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 industrialised countries in November 1974. The International
Energy Agency (IEA) was established as an autonomous body within the
Organisation for Economic Cooperation and Development (OECD) to
administer that agreement. Twenty-one countries are 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 significant contributions to our energy
needs were identified for collaborative efforts., The IEA Committee on
Energy Research and Development (CRD), 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 computer programmes, building
monitoring, comparison of calculation methods, as well as air quality
and inhabitant behaviour 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 Executive 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 Executive 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.

(ii1)



The aims of the Centre are the standardisation 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
firm basis for future research in the Participating Countries.

The Participants in this task are Belgium, Canada, Denmark, Federal
Republic of Germany, Finland, Netherlands, New Zealand, Norway, Sweden,
Switzerland, United Kingdom and the United States of America.
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SYNOPSIS

Ventilation has a considerable influence on both the indoor air quality
and energy consumption of buildings. Three parameters can be
identified which are of key importance in the assessment of ventilation
behaviour: '

- air change rate
- interzonal air flows
- air leakage characteristics

This paper describes measurement techniques which enable these
parameters to be evaluated. The list of techniques presented is not
exhaustive and the descriptions given are not particularly detailed.
The main aim of this report is to illustrate the spectrum of techniques
which are currently available for the quantification of ventilation and
air leakage.

1. INTRODUCTION

It is necessary to understand the process of ventilation since
it affects both the energy consumption and internal
environment of a building. While recognising the need to
supply a certain amount of fresh air to enclosed spaces, it
must be realised that excessive ventilation may place an undue
burden on a building's heating system. Insufficient
ventilation will have an adverse effect on internal
environments, making them uncomfortable or, in extreme cases,
harmful to building occupants. Therefore the principlie task,
with regard to ventilation, is to minimise energy consumptiion
while still maintaining indoor air quality. In order to
assist the assessment of the ventilation characteristics of
buildings, three key parameters may be identified.

1.1 Air Change Rate

This is a measure of the bulk movement of air into and out of a
building and is defined as the volumetric rate at which air
enters or leaves an enclosed space divided by the volume of

the space. The air change rate, N, is a variable parameter
which is dependent upon climatic forces, building

construction, mechanical ventilation systems and occupant
effects. Its main importance lies in heat Toad calculations
and the stipulation of ventilation requirements. For example,
an approximate expression for the heat loss in a building due
to the ingress of cold air can be given by

0.33 NV (T; - Tg) W [1]

T
<
i

where Hy heat loss due to ventilation, W

N = air changes per hour, h~1l
V = volume of the building, m3
Ti = internal temperature, K

external temperature, K
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1.2

1.3

Interzonal Air Flows

The bulk movement of air into and out of a building causes air
to flow between the various internal spaces of the structure.
Interzonal air flows are of particular importance in relation
to the movement of airborne contaminants from one part of the
building to another. An illustration of this would be the
effect of air flow between occupied spaces in a dwelling and
the cold, unheated roof space above. Here warm, moist air
could be carried from the living areas and cause condensation
problems on the cold internal surfaces of the roof structure.
Thus these air flows cannot be ignored when considering the
ventilation process.

Air Leakagé Characteristics

Air enters and leaves a building through openings in the
thermal envelope. These openings may be adventitious or
purpose provided and the actual flow through them will be
dependent on the air leakage characteristics of the openings
and the prevailing climatic conditions. A knowledge of air
leakage characteristics enables buildings to be evaluated and
compared without interference from variable weather
parameters. In addition, the evaluation of building leakage
characteristics is the first step towards the mathematical
modelling of the ventilation process.

Several measurement techniques have been developed which enable
air change rate, interzonal air flows and air leakage
characteristics to be evaluated. This paper identifies some

of these techniques, examines their theoretical background and
practical realisation, and discusses their application and
lTimitations.

MEASUREMENT OF AIR CHANGE RATE

The direct measurement of air change rate involves the release
and monitoring of a suitable non-toxic tracer gas (see
Appendix 1) within the building. If the building is treated
as a single enclosure in which tracer and ventilating air are
perfectly mixed, then the generalised tracer mass balance
equation (also known as the continuity equation) can be
presented as

v dc

where V = effective volume of enclosure, m3
Q = air flow through enclosure, m3s~1
Ce = external concentration of tracer gas
C(t) = average internal concentration of tracer
gas at time, t
F = production rate of tracer from all sources

within enclosure



The assumption of perfect mixing is not usually achieved in
practice, especially in larger buildings. Three major mixing
problems can be identified:

Mixing of ventilation air into the enclosure

When fresh air enters an enclosure through a variety of
openings, it may not disperse evenly throughout the
space. In extreme cases the outdoor air can bypass
the indoor air without mixing (short circuit) