently near to avoid losses through 
interconnecting sections and to minimize losses through the duct walls. When using the pulse 
technique, the test proceeds until the tracer concentration has fallen to zem (or to the background 
concentration) at all measurement locations. Constant injection, however, should proceed until a 
steady concentration is observed at all measurement locations. The interpretation of the concentration 
histories is summarized below (section 3.3). 

3.2. Decay Method 
This procedure can be used for any space in which an initial uniform distribution of tracer can be 
achieved, by whatever means. This includes both naturally ventilated and mechanically ventilated 
spaces with either single or multiple supply or exhaust ducts, in any combination. 

A suitable tracer is dispersed throughout the space with the aid of fans or paddles to obtain a uniform 
measurable initial concentration C&. Injection is stopped at time t and the concentration continues to 
be recorded as it falls at all measurement locations. either to zem [or background) or u n l  exponential 
decay is achieved at all locations. 

In some cases it may be that the initial disturbance of the air flow pattern caused by artificial mixing 
may persist for a significant part of the test. One possible method to overcome this Is to use a 
microprocessor-controlled system [e.g. a C n G  instrument, see II1.6.31 designed to achieve and 
maintain a constant concentration at multiple locations. 

3.3. Interpretation of Results 
Fist, the background (or supply) concentration is subtracted from all measurements. and time should 
begin from zero start of the test (i.e. elapsed time) by subtracting from all time values. The local mean 
age at a given measurement location is obtained by evaluating the expressions shown in Table 3.1, and 
involve numerical integration of the concentration histories. 
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- 

( ~ e c h o d  for iqjection Distribution at location r Local mean age of air 

Pulscd injection 
in inlet duct 

Step injeclion 
in inlet duct 

Decay after CAT) 
uniform concentration F(%) = - 
within the room 

Table 3.1: EquatlOns giving the probability funcdons for the age of air and the m a n  age of air using 
merent  measuring strategies. Thefirst WO techniques can be used oniy uthere Is a single air inlet. 
These integmls am taken from 0 to Infjnlty, where 0 cornponds to the time to. Since the measurement 
Is performed over a finite time period, there remains a midual pm to be estimated. This estimate can 
be obtained by assuming that by the end of the measurement, the concentration follows an exponential 
c w e  (fig. 3.1 and 3.2). 

Time 
0 10 

Time 

Figure 3.1: Concentration versus time for an age of air measurement using the pulse and the constant 
injection m e w  (l@) or the decay method (right). 

Figure 3.2: Logarithms of the concentrations for the decay method, showing the two parts for the 
integration. 
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The integral is decomposed in two parts: the measured part lM and the residual part IR: 

I = IM + IR 

The integrand,fit) is either the concentradon or the conctneadon multiplied by the time. 
I can be integrated by any llumerical method; using the trapezium method, for example, if them are 
#records of the values of the functionflt), then: 

The residual integral is obtained the following way, assuming that, from time t~ on: 

C,@) = C&) exp(-t1.r) (3.6) 
The dme constant z is obtained using the last N measurements, for which a logarithmic plot shows an 
exponential decay. 7 can be deduced from two measurement points: 

or from the last N measurement points using the least square fit method (see Appendix 3). 

If f(t) is the concentration C,(.r), then: 

IR = 7 C,(tM) 

If f(t) is the concentration multiplied by the time, t C,(z), then: 

3.4. Possible Errors and Choice of the Injection Method 
A real experiment and a simulation using the three methods presented above were performed with the 
objective of determining which methods is less sensitive to measutrtment errors [Sutclfle and Waters, 
19901. 
It was found that the decay method may be slightly more accurate than the two other methods and is 
the easiest to use from a practical point of view. The stepup method can give rise to large errors, due 
to uncertainties in the values of the steady state concentration, C,. These errors can be specially 
Important in the measurement of m m  mean age (see Section IV.5). 

There are also mixing problems, which differ with the method. the stepup method q u i r e s  the 
injection of a relatively large amount of tracer gas in a short ulse in the inlet duct, and this uantlty 
mlght be difficult to mix to the fresh air. On the other hand, decay method requires a goo% initial 
mixing, which can be obtained by the use of mixing fans. TNs mixing, however, disturbs the natural 
flow pattern and might change the distribution of the age of the air in the room.. 

3.5. Measurement of the Local Mean Age of a Contaminant 
The procedures are exactly the same, except that the contaminant, or a tracer simulating the 
contaminant, is released at any relevant location In the space. that is where the contaminant source is 
located. 

The concentration of some contaminants, as water vapor, carbon gas, radon, can be easily measured at 
the levels usually encountered in buildings, but some others like body odors, some solvents, etc. are 
difficult to quantify in terms of concentration. 

On the other hand, one might be interested in a contaminant which is common but which comes from 
a specific source. For example, the water vapor or carbon gas coming from a as cooker are k impossible (or at least difficult) to differentiate from the same contaminant. com ng from other 
sources. In these cases. it is of great interest to simulate the contaminant with another. moE practical 
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gas, used as tracer. 

The advantage of tracers simuladng the contaminants is that they are less toxic, easily measurable in 
small quantities, and their source strength can be easily assessed. 
The choice of the simulatin tracer is nevertheless of importance when buoyancy effects are expected. f In this case, the tracer sho d have a density close to the density of the simulated contaminant. Since, 
for gases dissolved in air at temperatures over their dew point, the density is proportional to the 
molecular weight, it may be easier to chose the tracer which presents the same molecular weight as 
that of the contaminant. The Table 111.5.13 gives indications on these values for most of the gases used 
as tracers. 
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4. Planning of Mapping Experiments 
Mapping either the contaminant concentration or the age of air in a room can be of great advantage in 
studying the contaminant or air flow pattern and their effects on occupants. Such maps have already 
been calculated using computer codes [DavldFon and Olsson, 19871 and some qualitative 
repmentations have been drawn from measurements walton, 19891. 

The purpose of this chapter is to propose a systematic way to obtain a preliminary map of contaminant 
concentration or of the age of air from measurements in a m m .  Such a map allows one to locate the 
dangerous locations or the dead zones within the measured m m ,  under the conditions prevailing 
during the experiments. 

4.1. Minimum number of measurements 
A map of any scalar variable v in a threedimensional room is basically obtained by measuring the 
variable at each node of a network and interpolating between these nodes. Such measurements are 
however very expensive and may be unfeasible; if only 5 values arc taken on each axis, at least 125 
measurements are required. Therefore, it makes sense to look for methods needing a minimum number 
of measurements points. 

The minimum number of measurements depends on the objective of the mapping experiment, or more 
precisely on the empirical model which is chosen to represent the map of the variable v.  

Any infinitely derivable function (as v is assumed to be) can be develo d in a Taylor series around a 

"S P" given point. This gives a polynomial which can be proximated by ts k+l first terns, k being the 
degree of the polynomial. In the following, models of egree 1 and 2 will be considercd. 

If a linear model Is adopted (degree 1) . such as: 

where xi are the three coordinates of the measured point, only 4 measurements are needed to obtain a 
set of coefficients (a,  b i ) .  If more measurements are made, the coefficients may be obtained by a least 
square fit procedure provided there is no (or negligible) uncertainty on the coordinates. If their 
coordinates differ for the other points, these supplementary measurement points give information on 
the validity of the used model. 

If the linear model does not appear to be valid, more sophisticated models may be used. For example, 
a quadratic model: 

v = a + Zi bixi + ZiybijxiXj + Zibix i2  (4.2) 

which contains 10 coefficients, can be chosen. Such a model may already fit many practical situations 
and present minimal and maximal value(s). To determine its coefficients, measurements at 10 
locations is the minimum. 

An intermediate model is the interactions model: 

v = a + Ei bixi + boxFj (4.3) 

for which 7 coefficients must be determined, Table 4.2 summarizes the minimum number of 
measurements needed. 

I Model Linear Interaction Quadratic Cubic 4thdegrce I 
Dimensions I d  

Table 4.2: Minimum number of measurements needed to obtain the coeficients of a kth degree 
polynomial empirical model representing a variable in a 2 and Pdimenslonal space. 

4.2. Location of the Measurement Points 
The next problem is, where should we locate the measurement points? There are numerous possible 
ex rimental designs, but they do not give the expected results with the same accuracy. For example, P" it S obvious that, to fit a linear model of one dimension only (y = ax + b), the locatlon of the two 
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measurement points (the minimum number) wMch gives the best accuracy on a and b is at the ends of 
the experimental domain. If the model is more sophisticated or is for a larger number of dimensions, 
the choice is not so obvious. However, several tools exist for laming such experiments, wMch may 

19791, [Fcdorov, 1972 J and are applied below. 
e be found in the literature [Feneuillc, Mathieu and Phan-Tan- uu, 19831, [Bandemer and Bcllrnann, 

However, since points close to the walls do not Iltpment the inner volume, the sampling points should 
not be located near the walls or in the corners of the m m .  In the followings. the " m m "  or the 
"experimental domain" is a volume which is smaller than the actual measured space by about 20% in 
each direction. 

Let us take a coordinate system in such a rectangular volume using as the unit. for each direction, the 
half-length of that domain in that d i d o n .  Any point in the "room" is then located by three numbers 
included in the interval [-l, +l]. 

The experimental design can be represented by a rectangular matrix with 3 columns (one for each 
coordinate) and as many lines as measurement points. For example the design: 

Point X Y z 

is a two-level factorial design and is very well suited to obtain the coefficients of a linear model. 

A general condition is that, to obtain the coefficients of a p01 omial of degree k, each of the variables 
X ,  y and z shall take at least k+l values in the experimen design. which should have at least k+l 
levels on each axis. 

2 
To establish the most efficient design, the several criteria described can be used. 

4.3. Criteria for Location of the Measurement Points 

4.3.1. The Model Mat& M - 
First, let us look at the method used to obtain these coefficients. For each point, the model is applied, 
replacing the xi by their values Gven by the experimental design. A system of equations (one equation 
for each location) is obtained thls way. which can be written in a matrix notation: 

Y = M A  (4.4) 
where: 
y (v1, VZ,. . . ,v,,) is a vector containing the measured quantities at the n locations, 

is a matrix, each line of which corresponding to one location. Its flrst column is fllled with ones 
and correspond to a constant in the model. The next 3 columns may contain the coordinates of the 
locations if the model contains linear terms. The next 3 columns may contain the products of 
these coordinates two by two (e.g. x1x2, ~1x3,  X& in case of interaction terms and, for a 
quadratic model, the next three columns contain the squares of the coordinates. Other models will 
p d u c e  other mahcts. 

A is a vector containing the coefficients (e.g. a, bi, bii ( i f j )  and bii) of the modet 

In the general case, M - is rectangular and the least square fit procedure is used: 

A=(EI'M)-' M'Y (4.5) 
where M' is the transposed matrix of M. - This equation is also valid if M is a square matrix, but 
reduces3 the simpler equation: 

A = M - ~ Y  (4.6) 
In any case, a matrix should be inverted and the determinant of this matrix should not be zero! Since 
this determinant can be calculated before making the measurements, it is a first criterion for the choice 
of the experimental design. 
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4 3 3 .  Variance of lire Calculated Response 

If the coefficients are known, an estimate v, of the value of the variable v can be obtained at each 
location in the enclosure: 

v ~ A ' L  
where L is the vector (1, X I ,  x2, x3) 

If u2 is the experimental vadance of the measumd variable v, the variance &v> of the estimatd 
variable is: 

0 % ~  L' 0J'bp L u2 
A variance function can be defined: 

where N is the number of measurements. V F  depends on the experimental design (M - and N) and on 
the location E and can hence be calculated before doing any measurement. 
If VF depends only on the distance to the origin (or the module of d, the experimental design is said to 
be isovariant by rotation. If VF is a constant within the experimental domain, the design gives a 
uniform accuracy. A good experimental design should have a small variance function, which is as 
constant as possible. 

If (MM)-' -- is diagonal. the design is orthogonal. In this case, the variance function is minimum. 

433 .  Condidon of the Model Martlx 

h it is presented in appendix 2, section 3.5, the condition number of the matrix M - plays an important 
role on the upper bound of the relative errors on the result. 
This condition multiplies the experimental errors and transmits these errors into the result A. This 
number depends on the experimental design and on the chosen model but does not depend on the 
results of the measurements. Hence it can be calculated before doing an measurement and constitutes 

is a much better criterion than the determinant of 
r one more criterion, which is relatively easy to for the choice o the experimental design. This 

4.3.4. Expendability of the Expedmental Design 
It may be interesting that the measurements performed to obtain the coefficients of a first degree 

C lynomial are not lost and could be used with other measurements to expand the polynomial to a 
gher degree. Some designs are expandable that way, some others are not. 

4.4. Examples of experimental designs 
Several experimental designs were examined with the aim to map a rectangular volume or a 
rectangular a m  [Rodet, Compagnon, Jakob, 19901. The tested models were the linear, the interaction 
and the quadratic models. Several of these desi were found to be unusable (singular mahix or too 
large a condition number for the quadratic mode $" ) Some useable examples are given below. 

In practice, the experimental domain is a little bit smaller than the measured space. since it is seldom 
useful to have measurements of contaminant concentration or of age of air very near the walls, ceiling 
or floor. Thenfore, the measured volume is about 20% smaller in each dimension, the samples of air 
not being taken nearer the wall than 0.1 times the characteristic enclosure dimension. 

A kdimensional, l-level factorial design is obtained by dividng the experimental domain (e.g. the 
interval [-l, l]) on each axis into f equidistant levels. The complete factorial design contains all the 
points obtained by the fk combination of the f possible values of the k coordinates. 

The number of points in a full factorial design is lk. If 1 and k are greater than 2, the full factorial 
designs often have many more points than the minimum required, and are therefore rarely used. 
However, pardal factorial designs can be obtalned by selecting the requimi number of measurement 
points from the full design. Some examples are given below. 
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4.42. 2dimensional designs 

The 2-D, 2 level full factorial design: 

No X Y 

1 -1 -1 
2 1 -1 
3 -1 1 
4 1 1 

is well suited for a linear model. This orthogonal design allows one to obtain the coefflcients of that 
model with the best accuracy and is isovariant by rotation. If, for economical reasons, one point is 
omitted, the condition number doubles, that is the inaccuracy of the coefflcients is twice that based on 
4 measurement points. 

int at the ccnter (0.0) allows one to obtain the coefficient of the interaction tern bI2, 

The following two points: 

No X Y 

can be added to obtain a minimum design for a quadratic model, which has a condition number of 6.3. 

The 2-D full factorial design with three levels: 

has a condition number of 4.4 for a quadratic model. 

4.43. Jdimensional designs 

In three dimensions, the four point design: 

is perfect for a linear model. It can be expanded to a full factorial design: 
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which is good when used with Interaction model. Adding 6 points on both ends of the axes, and a 
center point, that is the centered star design: 

J 

gives a so-called composite centered design, suitable for a quadratic model, having a condition number 
for M'M of 4.4. If fewer are wanted, the points 8, 5 and 2 can be deleted (in that order) Pvin 
fmaFyTdesign having 1 and a condition number of 4.8. Finally, deleting two mon points ( f 
and 15) ives the has 6 points in the center of the faces and 4 points at opposite f corners ( g. 4.1). 

Figure 4.1 : Experimental designs C3 (l@) and composite centered (right) 

The condition number of M'M calculated using the absolute value norm ImI (see appendix 2.4) for -- 
these designs and three maeX are given in table 4.3. 
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Experimental Number of 
design points 

Zdirnendonal desi s 
*-level g facloriapl 3 
2-level factorial 4 
Ccntered 2-level fact. 5 
Minimum for quadratic 6 
3-level full factorial 9 

Quadratic Interactions Linear 
model model model 

- - 2.0 
- 1 .o 

1 .o 1 .o 
6.3 1 .O 1 .O 
4.4 1 .o 1 .o 

3-dlmendonal designs 
2-level half factorial 4 - 1 .O 
2 level full factorial 8 1 .O 1 .O 
C 3  10 4.3 3.2 1 .O 
Composite centered 15 4.4 1 .O 1 .O 

Table 43: Condtbn h e r  of M'M for some experimental designs and three models. No figure 
indicates that this design cannot beused with the corresponding model (not enough experiments). 
There are numerous other possibilities which can be imagined or found in the literature [Feneuille, 
Mathieu and Phan-Tan-Luu, 19831, [Bandemer and Bellmann, 19791, [Fedorov, 19721. If such a 
design is planned to be used. it is advisable to compute first the condition number of M'M -- and/or 
values of the variance function at several locations in the room 
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5. Room Mean Age of Air and Air Exchange Efficiency 

5.1. Measurement in the Exhaust Duct 
The average of the local mean age of air over the whole room Is the m m  mean age of air (T). If the air 
leaves the room through a single opening or duct, this room mean age can be also measured with 
tracer gas, the methods of injection being the same as in Chapter IV.3 but the concentration C,(t) 
being measurtd in the exhaust duct [Sandberg, 19841. Table 5.2 gives the appropriate formulae and 
the discrete integration method is already presented in Section IV.3.3. 

Method for injection Room mean age of air (z) 

t2 CJt) dt 
Pulsed injection 1 1 4 
in inlet duct P - 

2 v  

Step injection 
in inlet duct 

Decay after 
uniform 
concentration 
within the room 

Table 53 :  Equations to obtain the room average age of air from the record of the concentradon Cdt)  
of a tracer in the exhaust duct using different measuring strategies. Note that q/V is the room air 
change rate or the inverse of the nominal drnc constant. 

5.2. Measurement in the Room 
If, as it is often the case, the air leaves the room through multiple openings, leaks and outlets, the 
technique mentioned above cannot be used. However, the local age of air 7 0  can be measured and 
mapped as well as a concentradon, using the same experimental design. 

The room mean age may then be calculated in either of two ways: 

a) averaging directly the measurements of the local mean ages: 

1 
(T) = -ETi&) 

N i 

b) using a model to interpret the measurements and average the obtained map. If a linear or interaction 
model is used, the room mean age of air is simply the constant term of the model. If a quadratic 
model is used (like equation 4.2), then: 

where a is the constant tcm of the model and bii are the coefficients of the square terms. 
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Finally, if a full flow matrix is measured using multizone tracer techniques (see part 111), the room 
mean ages can be deduced from this flow matrix a8 explained in section I11 2.5 [Roulet, Compagnon, 
Jakob, 19901. 

5.3. Measurement of the Air Exchange Efnciency 
The air exchange efnciency q, defined in equation (2.5) can be derived from the following 
measurements: the air change rate (or the fresh air flow rate q provided to the room and the volume V 
of the room) and the room mean age of air (2). 

The air flow rate, q, can be measured by the methods described in Part III. If there is a mechanical 
ventilation system, the methods described in Part V may also be used, provided that the flow rate 
measured in the duct is equal to the outdoor air flow rate. This is the case in balanced ventilation 
systems provided that they are correctly designed and constructed, so that the infiltration rate is 
negligible and that there is no recirculation or short circuit between inlet and exhaust ducts. In exhaust 
fan systems, q may be approximately determined by measuring the air flow rate in the exhaust duct(s), 
as long as there are no leaks upstream the measured section. 

Note that the room mean age of air is deduced from the air exchange efficiency if the rightmost 
relations of table 6.2 are used. The measurements at the exhaust duct can therefore provide directly the 
air exchange efficiency. Table 5.3 gives the derived equations. 

- -. 

Method for injection Air exchange efficiency v, 

Pulsed injection 
in inlet duct 

Step injection 
in inlet duct 

Decay after 1 
uniform 
concentration 
within the room dt 

Table 5.3: Equations to obtain the air exchange efficiency from the record of the concentration Cdt )  
of a tracer in the exhaust duct using different measuring strategies. 

5.4. Choice of the injection method 
Since the stepup method re uires a long time period to reach the steady state, during which thc air 9 flow pattern may change. it S not recommended for the measurement of the room mean age. Both 
pulse and decay methods glve reliable results when used adequately [Niemela, Saamanen, Koskela, 
19891. This is confirmed by a more recent experimental and numerical study [Sutcliffe and Waters, 
19901 (see Section IV.3.5). 

Note that the step-up method requires the injection of a large amount of tracer gas in a short pulse in 
the inlet duct, which might be difficult to mix to the fresh air, while the decay method requires a good 
initial mixing, which may disturb the natural flow pattern. 
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6. Measurement Methods Related to Ventilation Effectiveness 

6.1. Ventilation Effectiveness 
The vendlation effectiveness, e , defined in equation (2.6) can be obtained by measuring the three 
concentrations: C, in the exhaust air, CO in the outdoor air and C, at the location of interest. 

It must be pointed out that, the definition and the measurement of c, needs the measurement of the 
exhaust concentration, C,. That means that the air leaves the room through a single exhaust duct. 

However, if the contaminant source strength, S,, and the exhaust air flow rates, Qe, are known or 
measured. equation (2.5) together with the quatlon of mass conservation lead to: 

Equation (6.1) allows one to measure the vendlation efficiency by simulating the pollutant sources 
with a tracer gas injected at constant rate at the location(s) of the pollutant sources, and measuring the 
resultant tracer concentrations, C, at the location of interest. 

Depending on the purpose of the measurement, C, can be: 

- a iven, interesting location (for example at the nose of an occupant). The local ventiladon B ef ectlveness, c,(&, is then obtained. B locating several measurement points, L, according a proper 
experimental design, a map of the effic l' ency may be drawn. 

- the location of the maximum concentration in order to obtain the lower limit of E,. 

- a map of the efficiency may be drawn from measurements at several points based upon a proper 
experimental design. From this map, the location of the minimum efficiency and the average 
efficiency, (c,), can be determined. - 

The nominal time constant. 7,. is equal to the mean age of air at the exhaust, z, md the turn-over 
time of a contaminant, z,, equals the mean age of that contaminant at the exhaust, z,, Hence, using 
eguation Q.12), the average ventilation effectiveness, (e,), can be obtained from the measurement of 
z, and z,,: 

6.2, Multizone Measurement Methods 

6.2.1. Multizone Ventilation Effectiveness 

The other quantities defined in Section IV.2 are obtained using their definitions or the relation 

P resented in the same section. For example, the multizone efflciency matrix can be obtained by the 
ollowing procedure: 

- using a multizone method, the flow matrix. Q, is measured as well as the air mass matrix, M. - From 
these, the wnatdx is obtained by (see Section 111.2.5.2): 

- the source strength, S, and the room concentrations. C. of either the contaminants of interest or the 
tracers simulating M m  are measured, the sources be5g located according the purpose of the test; 

- equation (2.16) allows one to calculate the turn-over time matrix. 5, and equation (2.17) is used to 
obtain the matrix of ventilation effectiveness. 

- the overall effectiveness can be deduced using equation (2.1 8). 

6.23. Disbibution effectiveness, and relative contaminant removal effectiveness 
These quantities could be directly obtained from the equations (2.21), if both ventilation efficienc and 
effectiveness or the contaminant turn-over time and the average age of air are known. 'kese 
quantities, however, require measurement of the contaminant concentration in the exhaust duct. If this 
duct is not available (either natural ventilation or too many exhaust ducts), they cannot be directly 
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measured and equation (2.20) can be used [Haghighat, Fazlo and Rao, 19901. 

The theoretical concentration, C*, obtained at steady state in a well mixed, ventilated m m  wlth a 
contaminant source of strength S is: 

where M Is the mass of air In the m m  and (7) the room mean age of air measured according Section 
IV.5. 

Measuring the effective mean contaminant concentration ( a, the distribution effectiveness is 
obtalned using equation (2.20) and the relative contaminant removal effectiveness by: 

- 
c' S (z) 

This equation can be easily used in a multizone building. in this case, S is the total generation rate of 
pollutant, (7) the average room mean age and ( C) the average concentration of contaminant in the 
building, that is the mass of contamlnant. m, divided by the total mass of air in the building. M. 
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Air Flow Patterns Within Buildings Measurement Techniques 

Part V 
Measurements on Ventilation Systems 
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V. Measurements on Ventilation Systems 

Symbols and Units 

. . . . . . . . . . . . . . . . . . . . . . . . .  calibration constant 
. . . . . . . . . . . . . . . . . . . . . . . . . . .  distance, length 

. . . . . . . . . . . . . . . . . . . . . . .  injected mass of tracer 
. . . . . . . . . . . . . . . . . . . . . . . . .  mass air flow rate. 

. . . . . . . . . . . . . . . . . . . . . .  infiltration air flow rate 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  a m  of a section of a duct [m2] 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  tracer mass concentm~ion .[-l 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  concentration of vacer k at location i [-l 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  tracer concenmtion in the outdoor air [-l 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  diameter (or average size) of a duct. .[m] 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  efficiency of the ventilation system [-l 
. . . . . . . . . . . . . . .  .[-l 

. . . . . . . . . . . . . . . .  [m] 
. . . . . . . . . . . . . . .  [kg] 
. . . . . . . . . . . . . .  [kdsl 
. . . . . . . . . . . . . .  .[kgls] 

. . . . . . . . . . . . . . . . . . . . . . . . . . .  air flow rate from location i to location j .[kgk] 
freshairflowrate . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . [ k & l s ]  
Reynoldsnumber . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . [ - l  

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  shon circuit ratio [-l 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  section of a duct. [m2] 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  tracer injection flow rate @@S] 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  air speed in a duct. [ d s ]  

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  average air speed in a duct I d s l  
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  pressure differential .[Pal 

heinterval . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . [ S ]  
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  kinematic viscosity [m2/s1 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  density of air [kg/m3] 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  standard deviation of the variable X 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  transit time. [S] 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  average transit time [S] 



V2. Measurement of Air Flow Rate in a Duct 

1. Introduction 
In the following, a ventilation system is considered to comprise a network of ducts in which air is 
supplied or extracted by fans or by the natural pressures caused by wind or tem rature differences R (stack effect). The system may be designed to retum exuactcd air to c occupied space 
(recirculation), and may exhibit short circuiting, in which a proportion of the supply air moves directly 
to the extract side, bypassing the occupied space. 

In ractice, such ventilation systems are planned to fulfIll a defined task, in particular to provide 
de f f  ned air flow rates to the ventilated spaces. However, the effective flow rates an seldom measured 
and when they are, large differences with respect to the planned values are often found [Roulet, 
Compagnon. Jakob, 1990 J .  
There are several parameters which are commonly taken to characterize a ventilation system, as 
follows: 
- the air flow rates in the ducts. 
- the overall (or nominal) air change rate of the space, 
- leakage from the ductwork, 
- ratio of infiltration to fresh air supply flow rate. 

Methods to measure these parameters are described below. The last of these comprises a further 
definition of efficiency, in addition to those summarized in Part IV. 

2. Measurement of the Air Flow Rate in a Duct 

2.1. Summary of Measurement Methods 
Common methods, used to measure air flow rates h ducts, exploit well-known relationships between 
flow rate and pressure drop across a restriction placed in the flow, for example a nozzle, Venturl or 
sharpedged orifice [ I S 0  5167, 19801. Altemativcly, the air speed can be measured directly at a 
number of points lying In a cross section of the duct (a mvene), and tht rtsults 'integrated' along the 
traverse to give the volume flow rate [lSO 3966, 19771. All of these methods have the disadvantage 
that a long straight section of duct. both upstream and downstream of the measurement pnt* is needed in order to condition the flow. Momver, the introduction of a restriction may sign ficantly 
change the air flow rate to be measured. Tracer techniques [ I S 0  4053, 1977). [Axlcy and Persify, 
19881, [Rlflat and Lee, 19901 which avoid thesc problems employ gas analyzers and measure the 
dilution of a tracer gas introduced into the flow, using equipment which is becoming increasingly 
common, robust and easy-to-use. 

General techniques involving flow restriction have been described earlier (Part II, Section 3.2). Air 
flow in ventilation ducts is particularly suited to measurement using either the traversing or tracer gas 
techniques, and these are described below. 

2.2. Velocity Traverse 
If the velocity of the air, y, is measured at enough points in the duct, the volume air flow rate can be 
deduced by integration over the whole area, A, of the cross section as shown: 

wherc p is the density of the air. 

2.2.1. Equipment to Measure Air Speed 

Provided the direction of flow is parallel to the duct, which may normally be assumed, then velocity 
can be determined by the measurement of air sped  alone. 
The air speed measurement devices should be small enough to enable them to be easily inserted 
through small holes in duct walls. The most common examples are hot win- or NTC- anemometers, 
and Pi tot tubes. 

The hot wire and NTC anemometers measure the tern rature drop of a heated wire or of a heated 
resistor (with a negative temperature coefficient), W hpe ch. in each case, Is directly related to the 
temperature and speed of the air flowing over it. The sensors are heated by an electric current and 
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measurements arc made of the voltage drop, which depends on the temperature. The temperature of 
still air is taken into account by the use of a reference sensor shielded from the flow. Such devices can 
measure speeds from 0.05 up to 5 m/s, and are well suited for speeds between 1 and 5 m/s, which are 
typical in ventilation ducts. 

The Pitot tube comprises a small probe with a mall hole at the front and at the side, between which 
the measured pressure difference is proportional to the square of the air speed. It is most accurate for 
air speeds in the range 10 to 50 m/s, although speeds as low as 1 m/s can be measured using a 
sensitive differential manometer. 

2.2.2. Test Procedure 
The location of the measurement in the duct should be at least 8 diameters downstream, and 3 
diameters upsmam of any disturbances in the flow, such as a bend in the duct or a change in cross 
section. Flow-stralghtedng vanes located at 1.5 diameters upstream will improve the measurement 
accuracy. 

Several measurements across the duct should be taken to enable integration. It is advisable to 
notionally divide the duct section into sub-sections of equal area and to take measurements at their 
centers. The ASHRAE Handbook of Fundamentals [ASHRAE 19891 pro ses a division of 16 to 64 
rectangular sub-sections for a rectangular duct, and 20 annuli for cylln d'O rical ducts (fig. 2.1). In the 
latter, any asymmetry in the flow may be taken Into account by taking measurements along two 
orthogonal directions. 

Figure 2.1: Location of the measurement points in a circular and a rectangular ducts. [ASHRAE, 
19891 

Figure 2 3 :  Conversion factors between average and rnaxfmum air speed in straight ducts as a 
function of the Reynolds Number. The roughness is the ratio of the average height of the wall 
irregularides to the diameter of the pipe. 

For approximate measurements a velocity profile may be assumed, and it is sufficient to measure the 
maximum speed at the center of the section [ I S 0  7145, 19821. Figure 2.2 can then be used to give the 
ratio of the average to the maximum velocity, i.e. (v)lv-, as a function of the Reynolds Number, Re, 



V2. Measurement of Air Flow Rate In a Duct 

defined as shown: 

where D is the diameter (or the average size) of the duct and v the kinematic viscosity, whlch Is about 
15 10d m2/s for air. 
Since the Reynolds Number depends on the average velocity, an iterating process should be used as 
follows. First calculate Re using the measured maximum speed, and thus use Figure 2.2 to obtain a 
first approximation to (v). Use this approximation to compute a new value for Re, and repeat the whole 
procedure until a stable value for (v )  is obtained. 

2.3. The Pressure-Averaging Flow Meter 
The nlationship between air velocity, v. measured with a Pitot tube and the pressure differential, Ap, 
is: 

Averaging the N measurements of the air velocity In a cross section results in the following 
expresslm: 

The pressure-averaging flow meter measures an average pressure drop, (M), at several points, and the 
assumption Is made that the square root of (Ap) closely approximates the sum of the square roots of 
the individual pressures drops, Ap,. [ASHRAE, 1989J 

The pressure over the measured section is averaged by means of thin tubes punctured by many small 
holes facing the flow, as shown in Figure 2.3. 

W O  NlIl&*O 
~ r c r s n  r u u r l  

Figure 23: Pressure-averaging fZow meter [Mu, 19671. 

A corndon factor, K, is used to account for imperfections in the tubes and for the deviation of the 
square root of the sum of pressure drops from the sum of the square roots. The average velocity is thus 
given by: 

and the mass flow rate is: 
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2.4. The Tracer Gas Dilution Method 
Air flow rates in ducts can be measured using tracer gases. A continuous flow at a known rate, or a 
known quantity of tracer is released upstream of the length of duct. The tracer mixes with the air, and 
measurements of its concentration downstream are used to calculate the flow rate. The following 
assumptions are made: negligible leakage from the duct between the injection and sampling points; 
good mixing of tracer and air u stream of the sam ling point: the tracer gas injection rate is mall 
compared to the air flow rate in g e duct and, the air R ow rate remains constant during measurements. 

Mixing should be allowed to occur over a sufficient length of duct between the injection and sampling 
locations. Better mixing will result in greater accuracy, but may require longer stretches of duct. In the 
worse case of a smooth, straight duct, with the tracer injected at the center, a mixing length equal to 50 
duct diameters may be required. This may be considerably shorter if there are turbulence-generating 
devices present such as elbows, changes in section, fans etc. Mixing should be checked by comparing 
samples from different points (e.g. the wall and the duct center), and a final result obtained by taklng 
an average. 

The mixing distance may be reduced by the fouowing methods: 
- releasing the tracer simultaneously at several points across the section of the duct (e.g. for a 

circular duct, at 4 or 8 points on a circle 0.63 times the duct diameter). 
- injecting the tracer at high speed against the air stream. 

In the following method the tracer is injected at a constant rate, S [kgls], and when a steady state is 
reached, the mass air flow rate, Q [kgls], in the duct is given by: 

where C is the tracer mass concentration [kg tracerkg mixture] at the sampling locatlon and C ,  the 
tracer concentration in the air upstream of injection (if non-zero). The relative error of the result can be 
deduced from: 

Where a, is the standard deviation of the variable X. 

If there is no recirculation, the time, At, necessary to reach this steady state is approximately given by: 

where A [m2] is the area of the sectlon of the duct, I [m] the distance between the injection and the 
sampling locations and p the density of air [kghn3]. If a portion of the air in the duct is recirculated 
after delivery to a m m .  Ar may be much longer, up to 5 times the nominal time constant of air in the 
room. 

This technique is also suited to the use of passive perfluorcmhn tracer (Pm sources and diffusive 
samplers, in which a time-averaged concentration is measured. 

An alternative method requires the release of a short pulse of tracer of mass m. The concentration is 
measured downstream and comprises a distorted form of this pulse, C(t). Measurements begin at the 
start of injection and continue until the tracer concentration falls to the pre-injection level. 

The distribution of the transit time, AT), and the average transit time, (z), can be deduced from C(t) 
using the relations given in part IV, Table 1 for pulsed injection. The air flow rate is then: 
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when I is the distance between the injection and the sampling points and S the section of the duct. 

The transit time method may be inaccurate in complicated duct systems and is interesting only when 
the distribution of the transit time itself is required. The air flow rate can be deduced directly from the 
integral of the concentration using the integral mass balance technique [Axley and Persily,1988]: 

..- 

Q =  I (CO) - C,) dt 
where the integral is taken over the whole period for which C + 0. 

An advantage of thls method is that it is necessary to measure on1 two parameters, these being the l' mass of tracer injected (and not its time history), and the integral o the tracer concentration response 
(which need not necessarily require a temporal profile to be recorded). It is particularly suitable for 
techniques in which an integrated sample is taken directly, as for example by slowly filling a sample 
bag (grab sampling technique) or by collecting a sample on an adsorption tube (passive sampling). 
Any suitable tracer gas may be used and the release of gas into the duct may be achieved by the use of 
a syringe. This method nquires only a few simple components to perform field tests. 
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3. Air Flow Rates in a Ventilation Network 
In ventilation systems incorporating both sup ly and extract netwo*, the air flow panem may be 
com lex, particularly when there is ~c i rcu l  on or the possibility of short drculting. Such systems & J 
can modelled by a nodal network. If tracers are introduced at proper locations and at known flow 
rates, the flow rates in each pipe or branch of the network can be deduced from concentration 
measurements at other locations. The salient features of such a system, including heat recovery, are 
shown in Figure 3.1. 

I I 

System border 

Figure 3.1: Air flaws in a space ventilated using a supply and extract system with recirculation 
including a heat recovery system showing unintentional cross-leakage. 

Figure 3.2: Nodal network representing a supply and extract vendlatfon system with short circuits 
(either recirculation or cross-leakage bcnveen branches). The room is node 3, with air inlets (node 4) 
and extracts (node 5). No& 0 Is outdoors and node 6 is the exhaust point. 

This S stem can be modelled by a network with five nodes as shown In figurc 3.2, in which the r possib e air flows are: 

Qol fresh air flow into the ventilation system emexhaust air from the system 
Q13 air flow at air inlets Q32 air flow at air outlets 
Qlz and/or Q2* short-cut air flow 
Qcn Infiltradon air flow Q30 exfiltration air flow 
A, B, C and D are suitable vacer injection points. 

Nodes 4 and 5 are connected to only two other nodes, hence, assuming aimght ducts: 
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To enable measurements, tracen may be injectd at points A, B, C and D. Either different tracers may 
be injected simultaneously at each location, or, one tracer injected successively at each (note that  the^ 
must be no change in the air flows over the whole period of measurement). In the following, the 
tracers or the measurements are referenced by the lettcr corresponding to the injection location. 

It will be seen later that injection point D is, In fact, superfiuous. In addition, the concentrations at 
nodes 1 and 2 (inside the heat exchanger) are difficult to measure. These, however, can be replaced by 
measurements of other concentrations, C* of tracer, k, at location i using the following relationships 
(assuming good mixing): 

In a well-planned ventilation system, there should be no air flow from the exhaust to intake ducts 
through the outdoor air. This flow rate may be introduced in the equations but is neglected below. 
.Exp~sdng the ~ n s e ~ a d o n  of the mass flows at nodes 1.2 and 3, we get: 

+ Qo3 + Q13 - Q30 - Q32 '0 (3.5) 
The conservation of the mass flows of the four tracers at these nodes leads in principle to 12 equations 
which, together with the three equations above, gives 15 equations, which are more than sufficient to 
determine just 8 flows. However, some equations contain the concentrations CIB or C2D which cannot 
be measured. In addition, equations expressing the conservation of a tracer at a node upstream of its 
injection location involve very small coefficients (concentrations), e.g. Clc. Finally, taking into 
account of the relationships (3.1) and (3.2). the following tracer mass balance equations remain: 

These five equations, together with the three equations (3.3 to 3.3, allow us to determine the eight 
flows, using only three tracers (the tracer D is not necessary). However, if a tracer at location D is 
used, the exhaust flow can be directly obtained: 

SD 
Qm= (3.1 1) 

C 6 ~  - cm 
If there is no short-circuit between exhaust e and inlet I, the concentration Cm = 0 and QZO is easily 
determined. Nevertheless. a tracer at D Is necessary only if a short-drcult between exhaust e and inlet i 
is likely to exist. 

In most practical cases. it is possible to measure the concentration at supplementary locations in order 
to obtain directly some air flows. These are locations 10 and 20, just upstream of the heat exchanger in 
both directions. In this case: 

SA 
Qoi = (3.12) 

C1 OA - CQA 

From the above equations. the followin results can be obtained. These results are given in the order 4 they can be obtained, assuming that (3.1 ) and (3.13) are used: 
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SA +(COA- C4~)Qoi - - (Cot C4c)Qx 
Q21 (3.15) 

C 4 ~  - C 6 ~  C4c ' c& 
Two expressions are given for Q12 and Qzl, when one is better conditioned than the other, according 
to the nlative magnitudes of the two flows. For example, if QI2 is zero, both the numerator and 
denominator of the second in (3.15) are very small, and the second expreseion should be 
used. On the other hand, then the second expnssion in (3.14) should be used. The 
remaining flows are given 

Q30 = Q03 + Q13 - Q32 (3.19) 

It should be noted that, when equations (3.12) and/or (3.13) can be used, the concentration of tracer B 
appears only In the second alternative of (3.18). Thls tracer is therefore not necessary and all the 8 
flows can be determined with just two tracers (or two successive measurements with one tracer). 
However, the greatest accuracy will generally result by determining dimtly the flow rates of interest 
using more than two tracers simultaneously (or more than two measurements with a single tracer). 
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4. Efficiency of the Ventilation System 
The most important requirement of any ventilation system is to supply a controlled flow of fresh air to 
the occupied space of the building. However, fresh air also entels by uncontrolled infiltration through 
the fabric Cenvelope'). An important system efficiency can, therefore, be defined as the rado of the 
supply rate of outdoor air. Q, due to the ventilation system, to the total air flow rate Q through the 
room, including the infiltration Qi: 

for this definition, the boundary of the system is the building envelope and the outdoor inlet and 
exhaust ducts of the ventilation system. 

To obtain this efflciency, two air flow rates should be measud:  Q, coming from the vendladon 
system itself and the total air flow rate, Q, through the room. 

The error is estimated by: 

Q can be measured in the room using the tracer gas methods described in part I11 or can be deduced 
fmm a complete measurement of all the flows in the ventilation network as shown in chapter V 3. In 
systems employing a cenval supply system, Q, can be measured in the main supply duct. 

For extract-only systems, a similar efficiency can be defined as the rado of the air flow rate measured 
in the exhaust duct to the total air flow rate through the room. Such systems tend to depressurize the 
building, and we might expect the extract rate to equal the infiltration rate, i.e. an efficiency of unity 1. 
However, some air may leave by exfilmlion (through cracks etc.), adding to the total flow rate. 

The efflciency of a supply and extract system, with reference to the flows in Figure 3.2 (Chapter V.3) 
is: 

where the notation of Figure 3.2 of chapter V 3 is used. 

The error is estimated by: 

,V2 a13 - Q2Q2 (Q13 + Qod2 
If, and only if, Qzl = 0, i.e. no recirculation, then equation 5.3 simplifies to: 

for any tracer having measurable concentrations at locations 4 and 5. 

A short-circuit ratio, R, can also be defined by the ratio of the air flow rate in short circuits between 
intake and exhaust ducts to the main air flow: 

If there is no recirculation, this rado should be zem or very small. The square of the relative standard 
deviation on R, is: 
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5. Measurement of Air Tightness of a Duct or Network 
To ensure the integrity of the suppl air quality, and to avoid energy waste when the air is either 
heated or cooled, there should be nehgible leaks from the Wlspon ducts and connections. Sipticant 
energy may be wasted, for example, where leaky ductwork passes through an unheated space such as 
an attic, basement or crawl space. As an example, it was found that duct work to be the most 
significant source of leakages in US western houses, together with damperless fireplaces [Dickerhoff, 
Grimsrud, Lipschutz, 19821. This fact is confirmed by a more recent study [Modera, 19891, but some 
houses werc nevertheless found acceptable [Palmiter and Bound, 19911. 

Various techniques exist to check the airtightness of such ductwork In some countries, the air 
tightness of the ventilation system has to be checked when commissionin the system [NBCF, 19871, 
but in most countries measurements are seldom carried out. In addi f on there is little available 
guidance, except an A S I U  standard which is still in a draft form and therefore not yet available 
[ASTM, 19971. Appropriate measurement methods are presented below. 

5.1. Pressurization Method 
The principle of this method Is the same as those described in Part 11. All intakes. supply terminals, 
exhaust and extract terminals connected to the system must be carefully sealed, e.g. using plastic sheet 
and adhesive tape. 

Tracer gas injection and air sampling tubes may be installed at appropriate points in the system to 
quantify any residual flow rate, resulting from leakage. Suitable locations are the main supply or 
exhaust ducts. 

Tracer B Sampling 

S ampling Tracer A 

Figure 5.1: L a d o n  of tracer injection and sampling tubes for the measurement of leakage air flaw 
rates in a ventilation system. 

The system fans (or a fan added at one register if q u i d )  are used to pressurize the supply side and 
depressurize the exhaust side of the network. The flow. Q , thmugh the fan(s) is due to leakage, and is 
measured as described 14 c h a p =  2 (flow meters) or 3 (Lwlth a tracer gas) together with the pressure 
difference, Ap, between the mide and outside of the ducts. The flow rate is the sum of all leaks 
downstream of the measurement point in pressurized ducts, and upstream for depressurized ducts. 

A series of measurements are made at different fan speeds, and the following expression is fitted to the 
results: 

The coefficients C and n are determined and the relationship is subsequently used to calculate the 
leakage rate at the service pressure difference. 
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5.2. Flow rate difference Method 
If a duct is very leaky, the leakage can be obtained by measuring the difference between the flow ratcs 
at two locations along the flow. Since additional pressure dm should be avoided, tracers m 
recommended to measm the air flow mtes. One tracer should be &ected at a point upstream of the 
first location, and a second tracer injected at the first location. The concentrations of each tracer are 
measured after the second, downsueam location, at a distance where a good mixing is achieved (see 
Section V.2.4). If steady flows can be assumed, two sequential measurements using a single tracer at 
each point may be used instead. 

For depressurized ducts only one tracer is necessary. It is injected at the upstream end of the duct and 
its concentration is measured at both ends to give the flow rate at each. 

The leaka e of the whole supply or exhaust network may be determined by measuring the difference 
between f e air flow rate in the main duct (near the fan) and the sum of all thc flow rates at the 
individual inlet or extract terminals. For this urpose, the main air flow rate can be measured with a B tracer, in the vicinity of the fan, and the ow rates at the terminals may be determined with a 
compensated flow meter (see part 11, section 4.3.5). 

Since this method the result (i.e. the leakage flow rate) is the small difference of two large numbers, 
this method can give rise to large uncertainties for tight or only slightly leaky ducts. Because of its 
ease of use, it can nevertheless be used for diagnostic purpose, to detect if the ductwork is very leaky 
or not. 

5.3. Differential Building Pressurization 
The methods described in secdons 5.1 and 5.2 measure the leaka e of the whole duct system. From 
the point of view of avoiding energy waste alone, it may be use & to measure the leaks to or from 
outside only, and not those between the system and the interior of the building. 

For this purpose, the duct system is considered as a part of the envelope and the indirect component 
testing method described in art I1 can be used. In a first test, the closed building is pressurized after 
sealing the outdoor air m$c and exhaust of the building, with all the registers and returns open 
(FQ~ure 5.2 left). In a second test, al l  registers and returns are sealed (Figure 5.2 right). The difference 
in air flow rate between the two tests, for each pressure, is caused by duct leakage to the outside. 

The major advantage of this method is the minimal requirement for equipment additional that for 
envelope leakage measurements. However, it k prone to inaccuracy, since the duct leakage is again 
obtained as the difference between the measurement of two large air flow rates. 

Conditioned space 

Figure 52: Two measuremenrr providing, by Wrence ,  the duct leakage to outside if the conditioned 
space. 
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Appendix 1. Unit Conversion Tables 

Introduction 
S1 units are used throughout this handbook. Non-S1 units are however of general use in air infiltration 
and ventilation, like the air change rate in l/hour or the US units. To expedite the units uanslations, 
some tables are given below. Only physical quantities which are of general use in air inf-fluation and 
ventilation measurement techniques are listed. 

The figures vcn in the tables are muld lying factors transforming values expressed in units of the t first column to values expmssed in the f! rst mw units. Example: 1 cm = 0.01 m. 

A 1.1. Multiples and Sub-multiples 

Multiples l Sub-muldples 
- - 

Prefix Symbol Factor 1 Refix Symbol Factor 

Pets- P 10'5 
tera- T 1012 
g m -  G 109 
mega- M l@ 
kilo- k l@ 
hecto- h l@ 
deca- da 101 

femto- f 10-15 
pico- P 10-12 
nam- n 10-9 
micro- CL 10-6 
milli- m lo3 
centi- C l&2 
deci- d 10-l 

A 1.2. Length 

1 meter 
1 centimeter 
l inch 
1 foot 

1 yard 

Name 

A 1.3. Area 

m 

Name I Symbol I rn2 I cm2 

1 square meter 
1 square cendmeter 
1 square inch 
1 square foot 
1 square yard 

m2 
cm* 
sq in 

sq A 
sq yd 

1 
l04 

6.45 16 104 
0.092903 
0.836127 



A 1.4. Volume 

Name Symbol 

cubic meter m3 
liter 1 
millilitert m1 
cubic yard cu yd 
cubic foot cu A 
cubic inch cu in 

7: the Millillter is equal to the cubic centimeter. 

A 1.5. Mass 

Name Symbol 

1 kilogram kg 
1 gram 8 
1 pound lb 
1 ounce oz 
1 grain V 

A 1.6. Time 

Name 

1 second 
1 minute 
1 hour 
1 day 
1 year 

A 1.7. Pressure 

Symbol 

S 
mn 
h 
d 
yr 

Name 

1 Pascal 
l millibar 
1 mm water column 
l inch water column 
1 pound per in2 

S 

1 
60 
3600 
86'400 

31'556'926 

Symbol 

Pa 
mbar 

mm H 0 
in H& 
lb/in2 
or psi 

mn 

1/60 
1 
60 
1440 

526 16 

Pa 

1 
100 
9.8 1 
249 

6'894.76 

h 

ID600 
1/60 
1 
24 
8765 

mbar 

0.01 
1 

0.098 1 
2.5 

68.9476 

d 

1/86400 
111440 
1/24 
1 

365.25 

mm H20 

0.102 
10.2 
1 

25.4 
703 

Yr 

31,688 10-9 
1.90133 l@ 
114.08 10 - ~  
2.73791 

1 

h H 2 0  

0.004 
0.422 
0.0393 

1 
27.7 

P S ~  

145.037 1 0 - ~  
14.5037 I O - ~  
1.42 1 0 - ~  
36 1v3 

1 



Unit Conversion Tables 

A 1.8. Volume Flow Rate 

Symbol 

A 1.9. Mass Flow Rate 

Symbol 

A 1.10.Tracer Concentration 
The conversion between units of tracer (or contaminant) concentration requires the 
knowledge of the densities of tracer (or contaminant) and air or of their molecular masses. 
Therefore, formulas arc given below instead of tables. The following notations arc used, the 
quantities being taken in an homogeneous volume, V: 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Ck mass concentration of tracer k [m ck volume concentration of tracer k . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  [m /m3 
. . . . . . . . . . . . . . . . . . .  xk volumetric mass of tracer k (also called concentration) [kglm 

m massofair . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . [  kg 
mk mass of tracer k . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  [kg 
Mk molecular mass of tracer k . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  [kg/Mole 
M molecular mass of ai-: M = 0.0289645 . . . . . . . . . . . . . . . . . . . . . . . .  .[kgFlole 
p atmospheric pressure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  .va 
R molar gas constant: R = 8.31396 . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  tJI(mo1e.K) 
T absolute temperature . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  -9 V volumeofair . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  m3 
Vk volume of tracer k . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
p density of air : p = m/V . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . . [Wm3 [*3 
pk d c d t y  of tracer k : pk = mJVk . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  [kgfm 
The definitions of the various concentrations are: 
Mass concentration 

Volume concentration 
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Volumetric mass 

Since, for usual tracer gas measurements or for usual pollution Ck << 1, and therefore Vk << 1, the 
following approximadons can be used: 

The Vacer density is defined by pk = mdVk where the volume, Vb is defined at atmospheric pressure, 
p. Using the perfect gas law for tracer k, the density of tracer k can be computed: 

The same is valid for air, using its average molecular mass, M = 0.0289645 kgimole. 
Equations (A 1.3) becomes: 

and the  called "concentration" or volumetric mass in [kglm3] is: 

The concentration in [ppm] (parts per million) is in most cases a volume concentration, cc As 
a special example using common units, the following relation gan be given for a gas at 25 'C  
and 101.3 kPa: 
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Appendix 2. Error Analysis 

A 2.1. Introduction 
Any measurement mult  should be given with its confidence interval or its domain of probable emr.  
This appendix prescnts some methods to calculate the confidence interval of the interpreted result of 
measurements when the probable error of the measurement is known. 

A 2.1.1 Scope of the Error Analysis 

The accuracy of any measurement depends on the conditions in which the measurement b done, on 
the quality of the measuring instrument and on the sldll of the mna l  making the measurement. This 
accuracy cannot be infinite, and any measurement result con P" ns a given uncertainty. That means that 
the result is not absolute, but it is always possible to state that the real value is contained, with a given 
probability, within some confidence limits. Since this confidence interval ma be l a w ,  then is no r sense to give the result of a measurement without any information on its nliabil ty. 

n 11 

A measurement result is valid only 11 with its confidence interval. 

Generally. an instment  does not give directly the required information. In most of the cases, several 
measurement are combined to obtain the needed value. For example, in tracer gas measurements, 
several concentrations, gas flows, time and volume measurements are combined in a formula to get the 
air flow rates. The errors accompanying the measured values are propagated through the interpretation 
formulas and finally give a probable e m r  on the final result. 
In this chapter, some methods allowing to estimate the error on the result are presented. Note that only 
the instrumental and random errors are treated here. Bias caused by misuse of the instruments or by a 
lack of precautions an not treated here. 

Let us call X thc result of a measurement. If several measurements of the same physical quantity arc 
made, the results xi of these measurements will not be all equal. The confidence interval or the 
probable error can be expressed by two ways: 
- The absolute error is expressed in the same units as the physical quantity: 

Measurement = X f dx [unit] (A2.1) 

and the confidence interval goes from X - & to X + &. 
- The relative error is the ratio of the absolute error to the measured value: 

which can be expnssed in percent by multiplying e by 100. 

The inverse relation is: 

The results should always be given with their confidence interval (or with an estimate of the possible 
emr )  and with the unit used. The digits in the results shall all be significant: 

Correct: Length = 420 f 10 mm or 420 mm within 2% 

Not correct: Length = 421.728 f 9.51 1 mm or 421.728 within 2.255% 
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A 2.2. A Few Statistics 
A good error analysis cannot be done without using some basic statistical theory. Then are simplified 
methods, which unfortunately give often too large an error domain. The statistical methods allows one 
to obtain more information on the reliability of the results. 

Because of random reading errors and uncontrolled perturbadons, rhc test values will follow a given 
distribution. We can model such distributions by mating X as a stochastlc variable. 

The probability density hrnction fix) of the variable X Is the probability to find X between X and 
X+&. 
Its integral F(X) is the probability of having X c X: 

X 
F(X) = pmb (X- = [f(x) & 

The lower significance limit is the value X for which F(XI) = p ,  where p b a given probability. The 
upper significance limit is the value X, for whch F(X,) = 1-p. 

The confidence interval [Xi, Xs] is the range between the lower and the upper significance limit. The 
probability to find X in this interval Is P = 1 - 2p. 

Figure A 2.1: Sign@cance limits and coqfidencc interval. 

A 2.23 Average 
If the same importance is given to all the mults, an esdmate of the average of the variable X based on 
N measurements is calculated by: 

where the sum runs over these N measurements (i = 1, ... N). 
I f  we will give mort importance to some measurements than to the others, a weight wi can be 
attributed to each value xi and the weighted average is calculated by: 
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A 2.23 Variance and Standard Deviation 
A Agun representing the importance of the scattering around the average value is the mean square 
deviation or variance: 

The square root of S, is the estimate S, of the standard deviation a,: 

The larger the number of measurements, the better is the estimate. 

An estimate s of the covariance av of two random variables X and y, of which N measurements xi 
and yi were d 3 e  is calculakd by: 

- &rW~r<r>) - - &xi yi) - NW - W . 9 )  
N- l N- l 

This figure gives the tendency of two quantities to vary together. If these two variables are totally 
independent. the covadance will be zero. The covariance of a quantity with itself is the variance, 
already defined in equation (A2.7). 

There arc numerous probability distributions having a mathematical model. It is not the place here to 
resent al l  of them. These can be found in the specialized handbooks mentioned in the references 
ecdon A2.6. The two most used distributions, which art also used afterwards to estimate the 

confidence intervals, are prcsentcd below. 

Normal or Gausslan distribution 

The probability density function of this distribution is: 
1 e x p ( f )  X-CL 

f(c) = where c =  - 
o G) a 

where p is the average and o the standard deviation of the variable X. 

The probability of the normal distribution is: 

F(c) = .S [l + erf(cfi)] 

where the error hnction erf(x) is: 

with erf(-X) = - erf(x). 

The confidence interval [-c, c] of the normal distribution is obtained by solving the equation: 

P = erf(c/.Iz) 

for a given value of P. 
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Figure A 2.2: Normal (or Gauss1 
distribuiion. 

Figure A 2 3 :  Error function 

The Student distribution 

If the normalized variable 

is calculated using the estimate s of the standard deviation (based on n+l measurements) instead of the 
exact value a (which Is not known in practice), then this estimate of the normalized variable; 

t = ( x - v ) / s  
has a probability density function: 

where the gamma function r(x12) is: 
if X is even: r(@) = (x12-1)(x12 - 2). . ..3.2.1 and r(xf2) = (x/2-1)(x12- 2).  . ..l12 if X is odd. 

If n is large, the Student distribution tends to the normal distribution 

Figure A 2.4: Student dlsaibution f(t, 
1, 2 and 5) compared to the normal 
distribution. 

The confidence interval [-T,V where T = T(P,v) of the Student distribution cannot be expressed 
analytically. It can be found in Table A 2.1 (or in more details in statistical tables like [Diem and 
Lenmer, 19701) or by the use of the following approximation: 
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Let (A2.16) 

V = 4[2.ln(2/(1 -P))] 
2515517 + V(0.802853 + 0,010328 V) 

z= v -  
1 + V[ 1,432788 + V(O,l89269 + 0,001 308 V)] 

Table A 2.1: lbesided co@&nce limits T(P, n) for a Student distribution. 

A 2.25 Corlpdence Interval of the Gausshn Distribution 
Assuming that a measurement xi is a combination of the "true" value p and a random e m r  ei. we 
have: 

xi = p + ei 

By measuring xi, we expect to find the best estimate of p. This can be done by performing N>1 
measurements and computing their average. This average (X) is the estimate of the "true" value p: 

Let us recall that the confidence interval is the interval which has a given probability P (e.g. 95 8) to 
contain the "true" value. In other terms, the probability to be wrong, that is that the "true" value be 
outside this confidence interval, is the error probability p = 1 - P. 

What we want now is precisely to give the confidence interval around ( X )  which will contain p with a 
fair probability. The value of this confidence interval depends on the probability distribution of the 
measured values. In principle, a reasonable distribution function should chosen, adjusted on the "5 measurements and the validity of this adjustment should be tested with the X test. 
On most cases however, and mainly when the number of the measurements is large, a normal 
distribution with a mean p and a standard deviation a can be assumed for the results of the 
measurements. Under this assumption, the confidence limit of the true value is given by: 

where s is the estimate of a and T(P. N-l) is the confidence interval of the Student distribution with 
N-l degree of freedom. 
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Number of memurcments 

Flgurt? A 25:  Value of the factor T(P. N-1)lfi for various values of P. 

We can hence state: 

P is the probabilit that the confidence interval contains the "true" value. P is chosen a priori, in 
practice between 8 9  and 0.99, depending on the degree of confidence needed. The higher the 
probability, the broader is the confidence interval [-I,,  I,]. 
Note that the confidence interval of the "true" value stabilizes to a value to close to the standard 
deviation if more than 7 measurements are performed. 

A 2.3.Error Analysis 

A 2.3.1 Whaf is the Problem? 

If several measurements are combined to obtain the needed results, the errors should also be combined 
the proper way to get the resultant error. In other words, the problem is the following: 

Suppose that we need several results y,, y2, . . . yk . . y ~ ,  each of them depending on measurements of 
several variable xl, x2, . . . xi, . . XN: 

Yj =6ixl. X2. . . . Xi, . . xN) (A2 1 8) 

Here, j (j = 1 to M) enumerates the various results (e.g. M different air flow rates) and i (1 = 1 to N) 
enumerates the variables on which the results depend (e.g the tracer gas concentrations and flow rates 
or pressures and conductances). 

If the measurements xi each have an absolutc e m r  6x1, which are the errors Gyj on the ~sults  y,? 

A 2.33 Most Simple Error Analysis 
The simplest rule, which Is taught everywhere, is the following: the error 6y on the result is estimated 
by replacing, in the total diffe~ntial df of the function f, the infinitely small increments dxi by the 
absolute error h and by summing the absolute values: 

If only arithmetical operations are used, the rules simplifies to the following: 
- If the result is obtdned by adding or subtracting the measurements, the absolute error on the result 

6y  Is the sum of the absolute errors 6x of each measurement. 
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- If the rermlt is obtained by multiplying or dividing measured data, the relative error on the result, 
6y/y, is the sum of the relative emrs 6r/x on the measurements. 

A 2 3 3  Estimate of the Varkance 
The most simple method illustrated above is very rough, since it overestimates the confidence interval 
b supposing that all the errors in the measurements pull the result in the same direction, which is 
dghly impmbable. A stochastic interpretation is then needed to take account of randomly disnibuted 
cmrs. 
If the variances, sxi and the covariances sXid of the measurements are known or estimated, the 
covadances on the results, S , , ~ , ~ I  is, in a first approximation: 

The variance of a given mult is then: 

and if the measured variables m independent (that is if sxi,*yO when i4).  this simplifies to: 

The corresponding confidence intervals m then easily obtained by multiplying these results by the 
Student coefflcient T(P,-). 

This simple example clearly shows t k  information one can obtain from a statistical error analysis. 

Suppose thot we intend W vet@) t k  mass o f  a 20 kg c ee bag, but we have only a poor balance with a 
maxLnvm limit of 2 kg and an accuracy of 20 (1 96). We s 11 t k n  weight about 10 times 2 kg of coffee beans R. "K, 
and moAc t k  sum of t k s e  weights. Suppose t t this slun is 19,86 kg, or 140 g seems W be missing. Does t k  
merchant stealsfrom us? 

Usin t k  most simple method of section 3.2, we will estimate that rk error might be 10.20 = 200 g. T k  real R weig is hence between 19,66 and 20,06 kg. Tkrefore, we cmnot be sure that t k r e  are 150 g missing. 

the standard deviation (assuming that t k  standard deviation on the measurement is 20 g) by 
knce  s = $4000) - 63 g. 

T k  estimated weight has a probability P to be significantly w e r e  4 t h  real weight, supposed to be 20 kg, 6f: 

(PeBt - 20 kg) = S T(P, N - l )  = I ,  

T k n :  Co@ience probability T(P,lO-1~9) Conjidcncc interval 

T k  probability that t k  merchant steals from us is about 95 96, since or this value of P, t k  conjidcnce interval 
is close to the werence between t k  measurement and t k  announce d weight. 

A 2.3.4 Linear Equations Systems 

The problem : To interpet the results of an experience, often we have to solve a system of equations: 

where components of the vector a; and the coefficients in the matrix A (which are the results of the 
measurements) are perturbed by random errors which can be represenEd by a vector 6~ and a matrix 

is: which is the resulting e m r  on the vector y, which is the vector containing the 

If the matrix g and the vector @ were known in a given case, we could write: 

(B+ig)b!+b!+x+&x - (A2.24) 

A.13 
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and, taking (23) into account, we could solve: 

&=(B+*-' @-MY) (A2.25) 
However, equation (24) can not be used to determine the absolute enur or a statistical standard 
deviation. For that latter purpose, we can use (24) several times in a Monte-Carlo process, varying the 
components of and & at random but according to their probability density function. This pmvides 
several vectors From which an estimate of the pmbability density functions of the components can f be calculated. owever this procedure is time-consuming and, assuming a normal distribution of the 
measurement methods, simpler methods are available, which a n  described next. 
Complete error analysis: The requested final result is calculated using: 

- 1 y =A- & hence yi = C- a - . X  J JJ J (A2.26) 

where the coefficients a . .  are those of the inverse matrix A-l. - The error calculated with the most 
simple (or the differentid) method will then be: 

Since (see note at the end of this Appendix, page A16) 
aa, - - - - @ik a l j  
auk1 

we get finally: 

2 2 I the variances and covariances S ?J- spy and A?,, are known, the covariance of the results 
$,,i,yj is well estimated using a firs or er ay or's cxpansibn (Bevlnton, 19691. We get: 

the partial derivatives are computed as above and we get finally: 

2 
+ %m (- aik YI ajm - ajk Yi aim) ~p 

which simplifies, if the variables are independent (that is if the covariances are zem, which is not 
always the case): 

A 2.3.5 Upper Bound of the Errors 
The vector 6 contains a large number of values. It would be helpful to represent the error by a single 
value. To o I? tain such a single value, we need the following definitions, which can be found in the 
specific mathematical literaturr: (e.g. [Diemar]). 
Vectorial norms and matrix nonnr: The norm of a vector & is any operation of Rn in R 
satisfying: 
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l&+$< M + 1x1 
For example. the euclidian norm, which corresponds best to the standard deviation: 

W2 = 4~ $1 (A2.3 1) 

complies with the relations (27), but there are many othen, like l& = Z 1 xi I or l& = mm( l xi I ). 
Norm - of a matrix A: - any application N(& - =>U1 E R satisfying: - 

u+815 181 + 181 - - 
IA,BI 5 IAI ,IBI -- - - 

The matrix norm Ul is consistent with the vectorial norm k l  if: 

@d 5 UIM for any & 

and the matrix norm is subordinated to the vectorial norm I 1 if: 
l&l= max(lA - a;( / M) for any a; # Q (A2.34) 

The subordinated norm is the smallest matrix norm compatible with the norm M. 
For example, the norm UI2, - defined as: 

= $I (A2.35) 
where dpl is the largest eigenvalue of dH4 (dH = hermitic conjugate or transpose of the complex 
conjugate matrix) is subordinated to the eTicliaifi norm but the Frobisher norm: 

is consistent with the euclidian norm but not subordinated to it. 

Finally, the following norms, which leads to faster calculations are often used: 

184 =& IaiI 
and the corresponding norm for the matrix A: - 

[AI1 - = max (lA,I1) 

where A, are the column vectors of A. - 
Cakulatfon of the upper bound: From the norms of the experimental errors I& and I , it is 
possible to calculate an upper limit to the norm of ihc resulting enor I W  by the use of the Bowing 
relation. 

If 111 = 1 (it Is true for Ill2), then the norm of the relative e m r  is: - - 

The quantity: 

c o n d o  - = ~ q l , ~ - l l  - -  (A2.37) 

is of great importance in this calculation. It is the so-called condition number of  the matrix A related 
to the used norm. This number indicates of how nearly singular is the matrix. 
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If the spectd norm IAI2 is used, we get the smallest possible condltlon number, whlch is: 

c4)ndzcd, = 4&@-l12 = 4 @l&") (A2.38) 

where p1 and 
'iPa""r 

vely the largest and the smallest eigenvalue of dH.d. - - This number is the 
spectral condi on num 
Constant absolute error 
If the absolute error is constant: 

t&=cCand&=Gyl (A2.39) 

w h e d  and 1 are respectlvel a matrix of order N and a N-component vector whose all elements aIle 
equal E 1 (They arc not the 1 J' entity matrix and the unit vector). 

It is easy to see that: 
- 

1412 N and Ill2 = 4 N (A2.40) 

because the eigenvalues of ... l are N and @-l, and those of - lH1 - = l2 are N~ and @-l. It follows that: 

and 
W cond2(B) - (dN9y N e )  - - +- 

Conslant reladvc erroc In this case, if e and c are the constant dative errors on A and y: - 
&&=eAand&= - e y  

and, from the definitions of the norms: 

I ~ l = e ~ I a n d l & l = e y  - 
and we get, for any norm satisfying I I I = 1 : - 

kid c o n d o  - S 
- 

(e + e) 
b! l - e c o n d o  - 

assuming that e c o n d o  < 1 , that is that A + a  is regular. - - - 
Example: A measurement with two tracer g a s  at constant concentration in two zones gives the following 
results: 

Zone 1 Zone 2 

Tracer concentration l 10 229 PPm 
Tracer concentration 2 6.46 l0  
Injection rate, tracer l 2.65 l+ 0 
Injection rate, tracer 2 0 

3 h  
3.6 104 m?lh 

From which 'ng the method described in Section 4.4.1 of Part II l ,  we get the air flaw ratesfrom each zone to 
each other [#h]: 

- .  p- 

F~OW going to outdoors rone I zone2  I 
Flow coming from 
Oudoors 11.0 32.6 
Zone1 21.4 9.7 
Zonc2 22.2 20.1 

Let us s pose that the error on the injection rate is 5% and if the relative error on t k  concentration is 2 4 .  
what is X probable error on the o i r ~ o w s l  
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Using the most simple method, we get a relative error of 9 96. 
Using the spectral norm, we get relative errors of 12 %for the tone 1 and 7%for tk zone 2. These are upper 
limits easily calculated, but t k re  is more information than t k  simple method, srnce we can see the d@erence in 
quality ofthe measurements between the two zones. 

There arc a few basic principles which should be remembered here: 
- Any measurement result shall be presented together with its confidence interval. 

- Then arc several method to estimate that interval. The method, more or less complex, should be 
chosen in accordance with the scope of the measunments. 

- If several measurements are combined to obtain the final result, the error in that result can be much 
larger than the enor on the measurements if the experiment is badly planned, that is if, for example, 
the matrix In a linear system of equation Is illconditioned. 
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Note on the demonstration of the relation: 

891 = -  aik alj 
aakl 

where akl arc the coefficients of a matrix A and au are those of the inverse matrix A-'. By - - definition of the inverse of a matrix: 

Cai,a,,=6h with 6h = 1 if i = m, and 0 otherwise. 
n 

hence any derivative of that expression is zero. For example: 

Multiplying at the right by ad and summing over m gives: 

hence: 

3% n- aam a,,,,, am, + ZZ qn- aw=O 
m h k l  

m n  
aakl 

or, finally 
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Appendix 3. Identification Methods 

A 3.1. Introduction 
The rough results of a measurement seldom give directly the expected physical quantities. The figures 
obtained from the results shall be treated in order to get the desired data. 

This matment is performed using a model of the reality. A simple example is the measure of the air 
flow through an orifice plate (see part 11, 3.2.5). The air flow rate Q is related to the pressure 
diffe~nce bp across the orifice by: 

where K is a constant de nding on the geometry of the orifice. This is a part of the model used, since 
bp is not obtained dire& it is calculated with another model from the measurement of either a water 
column height or a voltage delivered by an electronic manometer. 

This example shows a simple model, which can be solved to get directly the desired quantity. Some 
models are too complicated to be solved, the equation contains the unknowns intrinsically. For 
example, the energy re uirement of a building submitted to measured meteorological conditions 
depends on the areas of 1 e various envelope elements and their thermal transmittance. on the thermal 
mass of the building, on the windows areas, transmissivity and shadows, on the air change rate and the 
air volume, etc. From a model of the energy requirement of the building, It is theoretically possible to 
obtain all these characteristics from the measurement of the energy used under various meteorological 
conditions. These techniques are called "identification techniques", since the various coefficients of 
the model are identified on the basis of measurements. 

Of course, It Is never possible to obtain exact values, and such identified parameters are always 
estimates, which should be given with their confidence interval. 

There are several identification techniques. Only techniques which may be useful for measurements 
related to air leakage and air flows are presented below. The basis of the presented methods can be 
found in the literature, so only the final formula are presented here. 

A 3.2. Linear Least Square Fit Technique 

A 3.2.I.Regressbn of the First Kind 

The problem is the following: given N pairs of data (x,y), find the straight line: 

fitting these points at the best. That means that the coefficients a and b should be such that the sum of 
the "distances" of the measured points to the line is minimum. 

The regression of the first kind assumes that the abscissae are well known and that the distribution of 
the ordinates around the regression line is gaussian with a constant standard deviation. This method is 
very commonly used but it should be emphasized that the above hypothesis are often not verified in 
practice, mainly when the values of X are measured estimates. 

The regression line of the first kind minimizes the sum of the square of the residual ordinates : 
N 

SSR, = bi (a + b xi) 12 
i= 1 

Its coefficients can be calculated using the following relationships. First compute 

- the estimates of the averages: 

1 
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- and the estimates of the varlances: 
1 N 

Then the best estimates of thc coefficients a  and b, according the above hypotheses, are: 

The slope given by equation (A 3.6) is valid if the xi are exactly known, and the minimized distance is 
the vertical distance between the measured points and the regrtsdon line. 

A 3.2.2.Regresslon of the Second Kind 

When there are uncertainties in both axes, there is no reason to emphasize the X axis, and the same 
procedure can be followed commuting the roles of X and y. Generally another regression line is 
obtained. which is given by: 

y '=a t+  b'x (A 3.8) 

with another pair of coefficients 
* 

This regression line minimizes the sum of the square of the residual abscissae (figure A 3.1): 

0 1 2 3 4 5 6 7 8 x  

Figure A 3.1: Regressions of theflrst and the second kind. 
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If the two lines are close to each other or, in other words, if: 

b'= b and therefore a'= a (A 3.12) 

then it can be said that there is a good comlation between the two physical quantities X and y. The 
comlation coefficient defined by: 

R =  - hence = B (A 3.13) 
sr sy 

is a measure of the inter-dependance of X and y. It Is not a measure of the goodness of the fit, or of 
the accuracy of the estimates of the coefficients, since IRI = 1 for any fit based on two sets of points. 
The estimates of the emrs  on a and b are calculated in paragraph A 3.2.4. 

A 3.23. Orthagonal Regression 
If the two regressions of the second kind are calculated and different results are obtained, the problem 
is to choose the coefficients: which pair is the closest to the reality? Since each pair of coeffic~ents are 
obtained assuming that one variable is exactly known, it is likely that the best set is none of them but 
lies in between. But where? 

There arc several answels to that question, none of them being really satisfactory. One cooking recipe 
is to take an average slope: 

(b) = (b + b')/2 
or a weighted average slope: 

(b) = (5 b + e, b')12 (A 3.15) 

'X and ex are the expedmental emrs  on y and X respectively and deduce a corresponding value 
of a usi g (A 3.7). This recipe does not show clearly which quantity is minimized by the fit. 

Another more physical way is the so-called "orthogonal" regression (Figure A 3.2). It minimizes the 
real (orthogonal) distance between the measured points and the regression line drawn with the scales 
on the axes inversely proportional to the experimental emrs,  that is with the variables: 

Y=yi le , ,  and X = x t / ~  (A 3.16) 

0 1 2 3 4 5 6 7 8 x  

Figure A 33: Orthogonal regression. 

Writing the regression line with these coordinates: 

Y = A + B X  

the minimized residual is: 
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(Y; - B Xi - ~ ) 2  

S S L =  Fd 
i= l B Z +  1 

The slope in original ( X ,  y) coordinates is given by the following relations. Let us define: 

s.r 
If ox and ay are respectively the estimated standard deviations of the abscissae xi and ordinates yi, the 
slope is given by: 

Between the two possibilities, the sign of bl must be chosen ual to the sign of b given by equation 

relation (A 3.7). 
% (A 3.6). This sign is always positive in pressurization tests. e coefficients a is obtained wth the 

A 3.2.4.UnearizeabIe Fits 

Several non-linear functions can be linearized by a change in the variables. The table A 3.1 shows 
some of these functions, together with the convenient changes. 

I Original Function I pdi f ied  function I ~ i m i t s  
= A + B  X 

x > o  & y > o  

Y > O  
Y > O  
x*O 

Y * O  
(a  + bx) > 0  
f-l exists 

Table A 3.1: Some functions which can be easily modlped for a linear least s q w e  fit. Functions 1 
and 4 are wed to model the air leakage characteristics and function 2 models the tracer gas 
concentration decay. 

A 3.25.Errors on the Coe#klents 
The variances on the linear coefficients of the regression of the first kind are usually estimated using 
the following relations, which assume that the dispersion around the line is gaussian with a constant 
standard deviation and is the result of the measurement emrs: 

If T(P,v) is the significance limit of the two-sided Student distribution for a probability P on v events, 
thcn the confidence levels on the coefficients are: 
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This means that with a probability P the coefficient a lies in the interval [a - I,, a+ I,] and the same for 
b. 

The estimate of the variance around the regression lim at the value X is: 

and the confidence interval in the estimate of y using the regression line for any X is: 

$(X) = s,,(x) TV', N-2) (A3.25) 
The values of the two-sided Student distribution are given in Appendix 2. The relation A 3.21 may be 
used to obtain the confidence intervals for a' and b' in the second kind regression if the roles of X and y 
are permuted. 

A 3.3. Bayesian Identification 

A 3J.l. Introduction 

As it was said in g A 3.2.3, the usual regression techniques for the identification of the coefficients can 
strictly be used only when one of the variable is well controlled. In this case only, the relations given 
in 8 A 3.2.4 can be used to get a good estimate of the confidence intervals of the obtained coefficients. 
When the= are uncertainties on both axes, like for example in pressurization tests, these methods are 
not strictly valid, since they do not give any information on the relation between the two coefficients 
and their uncertainties. If several measurements of the same leak are performed, several pairs of 
coefficients C and n for the relation: 

will be obtained, and a comlation between C and n will be found: the larger C values correspond to 
the smaller n and vice-versa. A good identification technl e should give the most likely couple of 
coefficients together with the probability density f(a,b). Suc technique exist f lurwla ,  198v and is 
summarized below. 

R" 
A 3.3.2.Ident@cation of the Model Parameters 
Let put in a vector as well the m e a s u d  data as the model parameters, which have to be determined 
and assume that this vector is a random variable with a normal distribution in the k-fold space (k = 
number of parameters and data): 

f0 = Cst exp[-(z - +)T &-l (L - +UZJ 
where: 
zp is the "a priori" vector containing the measured values and reasonable estimates of the parameters 

to be identified 

g is the covariance matrix between the elements of 2. Its diagonal elements are the varlances of the 
measured quantities and a priori estimated variances or the parameters. These latter variances are 
generally large, since these parameters are generally not known before the measurements. 

The components of the vector are linked by a model, that is by equations which can be written: 

Qoaa (A 3.28) 
For example, if a linear relationship is assumed between two measured variables X and y, the set of 
equations: 

y i = a  + bxi 
can be written in a matrix form: 
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Generally, the proposed model is not exact and it may be assumed that it has a normal distribution: 

where C is the covariance matrix of the model. If the model is exact, this distribution is a Mrac 
distribu 8' on: 

Combining the nor knowledge contained h the distribution f m  with the model described with the 
distribution g 0 gives a new distribution containing the "a posteriot" information This new 
distribution is (see nfemnce [TarantoLa. 19871 for the detailed development): 

From this distribution, the z vector pwenting the maximum likelihood can be found, it is the vector 
which minimizes the exponent: 

t5z for @OTQ1 PW (2 - z,,)~&-~ (2 -+)l mirhum (A 3.34) 

This most probable vector contains the identified model arameters and the most pmbable values of J the measured quantities. Practically, this vector is fo using numerical methods looking for the 
minimum of the exponent given in equation A 3.34. References on such methods are quoted in Secdon 
A 3.4. 

A 333.Error Analysis 

This method allows to obtain a posterior estimate of the covariance matrix of the distribution 00. 
For that purpose, the model p@ is linearized around the most probable vector Z, The posterior 
covariance matrix is then: 

g = (g %-l + G-l)-1 = - g + &)-l& (A 3.35) 

where is a matrix having the dimension N X M, with M = N n + n + N, N being the number of 
measurements and n the number of parameters to be identified. E, contains the derivatives of the 
model pm evaluated at the point G: 

A 3.3.d.Ca.w of a Linear Model 

If the theo~dcal model is linear, the relation (A 3.28) is replaced by: 

where E k a linear operator acting from a total space of parameters into a ace of residuals. Applying 
the me€FmI described above, the most probable vector z is given by (see [Ay61 p 78): 

=+-c&gcpEc+cJ)-lg+ 
The posterior estimate of the covariance matrix is then: 

& i = & - & ~ T ( E c g T + c J - l ) - l E &  
Note that a model such as the linear fit 
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wherc x and y are measured and a and b must be identified is not a linear model, since it contains the 
product b X of two components of Z. 

A 3.4 References 
Mitchell, R. A, and Kaplan, J, L. [1%9]: Non Linear Constrained Optimization by a Non-random 

Complex Method. J. Res. N a l .  Bur. Stand. C72, pp 249-258, 1969. 

Nelder, A. and Mead, R [1965]: A Simplex Method for Function Minimization. J. Comprrt. J .  7, pp 
308-313,1965. 

Tarantola, A. [1987]: Inverse Problem Theory, Methods for Data Fitdng and Model Parameter 
Estimation. Elsevier, Amsterdam, 1987,613 p. 
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Example of Multizone Pressurization In a Realistic Case 

Appendix 4. Example of Multizone Pressurization in a Realistic Case 

A 4.1. Introduction 
Buildings arc very often made of rooms connected to a corridor or stahase, all these zoncs being 
connected to the outdoor air. To measure the co-nding air leakage distribution, two experimental 
plans can be defined, which leads to different confidences in the rtsults depending widely on the 
situation of the m e e s u d  leaks. 

After a descri 'on of the representation of each experimental plan, the estimators of the leakage 
parameters ~8 '  be exhibited and discussed. 

It is important to nmember that some experimental plans may not be possible for some buildings 
because of the limited range of the flow meters and expected disparity of air tighmcss. 

Hereafter, "measure" will be referred to as a series of pressure differences and flow measurements 
which can be fiaed on a rtlation such as : 

Figure A 4.1 presents the typical situadon for a room with three neighborn measured with a two-fans 
technique. The flows will be all along this section referred to in the same way. 

Q, : flow between the given room and outside 
Q2, Q4 : flow between the given room and a lateral neighbor 
Q3 : flow between the given m m  and the hall 
Q, : measured flow 

Figure A 4.1 : Theflaw during a pressurization test. 

Figure A 4.2 allows one to define the use of the terms 'pressure ring", "room" and "outside" for a 
better understanding. 

The two experimental plans which can be used to measure the leakage distribution in this case are the 
so-called "deduction method" and "guard zone method". It is shown below how to use these methods 
for measuring the leakage distribution in buildings. 
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outside 

Figure A 43:  Measurement situation 

A 4.2. Deduction Method 
The deduction method (also called "progressive equalization") consists on varying the pressure p, in 
the pressure ring, keeping a constant pressure p, In the room as schcmatlzed in figure A 4.3 so that : 

Pressure 

Pressure ring Room Outside 

Figure A 43:  Pressure level in pressurization test with deduction m e t W .  

By using this method it is possible to measure all the flows Q, Q2, Qs, Q4 directly or indirectly, as 
described below. 

A 4.2.I.Room-&-hall F b w  Estimation 
The flow Q (4) is available directly from two measurements in the same experiment: by opening 
windows and dosing doors in adjacent m m ,  the prcssu~ rlng is limited to the hall . The experiment 
is shown in figure A 4.4. 
The estimator of Q3(Ap) is then : 

Q3(Q) = Q01 (Pr-pJ - QDI (Pr-P,) = Q ~ i ( d p )  - Q ~ i ( 0 )  (A 4.3) 

Where p, is the constant pressure in the room and Q is the result of the experiment D1 at the 
pressure difference dp between the pressure ring and #e m m .  
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A Qe 
Outside 

Room F 

I Experiment D 1 I 

Figure A 4.4: Experiment to obtain Q3(4p) (The zig-zag arrow represents the step-by-step varying 
pressure). 

A 4.22.Lateral FIow Estimation 
It is necessary to perform two experlments. D1 and D2 to obtain the lateral flow Q2 or Q,,. The plan 
adapted for the measurement of Q2(Ap) is shown in the figure A 4.5 

Figure A 4.5: The two experiments necessary to obtain a lateral jlw with the deduction method. 

The estimator of Q2(Ap) is then : 

A 4.23.External Flow Estimation 
This flow Q,( ) also needs two different experiments (figure A 4.6). In the filst one, 03,  the 
pressure ring F' S constituted b al l  the adjacent rooms and the second one. T, consists of pressuring 
only the m m .  keeping the and the adjacent rooms at the outside pressure by opening doors and 
window S. 

J 
The estimator of Q, is then : 
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I Experiment D3 I Experiment T 

Figure A 4.6: The WO experiments necessary to obtain the external fIav Q, using the deduction 
method. 

A 4.2.4.Esrimadon of the Errors Occurdng in F b w s  QfDp) 

Now let us look out the error analysis through the deduction process. The preceding items have shown 
how to obtain the flows QdAp) of the leak i at the pressure difference Ap by summing or subtracting 
flows QDi from at most 4 measurements at pressure difference Ap or Ap, 

At this point we are interested to obtain a confidence limit for the flows Qi, which can be estimated by: 

where Qi,- is the measurement result, T(P,v) the Student coefficient with probability P and v degree 
of freedom, and s(Qi) the estimate of the standard deviation of the result. 

The thcory of error estimation gives the following estimate of s(QJ as function of the deviation of its 
parameters. 

where s is the own standard deviation of the volumetric measurement obtained during the calibration 
and givfn the flow meter precision (5%). 6gi is an additional flow through the conductance i produced 
by slight pressure differences through conductances where this Ap should be zero. 

Applying tNs at flow Q, and taking into account that 

QjrW = QDI(A~) - QDAO) 
we have : 

(A 4.3 again) 

& ~ 3 )  = & D ~ ( ~ P ) )  + &QDI(ON + SDZ + 64;2 (A 4.8) 
The standard deviation of the zero prtssure difference being SW we have: 

hi = C; (spdn' (A 4.9) 

As QDl(Ap) is the sum of the flows through several conductances i ,  its standard deviation Is given by : 
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and finally 

s 2 ( Q ~  l(&)) a X n f  (Ci &i4) (s&4# + n32 (C3 Ap3"~)~  ( ~ ~ 4 9  (A 4.11) 
i t3  

So, s 2 ( ~ 4  can be computed according to (A 4.8). Similar calculations are done for the other flows. 
Table A 4.1 shows the relative error : 

&,(Q0 = sp(Qi)/Qi A 4.12 
caused by pressure instabilities and assuming a constant exponent n for every element, while table A 
4.2 shows the part sQ(Qi)/Qi of the relative error comin from the uncertainties in flow measurements. 
The total error is the geometrical average of these two e f ements: 

Table A 4.1: Relative errors s occurring in the deduction 
pressure instabilities,being ass gQi ed: a perfectflav measurement, a constant 
the pressure Werences Api and Ap,, a constant exponent n and a 
pressure duerences. 

Table A 4.2: Relative errors sdQi occurring in the deduction method for flaw Ql and caused by 
errors in theflow measurements. A constant exponent n is assumed. In tables A 4.2 and A 4.4, E(Q,,J 
= s 4 Q m  
MOR synthetically it should be understood that the desired flow, Q,, Is obtained by difference between 
large flows, which may have acceptable absolute errors, but this error will be large when compared to 
the small difference. The disadvantage of this method is the number of flow measurements necessary 
to obtain some individual flows. 

It is also easily understandable that the tightest the measured element is, the worst will be the 
confidence in the result 
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A 4.3 Guard Zone Technique 
In the guard zone method the pressure in the pressure ring (guarding zone) is always the same as that 
of the room (guarded zone) as illustrated in figure A 4.7. 

In the experimental schemes the guarded walls are indicated as hatched zones as in figure A 4.8. 

Guarding Zone Guarded Zonc Outside 

Figure A 4.7: Pressure levels in pressurization test with guard zone method. 

A 4.3.1.External Flow Esdmadon 

External flow Q,(Ap) is available in one experiment G1 presented in figure A 4.8. 

I Experiment G1 

Figure A 4.8: The experiment to obtain the externalflaw Q ,  using the guard zone method. 

The estimator is the simplest one : 

Q,(&) = Qcl(&) 

A 4.32.Lateral Flow Estimation 

Using the same type of experimentation plan as previously, e.g. changing the guarding zone by 
opening windows and closing doors, it is possible to measure the lateral Q2 or Q4 (figure A 4.9). 

Q2(L\p) or Q4(W is given by : 
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Outside t "  Outsidc t Qe 

I Experiment G 1 Experiment G2 

Figure A 4.9: The experiments to obtain the lateral flaw Q2 (Ap) using the guard zone method. 

A 4.33.Room to Hall Flow Estimation 

The plan presented in figure A 4.4 give the following estimator for Q3(Ap) 

Q3(Ap) = Qd&) - Qa(&) 

Experiment T Expcriment G3 

A QC 4 QC 

Figure A 4.10: The experiments to obtain thejlow Q3 (Ap) using the guard zone m e t W .  

Outside 

A 4.3.4.Estimution of the Errors Occurring in Flows Q,{&) 

Outside 

Using the same hypotheds as previously for the deduction method, we obtain for the guard zone 
method the relative errors listed in table A 4.3 and A 4.4. 

In this method the principal source of error is the inaccuracy in the zero pressure difference between 
the guarded zone and the guarding zone. 

4 

Q2 
Room 

A 

- 4 W 

Q2 Q4 

Q3 7 
QT 

QG3 
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I EC,&(Q4): like E G ~ ( Q ~ )  but pemuting C2 and C4 

Table A 43: Relative errors occurring in the guard zone metbd for the estimation of theflow Q f A  , 
being asswned a constant relative error S on the pressure duerence Apn and 41, a const B' nt 
exponent n for every elements and a sta&?da,lorion sdpDfor the pressure dflerence Ap = 0,  sm 
comes from t h e m  meter inaccuracy. 

Table A 4.4: Relative errors s Q, occurring in the guard zone method for flaw Qi and caused by 
errors in theflow measurement P' . A constant q o n e n r  n is assumed. 

Reference 
Fiirbrin~er, J.-M, Roulet, C.-A. [19911: Study of the Emrs Occurring in Measurement of Leakage 
Distribution in Buildings by Multifan Pressurization. Building and Environment, 1991 
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Appendix 5. Strength of the Passive PFT Sources 
The passive tracer sources arc made of a capsule partly filled with the liquid tracer and closed with a 
device allowing a small effusion flow rate of the tracer (see Section 5.2.2 of Part 110. This Appendix 
presents the fundamental processes which occur in these sources and explains why the strtngth of 
these souas depends on the temperature. 

A 5.1. Tracer Vapor Pressure 
The saturation vapor pressure of the tracer gas enclosed in the capsule over the liquid surface depends 
on the temperature, following approximately an Arrhenius law: 

P S  = pso exd-E'RT) 
whert: 

Ep is the activation energy for the vapor pressure [J/mole] 
R the molar gas constant (R = 8.31396 J/K) 
T the absolute temperature [K] 

p,  is the vapor pmsure at inflnite temperaturt. 

A 5.2. Permeation Tracer Sources 
In these sourcy, the tracer diffuses through a silicone rubber plug used to seal the source. The flow 
density [kg/(m .S)] of tracer through that plug follows the Fick's law: 

where c is the concentration [kg/m3] and D the diffusion coefficient [m2/s]. This cwfflcient itself 
generally depends on the temperature, following also an Arrhenius law: 

D = D, exp(-EdRT) (A 5.3) 
where: 

ED is the activation energy for the diffusion [J/mole] 

D, is the diffusion coefficient at infhite temperature [m2/s]. 
If the Fick's equation is integrated, assuming a steady state and a zero concentration outside the cell, 
the mass flow S going out of that cell is: 

S=A D c J L  (A 5.4) 

where: 
A is the area of the diffusion plug 
L is Its length 

c, is the concentration in the inside part of the plug. 
Then is a relation between the concentration and the saturation pressure p, at a given, absolute 
temperature T: 

CS K P S  (A 5.5) 
where the solubility coefficient depends on the temperature, following another Arrhenius law with an 
activation enthalpy M: 

Udng equations AS. 1, A5.3, and A5.6 in the equation A5.4, we get the temperature dependance of the 
flow: 

It follows from these relations that the equilibrium mass flow through the plug depends on the 
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temperature. 

Besides these effects, them are dynamic effects in the diffusion lug when the temperature changes: P the concentration profile is no more linear and some time is requ red to adjust to a new concentration 
profile. These effects have a long time constant, and several days may be necessary after a temperature 
change to reach a constant flow rate. 

A 5.3. Capillary Sources 
These sources are closed by a capillary tube, and the tracer flow rate is determined by the diameter and 
length of that tube and by the tracer saturation pressure. 

At atmospheric pressure. in the capillary tubes commonly used (about 0.2 mm diameter), the flow is 
dominated by the molecular diffusion process, as far as the atmospheric pressure does not vary too 
much and too often (no pumping effect). In this case, the above equations are still valid, but with 
another diffusion coefficient, D', since the tracer diffuSes in air instead of silicon rubber. Moreover, 
the concentration gradient Is dlrectly proportional to the vapor pressure, and the delay to obtain a 
constant flow rate after a temperature change is much smaller (a few minutes). The temperature 
dependance of the flow rate is then: 
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Appendix 6. Algorithm to Control a Constant Concentration System 
A constant concentration Vacer gas (CCTG) measuring system needs a control algorithm to calculate. 
at each sampling time, the required tracer gas injection rate to maintain the gas concentration at the 
target level. 

TNs Appendix proposes an efficient control algorithm [Cornpagnon, Kohler, Roecker, Roulet, 19881. 
Practical considerations concerning modifications to take into account the physical limitations of the 
CCI'G system and the computing of the optimal control ammeters are also presented. Note that 

6.3.2. 
R another algorithm, used with mass flow controllers for the jection, is presented in part In, Section 

A 6.1. Single Zone Model 
In a first step, let us consider a single zone. The equation governing the tracer gas concentration into 
the zone can be written, in a first approximation, as: 

where: 
V: effective volume of the zone [m3] 
C: tracer gas concentration [-l 
Q: air flow leaving the zone [m3/s] 
q: tracer gas injection into thc room [m3/s] 

This equation assumes that the outside tracer gas concentration is negligible and that the air has a 
constant density. A perfect mixing of the tracer gas within the zone is also assumed. Even if these 
assumptions are not always true in real conditions, this model is sufficiently good for control purposes. 

Since the CCTG system analyzes the concentrations in a zone by sampling at discrete times, the 
differential equation (1) should be integrated over one sampling time 7, to give a difference equation: 

where: Ck+l, Ck: tracer gas concentration at time (k+l) t ,  and k z, respectively [-l 
1 Uk = qdV : injection rate [S' ] 

ak = exP (- QkzJV) [-l 
bk = V (1 - ad/&) if Qk> 0, 
7,: sampling time [S] 
k: sample number [-l 

The air flow Qk and the injection rate qk are 
[k zs; (k+ 1 )  q. 
A 6.2. Control Algorithm 

assumed to be constant over the integrating time interval 

The function of the control algorithm is to compute the necessary injection rate Uk to maintain the 
concentration at a target level denoted W (for complete generality the target level may also change 
during time : therefore it is also denoldby the sample number k). The injection rate is computed 
using the expression : 

Uk = - KsCk + KRXRk + KwWk [S-'] 
with: 

K,, KR, K,: parameters of the control algorithm [S-l] 
XRk: an integrating term defined by the difference equation : 

X~k+l=Xf(k+Wk-C& [-l 
This expression is derived by minimizing the quadratic form : 
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where Q,, QR and R are weighting factors (see [BWlfer, 19831 for full details). 

Different methods are available for the determination of the parameters K K and K, We choose a 
method which consists of imposing the poles of the system. This method b f!r moce practical to use 
for two reasons: 
- It is not necessary to make an arbitrary choice of the weighting factors for the quadratic form 

- The computing of K,, KR and K, is easier and doesn't require complex computer code as the other 
methods. 

In fact the two poles of the system depend only on the parameters K, and KR. The value of the third 
parameter K, does not have any influence on the pole location but may be used to compensate the 
effect of one pole. 

The relations between the poles and the parameters are : 

First case : Real poles Zl and Z2 (Zl is the compensated pole): 

Kw = KR/( 1 -z1) 
Second case : Two complex conjugate poles Z1 2 = Re(Z) f 1 Im(Z). The real part of the pole is 
compensated: 

Kw = KR/( 1 -Re(Z)) 
where ak and bk are defined by (3) and (4). 

Through ak and bk, the parameters K,, KR and K, are functions of the sampling time 2, and of the air 
change rate. There is apparently a problem  he^ as the control algorithm requires parameters which 
depend on the varying air change mtes not known befoce measurement! In fact, the control algorithm 
needs only an estimation of the air change rate and the parameters are calculated once for the entire 
measurement procedure. Moreover, if the poles are properly located, these parameters no longer 
depend on the air flow rate [Compagnon, Kohler, Roecker, Roulet, 19881. 

At the beginning of the measurement procedure, the integrating tern X has to be initialized to a 
certain value. Under the assumption that the initial concentration C, was ept constant in the past, the 
initial value XRo is defined by : 

e 
First case : Real poles Zl and Z2 (Zl is the compensated pole): 

XRO = c d ( l  472) (A 6.10) 

Second case : Two complex conjugate poles (the real part of the poles is compensated): 

A 6.3. Advantages of the Algorithm 
The proposed control algorithm defined by equation (A 6.5) looks like a special case of a traditional PI 
control algorithm. In fact this algorithm pments some advantages over the usual PI control method. 

First. a faster response to a step change in the ta et concentration Wk is obtained by the pole 
compensation (fig. A 6.1). This property is very use for measurement pmcedures using variable 
target concentrations in multizone buddings. 

a 
Secondly, the minimization of a quadratic form is well suited to generalize into a multivariable control 
algorithm. Thus an extension of this algorithm to the case of a multizone measurement system is not 
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difficult. This extension is summarized as follows : equation (1) is  written using matrix notation: 

when: 
V : volumes diagonal matrix [m3] 
C : concentrations vector [-l 
Q : air flows matrix [m3/s] 
q : nactr gas injections vector [m3/s] 

Sample number. k Sample number. k 

Figure A 6.1: Res onse of the control algorithm for a tat et level step from 0 to 100 ppm change just 
&er sample 5: rL new control algorith (l@) has a fater response than he PI control methad 
(right). Values computed with l air changelhour and z, = 540 [S].  
The difference equadon (A 6.2) becomes : 

C k + l = A C k + B U k  (A 6.13) 
where A and B are matrixes derived from the air flows matrix Q and the volumes matrlx V and 

From equation (A 6.13), various methods are available [BIUJer, 19831 to compute the parameters 
matrixes K*, KR and K ,  necessary for the control algorithm defined (similar to equation (A 6.5) by : 

when Wk Is the target concentrations vector and XRk the integrating vector defined by the diffennce 
equation : 

A 6.4. Modifications of the Algorithm 
The tracer gas in ection rate that the apparatus can supply is limited to a certain ran : no tracer gas 
can be removed 4-0 m the mm and a maximum injection rate can not be exceeded. F 8" gum A 6.2 and 
A 6.3 show two cases when these limitations lead to large over- or under-shoots of concentration. 
These problems a n  caused by inappropriate values of the integrating term XRk Although the CCI'G 
system cannot supply the necessary infection rate or remove gas to readjust the concentradon to target 
level, the value of XR is stiU Inc~ased or decreased as if the system had no limitations. Thls nsults in 
too hi h or too low v ues of XRk, and it takes several steps with over or under concentration to correct f a 
the v ue of this term. 
To avoid these problems, it is necessary to correct the value of XRk when the system is unable to 
supply the injection rate the control algorithm has asked for. Among the many possibilities to adjust 
these values, two procedures are pnsented here: 
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First case : negadva calculaLGd weetion rate Uk < 0 

Negathw values typically occur after a concentration overshoot due to an abrupt decrease of thc air 
infiltradon rate into the zone (flg. A6.2). The control algorithm wants to remove tracer from the zone. 
As seen above (equation A6.5), the injection rate is pmportional to WC, - C and XRF During the 
whole overshoot while Ck > W the integrating term decreases. Then, when h e  concentration goes 
below the target level, because 09 the low value of X tk injection rate remains negative and it takes 
several steps with Ck W to raise the value of 4: to its new stationary value allowing positive 
injection rate to b~ mmpud.  

To avoid this undershooting, the htegratin tern could be adjusted just before the decreasing 
concentradon crosses the target level Thus. thf S procedure works as follows : 

Whenever the control algorithm computes a negative injection rate, the actual infiltration rate is 
estimated and the concenvation for the next step can be extrapolated. If, without any gas injection, the 
extrapolated concentration is still above target level, nothing is done. But in the other cases, the 
integrating term is forced to a value leading, through the use of control equation (A6.5). to the 
necessary injection xatc to reach the target level. The following relations are used for this pmcedure, 
assuming Uk < 0): 

estimated actual air change rate : 

predicted concentradon : 

Cp k+1= Ck exp (-nefi .rs) 
necessary injection rate (if Cp k+l < Wk+l) : 

Ck 
U - ( -  1) 

ts Cp &+l 
new value for the integrating term : 

Since the actual air change rate is computed over one sampling time only, its value is sensitive to any 
measurement emr.  Therefore uation (A6.19) gives an underestimate of the necessary injection rate 
to avoid large effects from sm measurement errors (it is always easier to add some gas at the next 
step than to nmove some I). 

f9 
A comparison between fig. A6.2 and fig. A6.3 shows the effect of this procedure. 

Second case: Uk > U,, calculated idection rate too high 

This case may occur at the beginning of a measurement on a large zone or when the air infiltration ra&e 
is very high. For e x t m e  cases, the target concentmion will never be reached. 
Figure A6.4 illustrates the problem: the increase of the concentration L limited b U,, while the 
integrating term inc-S. When the concentration reaches the target level, the hi$; integrating term 
value forces the control algorithm to inject too much gas. This leads to a concentration overshoot until 
the integrating tern finds its stationary value again. 
To avoid this phenomenon, each time the control algorithm asks for an injection rate higher than 
U-, the integrating term is forced to a proper value. Thls value is calculated so that, when used in 
the contml equation (A6.5). the maximum possible injection m e  U,, results. 
The new value of the integrating term Is then, assuming Uk > U-: 
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0 5 10 15 20 25 

Sample number, k 

Figure A6.2: Concentration overshoot due to an 
abrupt &crease of the air change rate, with 
unm.od@ed algorithm. 

Values computed with V = 80 [m31 and t, = 540 [S]. 

Sample number. k 

Figure A6.4: ConccntrmMon overshoot due to the 
limiting effect qf the maximum injection rate, 

the CCTG system is able to supply. These 
lead to the maximum concentr(111on 

increase at the first step: 
C, = b Umax = 28,4 [ppm]. 

Sample number. k 

Figure A63: meet of the first mod@catlon of 
the control algorithm (compare withjlg. A6.2). 

Sample number, k 

Figure A65: meet of the second -cation 
of the control algorithm (compare with 
fig. A6.4). 

Values computed with V = 200 l&, t, = 540 [S] and U- = 5.67.10-~ [S-l]. 
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A 6.5. Implementing the Algorithm 
This paragraphs rovides the detailed information necessary to implement the control algorithm in a 
program calc~larRg injection rate. 

Each zone is individually controlled. The following a1 orithms are designed for a single zone. In case 
of a muldzone application, simply use the same algori for each zone separately, as well as for each 
gas in multibacer system. 

Bn 
Timedependent variables are referenced by their sample number k defined by : 

Sampling time + h +  
Measund concentration 

Injection rate 

Target concentration 

sample sample sample 
k- l k k+ l 

Computing of the control parameters K ,  KR and K ,  
Equations (8)  are used with poles located at ZI = 0.6 3 = 0, which is one of the best possibilities. 

Required inplts 

a = exp [ -n (t#600)] '-4 

I Outputs I 
Control parameters 

K s K ~ K w  [Vs1 
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Conml algorithm computing the necessary tmcer iqjection rate at sample R. 
Constant required input: 

v 
4max 

Time dependant inputs: 

volume of the zone [m31 
maximum tracer injection rate the system h able to provide [m3/s] 
minimum non-zero tracer injection rate the system is able to provide [m3/s] 
maximum expected air change rate []/h] 
control parameters [ V s ]  
sampling time [S] 
measured concentration at sample k (-1 

previous measured concentration [-l 
target concentradon at sample k [-l 
integrating term [-] 
previous tracer injection rate [l/s] 

l Initial values at k = 0 I 

~,,,tS+C 
and C P'r r y 7  
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I 

outputs 

u necessary tracer injection rate [ I t s ] .  
volume to inject [m3] 

: correctly assigned for the 
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Figure A6.6: Measurements in a rnechanfcallv ventilated, inhabited bathroom / l  11. 
a)- Concentrations [ppm] measured during 12 hours within a bathroom (V = 141  [ml], target level 

W = 100 ppm, z, = 525 [S]). Dotted line shows the tracer injection rate (arbitrary unfts). 
b) Air change rates [h-'] deduced from the CCTG measurement. Large air change rate variations 

due to the mechanical ventilation system can be observed. 
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Appendix 7. Glossary 
Items in itafics are other entries in the glossary. 

AC pressurization technique 
Evaluating the air leakage of a building using a piston assembly to vary the &ecdve volwne 
of the saucturc and measuring the pressure response due to this variation. 

Acoustic leak detection technique 
A method of detecting cracks in a building where leakage may occur by placing a steady 
source of high pitched sound within the building and using a microphone outstde as a detector. 
Leaks correspond to an inmasc in volume of the sound transmitted. This technique provides 
qualitative information only. 

Age of the air (or age of a contaminant) 
Average time period since the fresh air (or a contaminant) entered the m m  or the building. 
This age depends on thc location in the building. The room meun age is tht average of the age 
over the whole room. 

Air change performance 
Coefficient defined by ASHRAE, which is the double of the air exchange Mciency. 

Air change rate (also called Specificflow rate) 
The ratio of the volumetric rate at which air enters (or leaves) an enclosed space divided by 
the volume of that space. Often this is expressed in air changes per hour. Its inverse is the 
nominal time constant. 

Air exchange efficiency 
Efficiency of the ventilation to change the air in a room. It is half the ratio of the nominal time 
constant and the room mean age. 

Air exchange rate 
General term relating to the rate of air flow between one space and another. 'lWs can be 
between various internal zones of a building or between the building and the atmosphere. 

Alr exfiltration 
The uncontrolled leakage of air out of a building. 

Air flow coefficient 
Coefficient in the air leakage chuructertstics which has the dimension of an air flow. This 
coefficient multiplies the pressure d@erenrial at a power exponent. 

Air flow rate 
The mass or volume of air moved in unit of time. (The transport may be within an enclosure 
or through an enclosing envelope). 

Air infiltration 
The uncontrolled inward air leakage through cracks and internices in any building clement 
and around windows and doors of a building (i.e., adventitious openings), caused b prtssure 
effects of the wind and/or the effect of differences in tht indoor and outdoor air dens i' ty. 

Air infiltration characteristic 
The relationship between the infiltration airflow rate into a building and the parameters which 
cause the movement. 

Air leakage 
The flow of air through a component of the building envelope, or the building envelope itself. 
when a pressure difference is applied across the component. 

Air leakage characteristic 
An expression which describes the air leakage rate of a building or component. Ihls  may be: 
(a)the air leakage flow rate at a reference pressure difference across the component or 

building envelope. 
@)the relationship between flow rate and the pressure difference across the building envelope 

or component. 
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(c)the equivalent leakage area at a refemce pressure difference across the component or 
building envelope. 

Airtightness 
A general descriptive term for the leakage cluvucterLrdcs of a building. 

Analyzer 
Instnunent used to measure the concenfradon of a fracer gas or a contaminanr in a sample of 
air. 

Anemometer 
Any instrument measuring the air speed or the air velocity 

Background concentration 
Concentration of a gas in outdoor air. 

Background leakage 
Leakage of air through a building envelope which is not accounted for by obvious measurable 
gaps. 

Balanced fan pressurization 
Technique utilizing two or more blower h o r s  to evaluate the leakage of individual internal 
partitions and external walls of multizone buildings. Technique involves using the fans to 
induce a zem pnssure difference across certain building components, thus eliminating their 
leakage From the measurement. 

Balanced ventilation 
A system in which fans both supply and exvact air from the enclosed space, the supply and 
extract flow rates being equal. 

Blower door (also called Fan Door) 
A device that flts into a doorwa for supplying or extracting a measured flow rate of air to or 
fmm a building. It is norm y used for testing for air leakage by pressurization or 
depressurization. 

J 
Building component 

General term for any individual p m  of the building envelope, usually applied to doors, 
windows and walls. 

Building envelope 
The total of the boundary surfaces of a building, through which heat (or air) is transferred 
between the internal spaces and the outside environment. 

Calibration 
Operation where the output of a measuring device is compared with reference standards in 
order to accurately quantify the results provided by the measuring device. 

Capacitance pressure transducer 
A device with a metal diaphragm sensing element actin as one plate of a capacitor. When 

"P" f pressure is applied it moves with E ct to a fixed p ate, changing the thickness of the 
dielectric between. The resulting signal S monitored using a bridge circuit. 

Cell 
Volume in a room limited b a theoretical or physical surface, in which the physical quantities 
of interest can be considere d' as homogeneous. A room can be divided in several cells. 

Chemical indicator tubes (also called DrtIger tubes) 
Olass tubes containing an adsorbing material which color changes in the presence of a specific 
gas. 

Collector chamber 
Sealed box or other enclosure used to isolate a building component when conducting 
Pressurization tests. 

Compensated flow meter 
Air flow rate measuring instrument in which a fan compensates the pressure drop required by 
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the measuring device. 
Component leakage 

The leakage of air throu h the buildin envelope or internal partitions, which is directly 
attributable to flow t h u g  a cracks aroun d doors, windows and other components. 

Concentration 
Ratio exprrcssing the amount of a chemical component in a mixture. This ratio may be 
expressed in terms of mass, of volume, or of number of molecules. In air, It can also be the 
rado of the mass of component divided by the volume of air. 

Condition number 
Number expressing how much the errors in measured data are enlarged when tmmitted, 
through the interpreting equations. to the h a 1  results. 

Conductance 
Generally, any path allowed for air between two zones. Also the ratio of the flow rate through 
a path to the pressure dwerential across that path.. 

Connected space 
A space in a building adjacent to the measurement space with which significant exchange of 
air may take place, thus increasing the effective volume of the space. 

Constant concentration technique 
A method of measuring ventilation rate whereby an automated system injects tracer gas at the 
rate required to maintain the concentration of tracer gas at a fixed, predetermined level. The 
ventilation rate is proportional to the rate at which the tracer gas must be injected. 

Constant injection rate technique 
A method of measuring ventilation rate whereby tracer is emitted continuously at a uniform 
rate. The equilibrium wncentratlon of tracer gas in air is measured. 

Contaminant 
An unwanted airborne constituent that may reduce the acceptability of the air. 

Contaminant removal effectiveness 
sec Ventilation t$ectiveness 

Continuity equation (also called Mass balance) 
Mathematical expression relating to the conservation of matter, an example of which is the 

uation equating the flow of tracer gas into a space with the flow of tracer gas out of a space. % S particular equation is the basis for evaluating air exchange rates from tracer gas 
measurement. 

Cup anemometer 
A device for measuring wind speed comprising a number of cu attached around a spindle to 
which an Indicator is fitted. Widely used in meteomloglcal stu es. 

Damper 
d Y  

Adjustable plate in a duct for controlling the flow rate. 
DC press- rlzadon 

Airtightness measuring technique using a fan to pressurize the measured volume at a constant 
pressure. See also Fan pressurization. 

Decay rate technique 
A method of measuring ventilation rate whereby a antity of tracer gas is released and the 
decrease in concentration measured as a function of J" me. 

Deduction method 
Multifan testing method in which the pressure d(ferentia1 between two zones of a building is 
changed step by step in order to obtain the leakage characteristics of building elements in 
these zones. 

Density 
Ratio of the mass of a quantity of maaer to its volume. 
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Deprcssurlzatlon 
Term used to describe fan pressurization when a static under pnssure is created within the 
bullding. 

Differential pressure 
See Pressure d#krenfial 

Discharge coefflcknt 
A dimensionless coefficient relating the mean flow rate through an opening to an m a  and the 
corresponding pFessure difference across the opening. 

Displacement flow (also called Piston flow) 
With this type of flow incoming outdoor air displaces internal air without mixing. 

Distribution effectiveness 
Ratlo of the average aacer us or c o n w n i ~ n t  concenaarlon to the concentration which could 
be reached, at tquilibrium,fn the m e  lone or building with the same vacer or contaminant 
sources. Also the rado of the contaminant or tracer turn-over time to the room mean age of air. 
It is the inverse of the relative contminunt removal effectivemss. 

Door panel 
Panel adapted to a door or a window, on whlch the pressurization fan is adapted. 

Draft gauge 
Inclined U-tube manometer. 

Ddger t u b  
Sec chemical indicator tubes 

Effective volume 
The volume of the interior bullding (or room) in which mlxlng occurs. 

Efficiency of the ventilation system 
Rado of the fresh air provided by the ventilation system to an enclosure to the total amount of 
air entering the m m ,  including i@ltratlon. 

Electron capture detector 
An Instrument which uses a weak beta source to generate electrons in an ionization chamber, 
which is sub'ected to a pulsed voltage, thus generating a current. Electron capturing materlal I in the samp e reduces the number of electrons in the chamber and thus the current. This 
reduction can be calibrated h terms of tracer gas concentration, hence the concenmdon of 
tracer gas in an air sample can be evaluated. 

Envelope (of a buildlng) 
See Building envelope 

Equivalent leakage area (ELA) 
The equivalent amount of orifice area that would pass the same quantity of air as would pass 
~ 0 k C t I ~ e l y  through the building envelope at a specified nference pressure difference. 

Experimental design 
The wa an experiment is planned, or, more precisely, a list of values of controlled parameters Z at whic measurements should be performed to obtain the requind results. 

Extract ventilation 
A mechanical ventikfion system in which air is extracted from a space or spaces, so creating 
an internal negative pressure. Supply air Is drawn through advenddous or intentional 
openings. 

Fan pressurization 
General term applied to any technique Involving the production of a steady static pressure 
differentfa1 across a building envelope or component. Often referred to as DC Pressurization. 

Flame ionization detector 
Detector used in conjunction with a gm chromatographer, in which the change in ionic 
current caused in a hydrogen-air flame by a tracer or contaminant is detected. This detector is 
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sensitive to organic compounds. 

Flow coefficient 
In the power W o n  roach this parameter is used in conjunction with the "flaw exponent" 
to quantify flow h u g '  an opening. 

Flow equation 
Equation describing the air flaw rare through a bulldin (or com nent) in response to the 
presme diffennce across the building (or component). daze e q u a E u  are uwlly  power imu 
or h form. 

Flow exponent 
In the power function approach this parameter characterize the typc of flow through a 
component. (n = 1 represents larninar flow, n = 0.5 represents turbulent flow). For most flow 
paths, n takes a value between these exoemes. 

Fortuitous leakage 
Uncontrolled air leaka e through building envelope due to the natural action of wlnd and 
tempersturc, i.e.. d r  i J~tration. 

Gas chromatography 
A proccss by which gases can be se arated from one another. Used in this application to 
separate tracer gases from each o r and from the constituents of air, thus allowing 
individual analyses to be performed. 

L 
Gasometer 

Instruments to measure volumes of any gas. 

Grab sampling method 
Any tracer gm method where a i rbcer  samples m obtained from a building and analyzed 
afterwards In a laboratory. 

Guard zone technique 
Dual-fan pressurization technique used to measure the Icakuge churacterisdcs of a building 
part. One fan is used to pressurize a guarding zone, surrounding the guarded zone in which the 
other fan just maintains a zero pressure d@erenrlal between these zones. The measured 
building part Is the only unguarded part. 

Hot wire anemometer 
Anemometer In which the air velocity Is determined by the temperature of a heated wire 
exposed to the wind. 

Indoor air pollution 
Pollution occurring Indoors from any sou= i.e.. from outside as well as inside the building. 

Infra-red gas analyzer 
Instrument used to determine tracer gas concentrations by determining the transmission of 
infra-red radiation at an absorption hquency through a fixed path length. 

Inte~zonal air flow 
Oeneral term applied to the process of air exchange between internal zones of a building. 

Leakage characteristics 
Equation relating the airflow rate through a leak and the pressure dGft'erential across this leak. 
This xelation involves the flaw co@lcient and t h e m  exponent. 

Leakage path 
A route by which air enters or leaves the building or flows through a component. 

Leakage site 
A point on the outer or inner surfaces of a building envelope or an internal wall where a 
leakage path emerges. 

Leakage area 
See Equivalent leakage area 
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Leeward 
Downwind side of any object. 

Local mean age 
Average time period spent by air particles to reach a location in an enclosure since they enter 
that space. 

Manometer 
A device for measuring pressure employing the principle of displacement of liquid levels in a 
liquid fllled "U" tube. The limbs of the "U" may be vertical, inclined (drdt g a g e )  or curved. 

Mass balance 
see Continuity equation. 

Mass flow controller 
Device controlling the flow rate of a gas by means of a valve controlled according the 
measurement of the mass flow rate. 

Mass spectmmeuy 
Technique allowing the quantitative measurement of amounts of different gases, based on the 
separation of the ionized gas molecules according their mass to chaqe ratio. 

Mean age of air 
See Local mean age. 

Mechanical ventilation 
Vendlation by means of one or more fans. 

Mixing 
The d e p e  of uniformity of distribution of outdoor air or f o ~ i g n  material in a building. 

Mixing fan 
Small electric fan used to aid the mixing of room air and tracer gas before and/or during a 
measurement. 

Multiple tracer gas technique 
General term applied to measurement methods using two or morr: tracer gases. These methods 
are often used to evaluate interzonal air flows. 

Multizone 
A building or part of a building comprising a number of zones or cells. 

Natural ventilation 
Ventilation using only purpose provided openings and the natural motive forces of wind and 
temperature difference. 

Nominal time constant 
The ratio of the volume of an enclosed space divided by the volumetric rate at which air enters 
(or leaves) that space. Its inverse is the d r  change ratc. 

Normalized leakage area 
Equivalent leakage area expressed per unit building envelope area. 

Orifice plate 
A device for measuring gas flow by measuring the pressure drop across an orifice In the flow 
line. 

Outdoor air 
Air from free atmosphere that is generally assumed to be sufficiently uncontaminated to be 
used for ventilation. 

Passive sampling 
Method of sampling tracer gas In a building by the process of passive diffusion 
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Passive tracer source 
Small container injecting continuously a small flow of tracer (mostly PFT tracers) by passive 
diffusion through its cover cap. 

Perfluomarbon trsce~ or PFT 
Trucer gmes composed by a family of perfluoroalkylcycloallranes, i.e.. cyclic organic 
compounds in which the hydrogen atoms arc al l  replaced by fluorine atoms. These tracers can 
be analyzcd in tracc amount because the backpund conantradon is low and the electron 
capture &rector is very sensitive to them. 

Photoacoustic detector 
Tracer as analyzer in which the alternative expansion of the gas sample irradiated with a 
choppe d beam of convenient wavelength is detected with a microphone. 

Piston-type ventilation 
See Displacmrentflow 

Htot tube 
Anemometer measuring the difference between the pressure in a tube facing the flow, In 
which the flow is stopped and the pressure along a side of the tube. 

Pollutant removal effectiveness 
see Ventilation t$ectiveness 

Pollution migration 
Descriptive tern for the movement of indoor air pollutants throughout a building. 

Pollution source 
Any object, usually within a building, which produces a substance which will contaminate the 
Internal environment. 

Power law 
Flaw equalon in which the uir flow rate through the bdldlng envelope is proportional to a 
power of the pressure merent id .  

m' 
Unit for expressing concentration, which is a part per million 

msurization 
Term used to describe fan pressurizarion when an excess static pnssure (over-pnssurc) is 
created within the building. 

hssure  diffemdal 
Usual term for the diffennce in presswe across bdldng envelope or component whether 
caused by natural or artificial means. 

Pressure tap 
Point at which pressure is measured. 

Pulse injection technique 
Tracer gm measuring technique in which the tracer is injected in a short pulse. 

Purging flow rate 
Part of the air flav rate which effectively removes the conramfnanrs out of thc location of 
interest It is the product of the air flow rate by the venrlladon @ectivenws. 

Purpose provided openings 
S in the building envelope for the specific purpose of supplying or extracting 

ventil -3 on air. 

Quadratic law 
Flaw equation In which k pressure differential is related to the airflow rate by a quadratic 
polynomial. 



Reductive sealing method 
A method of determining the leaka e of specific building components by pressurizing the 
building and recording the leakage c L ges as wm nents are sealed successively. When all E the major outlets and component cracks are scaled, remainder is the background leakage. 

Reladve contaminant removal effectiveness 
Ratio of the concentration which could be nached, at equilibrium, in the same zone or 
building with the same tracer or contaminant s o w ,  to the average tracer or c o n t a m l m  
concentration. Also the ratio of the room mean age of air to the contaminant or tracer turn- 
over time. It is the inverse of the dlstriblcdon @ecdveness. 

Residence time 
See Age of air 

Residual gas analyzer 
See Mass specnometry. 

Retrofit 
The process of reducing energy loss in a building by physical means, e.g. reducing excess air 
infilrration by obstructing flow through cracks and openings. 

Reynolds number 
Ratlo of the inertial force to the friction force. It is also the ratio of the velocity of a fluid to its 
dynamic viscosity, multiplied by a typical dimension, e.g. the duct diameter. 

Room 
Volume of a building limited by building elements. In ventilation technique, this concept 
keeps its usual meaning. A room may be divided in several cells and several rooms may be 
combined in a zone. 

Room mean age of air 
Average of the mean age Of air over the whole room. 

Sample container 
Container used to obtain a sample of air/tracer mixture from a measured building. The sample 
is usually returned to laboratory for analysis. 

Short circuidng 
A direct flow path between an air supply point and an air extract point, i.e., air flows along the 
shortest path, without mixing. 

Single tracer gas technique 
General tern applied to any method using only one tracer gas. These methods are usually 
used to evaluate air change rate. 

Single-zone 
Any case where a building or part of a building is considered to be a single well mixed space. 

Site analysis 
Applied to any tracer gas measurement technique where traces of alr exchange rates are 
determined dirtctly at the measurement building. 

Smoke leak visualization 
A method of detecting leaks in the building fabric by pressurizing the building and using 
smoke to mace the paths followed by the leaking air. 

Specific air flow rate (also called Air change rate) 
The ratio of the volumetric rate at which air enters (or leaves) an enclosed space divided by 
the volume of that space. Its inverse is the nominal time constant. 

Spedfic leakage area 
Equivalent leakage area expressed per unit floor area. 

Stack effect 
Pressure differential across a building envelope caused by differences in the density of the air 
due to an indoor-outdoor temperature difference. 
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Step injecdon technique 
Tracer gas measurement technique in which the tracer is injected at constant rate, starting 
from a given time. 

Supply ventilation 
A system in which alr Is sup lied to a space(s) so creating an internal positive pressure. Air 
leaves the building through wf venddous or purpose provided openings. 

Tachometer 
Instnunent for measuring velocity or sped of rotation. Used to evaluate the speed of fans, this 
in turn is used to calibrate the fan in terns of air flow. OAen used in blawcr doors. 

Thermography 
The process of converting the heat emitted from an object into visible pictures. Used to 
indicate and represent the temperature distribution over part of a building envelope. 

Thermometer 
An instrument that measures temperature. 

Tracer gas 
A gas used at low concentration, together with an analyzer, to determine ufrflow r m s  or 
other related quantities. 

Tracer gas analyzer 
Any instnrment used to evaluate the concentration of tracer gas in a sample of air. 

Tracer gas injection 
Any process by which tracer gm Is released into a space. 

Tracer gas sampling 
Any p m s s  by which pacer gus or air containing tracer gas Is obtained for analysis. 

Tum-over time of a contaminant 
Ratio of the mass of contaminant contained in an enclosure to the mass flow rate of the 
contaminant source in this enclosure. 

Ventilation 
The p m s  of supplying and removing air by natural or mechanical means to and from any 
space. 

Ventilation effectiveness 
An expression describing the ability of a mechanical (or natural) ventilation system to remove 
pollution originating in a space, either of a steady state or transient nature. 

Ventilation energy 
Energy loss from a building due to ventilation 

Venturi tube 
Duct with a restricted section, which allows the measuement of the flow rate trough the 
pressure differential between the restricted and the normal section. 

Wind vane 
Device used to evaluate andjor record the dlnxtion of the prevailing wind. 

Windward 
Upwind side of any object. 

Zone 
Part of a building which is considered as a single volume for the experiment performed or the 
physical quantity of interest. A zone may contain several room. 





Index 

The roman numbers (I. II. to V) refer to the Parts and A to the Appendices . The Arab numbers refer ui 
the page number in the corresponding Part 

. . . . . . . . .  Absorption ~pctrometry 111.4 1 . . .  . AC pressurization A.47. I 14. II.5.8.27.61 
~ccuracy . . . . . . . . . . . . . . . . . .  n1.41 
Acoustic leak detection . . J.13.II.8, A.47.11.30 

. . . . . . . . . . . . . .  Activation energy A.35 
. . . . . . . . . . . . . . .  Active sampling .I. 15 . . . . . . . . .  Age of a contaminant A.47. IV.5 

. . . . . . . . . . .  -of the air 1.16. A.47. IV.3 
. . . . . . .  Alr change performance .A.47. IV.4 

. . . . . . . . . . .  -change rate A.47.1.9. IV.4 
. . . . . . . . . . .  -change rate matrix .I11 .23 

-change rate methods . . . . . . . . . . .  .I. 15 
. . . . . . . . . . . . . . . . . .  -density 11.52 

-exchange efficiency . . A.47, I . 10. IV.3,4,20 
-exchange rate . . . . . . . . . . . . . . .  A.47 
-ex filtration . . . . . . . . . . . . . . . .  A.47 
-flow coefficient . . . . . . . . . . .  A.47.II.5 
-flow distribution . . . . . . . . . . . . .  II.48 . . . . . . . . .  -flow rate A.47.1.8.11.14. V.3 

. . . . . . . . . .  -flow rate measurement 11.54 
. -flow in ducts . . . . . . . . . . . . . . . .  I 16 . . . . . . . . . . . . .  -handin system 11.25 d -inflltra on . . . . . . . . . . . . . . . .  A.47 

. . . . . . . . . . . . . . . . . .  -leakage A.47 . . . . .  -leakage characteristic .A.47.1.7. 11.5 
. . . . . . . . . . . . . . .  -leakage model 11.5 

. . . . . . . . . . . . . . . . . . . .  -speed V.3 
. . . . . . . . . . . . . . .  Aixti tncss A.48.II.3 P' -0 aduct . . . . . . . . . . . . . . . . .  Y.15 - standards . . . . . . . . . . . . . . . . .  11.65 

~lgorithms . . . . . . . . . . . . . . . . .  .m46 
. . . . . . . . . . . . . . . .  Analysis time III.40 

Analyzer . . . . . . . . . . . . .  A.48. 111.31.40 
Anemometer . . . . . . . . . . . . . .  A.48. V.3 
Area . . . . . . . . . . . . . . . . . . . . . .  A.3 
M e n i u s  law . . . . . . . . . . . . . . . .  A.35 
Assumptions . . . . . . . . . . . . . . .  111.7.12 
Average . . . . . . . . . . . . . . . .  A.8.III.20 

-air flow matrix . . . . . . . . . . . . . .  III.25 
-concentration matrix . . . . . . . . . .  111.26 

. . . . . . . . .  -ventilation effectiveness IV.5 
. . . .  Averaging pressure tubes flow meter .VS 

B s c ~ ~ u n d  concenmation . . .  A.48.111.46.48 
-leakage . . . . . . . . . . . . . . . . . .  A.48 

Balance method . . . . . . . . . . . . . . .  11.15 
Balanced fan pressurization . . . . .  .A.48.11 .l1 

-ventilation . . . . . . . . . . . . . .  A.48.1.6 
Bayesian identification . . . . . . . . . . .  A.23 
Blower door . . . . . . . . . . . .  A.48.11.23.57 

. Bubble visualization . . . . . . . . . . . . .  I 13 

. Building component . . . . . . . . . .  A.48. I 14 
. . . . . . . . . .  -component airtightness 11.9 

. . . . . . . . . . . . . . . . .  -diagnosis .L12 . -envelope . . . . . . . . . . . .  A.48. I 14.11.6 

Calibration . . . . . . . .  A.48.11.55. II1.33.45 
Capad tame pressure transducer . . . . . .  A.48 

. . . . . . . . . . . .  Capacitive m ammeter 11.14 
. . . . . . . . . . . . . . . . .  Carbon dioxide 1.9 

W G  . . . . . . . . . . . . . .  .A.37.III.54. 69 
Cell . . . . . . . . . . . . . . . . . . . . . .  A.48 
Cend- . . . . . . . . . . . . . . . . . . . . .  A.3 
Characteristic . . . . . . . . . . . . . . . .  A.47 

. . . . . . . . . .  Chemical indicator A.48. In.45 . . .  Coefficient of air change performance IV.4 
Collector chamber . . . . . . . . . . .  A.48. II.9 . . . . . . . . . . . . .  Column manometer 11.1 3 
Comfort . . . . . . . . . . . . . . . . . . . .  IV.3 

. . . . . . . . . . . . . .  Commissioning J.7. 12 
. . . . . . .  Compensated flow meter A.48. II.40 

Complete mixing . . . . . . . . . . .  111.15. IV.4 
. . . . . . . . . . . . . . .  Component J 14.111.3 1 

-leakage . . . . . . . . . . . . .  A.49. II.9.33 
. . . . . . . . . . . . .  Concentration AS. 49. I 10 . . . . . . . . . .  Condition number A 15.49. IV 15 

. . . . . . . . . . . . . . . . .  Conductance A.49 
. . . . . . . . . . . .  Confidence interval A.8.11 

-level . . . . . . . . . . . . . . . . . . . .  A.22 
Connected space . . . . . . . . . . . . . . .  A.49 . . . . . . . . . .  Conservation of the mass 111.7 

. . . . . . .  Constant concentration A.37.49. I 15 
n1.16,17,22,27,46,54 

. . . . . . . . . . . . . .  -flow rate 11.20. IV.9 
-injection rate . .A.49.1.15. III.16, 17.22. V.6 

Container method . . . . . . . . . . . . . .  111.2 1 . . . . . . . .  Contaminant A.49.1.10. IV.11.21 
Contaminant (age of) . . . . . . . . . . . .  JV.5 

. . . . . . . . . .  -removal effectiveness A.49 
. . . . . . . . . . . . .  Continuity equation A.49 

Control algorithm . . . . . . . . . . . . . .  A.37 
-system . . . . . . . . . . . . . . . .  JII.3 1. 46 

Conversion of units . . . . . . . . . . . . . .  A.3 
Covariance . . . . . . . . . . . . . . . . . . .  A.9 
Cubic cendmeter. foot. inch. meter. yard . . A.4 
Cup anemometer . . . . . . . . . . . . . . .  A.49 

Damper . . . . . . . . . . . . . . .  .A.49. II.26 
Day . . . . . . . . . . . . . . . . . . . . . .  A.4 

. . . .  DC pressurization A.49. I 14.113.6.23. S7 
Deca- . . . . . . . . . . . . . . . . . . . . .  A.3 
Decay . . . .  .III.16. 17.21.50.60.IV.9.19.20 

-method . . . . . . . . . . . . . . .  A.49.1.15 
Deci- . . . . . . . . . . . . . . . . . . . . .  A.3 
Deduction method . . . . . .  A.28.49. II.38.49 
Density . . . . . . . . . . . . . . . .  A.49. m.35 

-correction . . . . . . . . . . . . .  II.48.III.10 
-ofair . . . . . . . . . . . . . . . . . . .  11.52 
-of tracer . . . . . . . . . . . . . .  A.6. nI.1 l 

Depressurization . . . . . .  A.50.1.13.11.24.31 
Differential pncssuxe . . . . . . . . . . . . .  A.SO 

. . . . . . . . . .  -AY"" 'Tipent . 
.I 1.13 

Di sion coe icient . . . . . . . . . . . .  A.35 



III . Air Flows Measurement Methods 

Dilution method . . . . . . . . . . . . . . . .  V.6 
-of pollutant . . . . . . . . . . . . . . . . .  1.9 

Direct solution . . . . . . . . . . . . . . .  .I11 . 17 
Discharge coefficient . . . . . . . . .  A.50.11.19 
Discretization . . . . . . . . . . . . . . . .  HI  . 19 
Displacement flow . . . . . . . . . . . . . .  A.50 
Distribution effectiveness . . . . .  A.50. IV.6.21 
Door panel . . . . . . . . . . . . . .  .A.50.I 1.23 

A.50,11.13 . . . . . . . . . . . . .  
Drager Oran gaug tu : . . . . . . . . . . . . .  A.50.111.45 
Ducts . . . . . . . . . . . . . . . . . .  J.16. V.3 
Dwellings . . . . . . . . . . . . . . . . . . .  11.53 

Effective volume . . . . . . . . . . . . . .  A50 
Efficiency . . . . . . . . . . . . . . .  .I. 10. IV.1 . . .  . -of the vendlatlon system A.50.1.7. V 1 3 
Effusion source . . . . . . . . . . . . . . .  111.33 
Electrical transducer . . . . . . . . . . . . .  11.14 
Electron capture detector . . . . . .  .A.SO. 111.44 

. Energy diagram . . . . . . . . . . . . . . . .  I 12 
-losses . . . . . . . . . . . . . . . . . . . .  1.10 

Envelope . . . . . . . . . . . . . . . .  A.50.1. 14 
-leakage . . . . . . . . . . . . . . . . . .  11.23 

Equipment . . . . . . . . . . . . . . . . . .  11.53 
Equivalent leakage area . . . . .  .A.50.11.27. 52 
Error . . . . . . . . . . . . .  .A.22.30.33. II.51 

-analysis . . . . . . . . . .  .A.7.12.24. III.28 
-function . . . . . . . . . . . . . . . . . .  A.9 

Evaluation . . . . . . . . . . . . . . . . . .  .I. 13 
. . . . . . . .  Experimental design A.50. IV  13.14 

Exponent . . . . . . . . . . . . . . . . . . .  11.50 
. External fan . . . . . . . . . . . . . . . . . .  I 14 

. . .  . . . . . .  Extract ventilation ; . . A.50.1.6 

F a n  . . . . . . . . . . . . . . .  11.6.23.61. V.3 
-pressurization . . . . . . . . . . .  A.50.II.23 

Fernto- . . . . . . . . . . . . . . . . . . . .  A.3 
Fick's law . . . . . . . . . . . . . . . . . .  A 3 5  
Finite differences . . . . . . . . . . . . . .  111.19 
Flame ionization detector . . . . . .  A.50.III.44 
Flow coefficient . . . . . . . . . . . .  A.5 1.1150 

-equation . . . . . . . . . . . . . . . . .  .AS 1 
-exponent . . . . . . . . . . . .  .AS 1. H 5 5 0  
-matrix . . . . . . . . . . . . . . . . .  111.8.25 
-meters . . . . . . . . . . . . . . . . . .  111.34 
-rate difference . . . . . . . . . . . . . .  .V. 16 

Foot . . . . . . . . . . . . . . . . . . . . . .  A.3 
Fortuitous leakage . . . . . . . . . . . . . .  A.5 1 

G a s  chromatography . . . . . . . .  A.SI. 111.44 
-constant . . . . . . . . . . . . .  AS. 35.n1.3 

Gasometer . . . . . . . . . . . . . . .  A.5 1.11 . 16 
Gaussian distribution . . . . . . . . . . . . .  A.9 
Giga- . . . . . . . . . . . . . . . . . . . . .  A.3 
Global system of uations . . . . . . . .  .I1 1.25 
Grab sampling me '5, od . . .  A.51. n1.36.5 1. V.7 
Gram. grain . . . . . . . . . . . . . . . . . .  A.4 
Gross air flow rates . . . . . . . . . .  .III.25. 28 
Guard zone technique . . . .  .A.32. 5 1.11.35.50 

Health . . . . . . . . . . . . . . . . . . . .  IV.3 
Hecto- . . . . . . . . . . . . . . . . . . . . .  A.3 
High rise buildings . . . . . . . . . . . . .  .I 1.44 
Hot wire anemometer . . . . . . . . .  A.51. V.3 

Hour . . . . . . . . . . . . . . . . . . . . . .  A.4 

Idend fludon method . . . .  .A. 19. II.5 1 . ITI . 17 
Inch . . . . . . . . . . . . . . . . . . . . . .  A.3 

-water column . . . . . . . . . . . . . . .  A.4 
Inclined manometer . . . . . .  A.50.11.13. n.56 
Indirect com ent testing . . . . . . . . .  .V . 16 PP" Indoor air po ution . . . . . . . . . . . . .  A.51 

-airquality . . . . . . . . . . . . . .  1.12. IV.3 
Inductive manometer . . . . . . . . . . . .  JI.14 
Infilrrarion . . . . . . . . . . . . . . . . . . .  1.5 
Infrared gas analyzer . . . . . . . . .  A.5 1. III.41 

-imaging . . . . . . . . .  .1.13.11.8.31.64. 65 
Injection jets . . . . . . . . . . . . . . . .  JII.35 - locadon . . . . . . . . . . . . . . . . .  .I1 1.38 

-rate . . . . . . . . . . . . . . . . . .  A.37.42 
-sequence . . . . . . . . . . . . . . . .  .I1 1.40 
-strategy . . . . . . . . . . . . . . . . . .  111.28 
-system . . . . . . . . . . . . . . . . . .  111.31 

Injector . . . . . . . . . . . . . . . . . . .  111.32 
Integral mass balance . . . . . . . . . . . . .  V.7 

-solution . . . . . . . . . . . . . . . . .  .I11 . 17 
-technique . . . . . . . . . . . . . . . .  I I . 2  1 

Integration . . . . . . . . . . . . . . . . . .  III.20 
Internal fan . . . . . . . . . . . . .  .I.14. II.7.25 
Interzonal air flow . . . . . . . . . . .  A.51.1.15 

Kilo- . . . . . . . . . . . . . . . . . . . . .  A.3 
Kilomm . . . . . . . . . . . . . . . . . . . .  A.4 
~inematic viscosity . . . . . . . . . . . . . .  V.5 

L e a k  detection or visualization . . .  II.8.32.67 
Leakage . . . . . . . . . . . . . . . . . . . .  11.3 

-area . . . . . . . . . . . . . .  .A.51. II.27.52 
-characterlsdcs . . . . . . . . .  A.51.1.8.11.50 

. . . . . . . . . . . . .  -coefficients .A 5 1.11.50 
-distribution . . . . . . . . . . . . . . . .  11.47 
-location . . . . . . . . . . . . . . . . . .  1.13 
-model . . . . . . . . . . . . . . . . . . . .  11.5 
-path . . . . . . . . . . .  .A.51.1.5.11.48. n.9 
-site . . . . . . . . . . . . . . . . . . . .  A.51 

Least square fit . . . . . . . . . . . . . . . .  II.5 1 
. . . . . . . . . . . . . . . . . . .  Leeward A.51 

. . . . . . . . . . . . . . . . . . . . .  Length A.3 
. . . . . . . . . . .  Linear equations systems A 13 

-least square flt . . . . . . . . . . . . . .  A.19 
-model . . . . . . . . . . . . . . . . . . .  A.24 . . . . . . . . . .  Liquid column manometer II. 13 

Liter . . . . . . . . . . . . . . . . . . . . . .  A.4 
Local age of air . . . . . . . . . . . . . . . .  IV.9 

. . . . . . .  -mean age of air .A.52.1.16. IV.3 
Long term integral . . . . . . . . . . . . .  JII.22 

Manometer . . . . . . . . . . . . .  A.52. n . 13 
Mapping . . . . . . . . . . . . . . .  .I.16. IV.13 
Mass . . . . . . . . . . . . . . . . . . . . . .  A.4 

-balance . . . . . . . . .  .A.49.52. II.48. III.8 
-concentration . . . . . . . . . . . .  A.5.111. 10 

. . . . . . . . . .  -flow controller A.52.III.32 
-flow rate . . . . . . . . . . . . . . . . . .  AS - spectrometry . . . . . . . . . . .  A.52. III.42 

. . . . . . . . . . . . .  Mathematical models 1.13 
Matrix nonn . . . . . . . . . . . . . . . . .  A.14 
Mean age of air . . .  .A.52. III.10. 15. IV.lO. 19 



Index 

Mechanical ventilation . . . . . . . . .  A.52.1.6 
Mega- . . . . . . . . . . . . . . . . . . . . .  A.3 
Membrane manometer . . . . . . . . . . .  .I 1.14 
Meter . . . . . . . . . . . . . . . . . . . . . .  A.3 
Mm-orlflce . . . . . . . . . . . . . . . . .  II . 15 
Micro- . . . . . . . . . . . . . . . . . . . . .  A.3 
Micromanometers . . . . . . . . . . . . . .  11.14 
Milli- . . . . . . . . . . . . . . . . . . . . .  A.3 
Millibar . . . . . . . . . . . . . . . . . . . .  AA 
Minute . . . . . . . . . . . . . . . . . . . . .  A.4 
Mixing . . . . . . . . . . . .  A.52. III.15.34. V.6 

-fan . . . . . . . . . . . . . . . . . . . . .  A.52 
mm water column . . . . . . . . . . . . . . .  A.4 
Model matrix . . . . . . . . . . . . . . . .  I V  . 14 
Molar gas constant . . . . . . . . .  A.5. III.3.11 
Multi tracer . . . . .  A.52.1.15.111.60. 69. III.24 
Multi fan testing . . . . . . . . . . . . . . .  11.35 
Multiples . . . . . . . . . . . . . . . . . . . .  A.3 
Multizone . . . . . . . . . . . . . . . .  A.52.1.8 

-decay . . . . . . . . . . . . . . . . . .  .I1 1.23 
-effectiveness . . . . . . . . . . . . . . .  JV.6 
-pressurization . . . . . . . . . . .  A.27.11.35 
-tracer gas theory . . . . . . . . . . . . .  JII.7 

Nano-  . . . . . . . . . . . . . . . . . . . .  A.3 
Natural ventilation . . . . . . . . . . .  .A.52. 1.5 
Networks . . . . . . . . . . . I . . . . . .  111.37 
Nominal time constant . . . . . .  A.52.1.9. IV.4 

. . . . . . . . . . . . . .  Normal distribution A.9 
Normalized leakage area . . . . . . . . . .  AS2 
Nozzle . . . . . . . . . . . . . . . . . . . .  11.19 
NTC anemometer. . . . . . . . . . . . . . .  V.3 

Objective of measurements . . . . .  .I. 1 I. 111.5 
Orifice plate . . . . . . . . . . . . . .  A.52.11. 19 
Orthogonal regression . . . . . . . . . . . .  A.2 1 
Ounce . . . . . . . . . . . . . . . . . . . . .  A.4 
Outdoor air . . . . . . . . . . . . . . . . . .  AS2 
Overall effectiveness . . . . . . . . . . . . .  IV.6 

Pascal  . . . . . . . . . . . . . . . . . . . . .  A.4 
Passages . . . . . . . . . . . . . . . . . .  .I 11. 15 
Passive samplers . . . . . . . . . . . . . .  fl1.39 

-sampling . . . . . . . .  A.52.1.15. 111.37. V.7 
-Vacer source . . . . . . .  A.35.52.111.32.39 

Perfect gas law . . . . . . . . . . . .  .A.6. III . l l 
Perfluorocarbon tmcer . . . .  A.53.III.32. III.73 
Peta- . . . . . . . . . . . . . . . . . . . . . .  A.3 
PFT . . . . . . . . . . . . . . . . . . . . .  JII.73 

--source . . . . . . . . . .  .A.35.52. III.32.39 
Photoacoustic detector . . . . . . . .  A.53.III.42 
PI control algorithm . . . . . . . . . . . . .  A.38 
Pi- . . . . . . . . . . . . . . . . . . . . . .  A.3 
Pipes . . . . . . . . . . . . . . . . . . . .  .II1.37 
Piston-type ventilation . . . . . . . .  A.53. IV.4 
Pitot tube . . . . . . . . . . . . . . . . . . . .  V.4 

. . . . . . . . . . .  Planning of experiments IV 13 
Pollutant . . . . . . . . . . . . . . . . . . .  IV.2 1 

. . . . . . . . . . . . . . . . . . . . . . . .  1.9 
-removal effectiveness . . . . . . .  A.53. IV.4 

Pollution migration . . . . . . . . . . . . .  A.53 
-source . . . . . . . . . . . . . . . . . . .  AS3 

Pound . . . . . . . . . . . . . . . . . . . . .  A.4 
Power law . . . . . . . . . . . . .  .A.51.53.I 1.5 

Ppm . . . . . . . . . . . . . . . . . . . .  A.6.53 
. . . . . . . . . . . . . . . . . . . .  Pressure A.4 

. . . . . . . . . . . . . . . . .  -balancing .I 1.9 
-compensating . . . . . . . . . . . . . . .  11.10 
-differential . . . . . . . . . . .  A.53.1.5. II.5 
-equalization . . . . . . . . . . . . . . . .  11.38 

. . . . . . . . . . . . . . .  - measurtment 11.54 
-ring . . . . . . . . . . . . . . . . . . . .  11.49 
-tap . . . . . . . . . . . . . . . . . . . . .  AS3 

. . . . . . . . . . .  -averaging flow meter V.5 
. Pressurization . . . .  A.27.53.11.5.24.42. V 15 

-fan . . . . . . . . . . . . . . . . . . . . .  II.61 
Probability . . . . . . . . . . . . . . . . .  JV.10 

-density function . . . . . . . . . . .  A.8. IV.3 
Progressive pnssure equalization . . A.28, II.38 
Psi A.4 
Pulse . . . . . . . . . . . . . . .  .III.53.60. IV.9 

-injection .A.53.I.15.II.21.III.16.21.IV.19. V.6 
Pum S . . . . . . . . . . . . . . . . . . .  . I1  1.37 

. . . . . .  Pur$ng flow me A.53.111.9. 15. IV.5 

Quadratic law . . . . . . . . . . . . .  A.53.11.5 

. . . . . . . . . .  Reductive sealing A.53.11.35 
. . . . . . . . . . . . .  Regression (linear) .A. 19 . . .  Relative contaminant removal effectiveness 

A.53. IV.7.21 
Residence tlme . . . . . . . . . . . .  ~154.1v.3 

. . . . . . . .  Residual gas anal yzer A.54.111.42 
Retrofit . . . . . . . . . . . . . . . . .  A.54.1.12 

. . . . . . . . . . . .  Reynolds number A.54. V.4 
Room . . . . . . . . . . . . . . . . .  A.54. III.15 

. . . . .  -mean age of air .A.54.1.16. IV.3.19 
Rotameter . . . . . . . . . . . . . . . . . .  11.18 

. . . . . . .  Rotating cylinder gas flow meter II 16 
Roughness . . . . . . . . . . . . . . . . . . .  V.4 

. . . . . . . . . . . . . . . . . . . .  Safety IV.3 
Sample container . . . . . . . . . . . . . . .  AS4 
Samplers (passive) . . . . . . . . . . . . .  111.39 
Sampling location . . . . . . . . . . . . .  .I1 1.38 

-methods . . . . . . . . . . . . . . . . .  III.36 
. . . . . . . . . . . . . . . . .  -sequence III.40 

. . . . . . . . . . . . . . . . . .  -system 111.3 1 
Sankey diagram . . . . . . . . . . . . . . .  .I. 12 

. . . . . . . . . . . . . .  Saturation pressure A.35 
Sealing . . . . . . . . . . . . . . . . . .  .II.9.34 
Second . . . . . . . . . . . . . . . . . . . . .  A.4 
Selectivity . . . . . . . . . . . . . . . . . .  111 A0 
Sensitivity . . . . . . . . . . . . . . . . .  .III.40 

. . . . . . . . . . . . .  Short circuiting A.54. V.9 
. Short-circuit ratio . . . . . . . . . . . . . .  V 13 

S1 units . . . . . . . . . . . . . . . . . . . . .  A.3 
Significance limit . . . . . . . . . . . . . . .  A.8 

. . . . . . . .  Simple pressure equalization 11.38 
Single tracer . . . . . . . .  A.54. I . 15. I11.20.23 

-zone . . . . . . . . . . . . . .  A.54. III.13.20 
Site analysis . . . . . . . . . . . . . . . . .  A.54 
Smoke leak visualization . . .  A.54. I . 13.11.8.32 
Soap bubble flow meter . . . . . . . . . . .  II.17 
Solubility coefilcient . . . . . . . . . . . .  A.35 
Sound leak detection . . . . . . . . . . .  11.8.30 
Sources . . . . . . . . . . . . . . . . . . .  111.39 
Specific air flow rate . . . . . . . . .  A.54. IV.4 



III . Air Flows Measurement Methods 

. . . . . . . . . . . .  Specific leakage area AS4 
. . . . . . . . . . . . . . .  Spectrometcrs .III.4 1 . . . . . . . . . . . . . . . . . . . . . .  Speed v.3 . . . . . . . . . . . . . . .  Stack effect A.54.1.5 . . . . . . . . . . . . . .  -effect method .11.44 . . . . . . . . . . . . . . . . .  Staircases. III.15 . . . . . . . . . . . . . .  Standard wndition n.52 

. . . . . . . . . . . . . .  -deviation .A.9.I 1.5 1 . . . . . . . . . . . .  Standards 1.12. II.65.III.85 . . . . . . . . . . . . . . . . . . . .  Statistics A.8 . . . . . . . . . . . . . . . . . .  Steady state V.6 . . . . . . . . . . . . .  . -state techniques III 16 . . . . . . . . . . .  Step injection .A.54. IV 19.20 . . . . . . . . . . . . . . . . . . . .  Stepup IV.9 
. . . . . . . . . . .  Strength of PFT Sourcts A.35 
. . . . . . . . . . .  Structure of the handbook 1.3 . . . . . . . . . . . . . .  Student distribution A 10 . . . . . . . . . . . . . . . . .  Sub-multiples A.3 

. . . . . . . . . .  Supersonic nozzle 11.15.111.32 . . . . . . . . . . . . . . . . .  Supply system 1.6 . . . . . . . . . . . . . . . .  -ventilation AS4 . . . . . . . .  System of equations (errors in) A 13 

. . . . . . . . . . . . . . . . .  Tachometer A.55 
. . . . . . .  Temperam correction 1.48.111. 10 

. . . . . . . . . . . . . . . . . . . . . .  Tera- A.3 
Thermography. thermal imaging . ASS. 11.8,31, 

64 
. . . . . . . . . . . . . . . . .  Thermometer AS5 

. . . . . . . . . . . . . . . . . . . . . .  Time Ad 
. . . . . . . . . . . . . . . .  Time average 111.20 . . . . . . . . . . . . . . . . . . . .  Tracer 111.43 . . . . . . . . . . . . . . .  -collcentratlons AS . . . . . . . . . . . . .  -density A.6.111.11.35 

. . . . . . . .  -gas . A S .  11.20.42. m.46. V.6 
. . . . . . . . . .  -gas analyzer A.55. III.3 1. 40 
. . . . . . . . . . .  -gas injection .ASS. 111.31 
. . . . . . . . . . .  -gas sampling A.55.III.31 

. . . . . . . . . . . . . . .  -gas techniques Ifl 16 . . . . . . . . . . . . . . .  -mass balance 111.8 . . . . . . . . . . . . .  -source ~.35.1n.32.39 
. . . . . . . . . . . . . . . .  Transfer index 111.9 

. . . . . . . . . . . .  Transient techniques 111.16 
. . . . . . . . . . . . . . . . . .  Transit time V.6 

. . . . . . . . . .  . Transmlsslon probability In l0 . . . . . . . . .  . Treatment of results 11.47. III 19 
. . . . . . . . . . . . . . .  Troubleshooting .I. 12 

. . . . . . . . . . . . . . . .  Turbulent jet .I II. 35 
. . . . . . . . . .  Turn-over time .ASS. IV.5.2 1 . . . . . . . . . . . . . . . .  -time matrix IV.6 

. . . . . . . . . . . . . . . . . . .  o matrix 111.10 

. . . . . . . . . . . . . . . . . .  U-tubes . I  1.13 . . . . . . .  Ultrasonic leak detection I 13.11.8.30 
. . . . . . . . . . . . . . . .  Unit conversion A.3 

. . . . . . . . . . . . . . .  V q o r  plessure A.35 . . . . . . . . . .  Variable area flow meter 11.1 8 
. . . . . . . . . . . .  Variance A.9. 13.22. IV.15 . . . . . . . . . . . . . . . .  . Vectorlal norm A 14 . . . . . . . . . . . . . . .  Velocity of the air V.3 . . . . . . . . . . . . . . . . . . .  -traverse V.3 

. . . . . . . . . . . . . . . .  Ventilation ASS. 1.5 
. . . . . .  -effectiveness .A.%. I 10. IV.3.4.2 1 

. . . . . . . . . . . . . . . . . .  W e n e p  .A. 55 . . . . . . . . . . . . . .  Ventila on network V.9 . . . . . . . . . . . . . . . .  -system IV.3. V.3 . . , . . . . . . . . . . .  . Venturi tube A.55. II 19 . . . . . . . . . . . . . . . . . . .  Viscosity n.52 . . . . . . . . . . . . . . . . . . . .  Volume A.4 . . . . . . . . . . . . . . .  -wncen~ation A.5 . . . . . . . . . . . . . .  -flow rate AS. m.10 . . . . . . . . . . . .  Volumevic injection III.32 

. . . . . . . . . . . . . . . .  Water column A.4 . . . . . . . . . . . . . . .  Weighted average A.8 
. . . . . . . . . . . . . . . . . .  Wi vane A.55 . . 

. . . . . . . . . . . . . . . . . .  Windward AS5 

. . . . . . . . . . . . . . . . . . . . .  Yard A.3 . . . . . . . . . . . . . . . . . . . . . .  Year A.4 

. . . . . . . . . .  Zero  pressurn diffe~nce .l 1.9 
. . . . . . . . . . . .  Zonal xtpfesentatlon 111.15 . . . . . . . . . . . . . . . . .  Zone A.55. III.15 . . . . . . . . . . . . . . . . .  -by zone .In .24 

Indexd 





Bdgiurn, Canada. Denmark, Fermy,  Finland, France, Italy, NethPlrlanda, NW Zealand, Noway, 
Sweden, Wltzerland, United Kingdom and United States @ 4merica. * -- -- 

1 -  7 

Tha Alr Infiltration and Ventilation Centm pmvMas techniEal s ~ t l  ta those engawd in the study and 
ared im of air fwkaoo and the mnseauential Wea gf enerm in buildinas. The aim isW nromte the 
hde&nding 81 the wrnpiex air infiltraffon prmsslls and to &wta theeffective applicaflon d 
energy savQ mmurgs in both the degign of new buikflngs and the improvemm of existing building 

Air Infiltration and 
Ventilation Centre 




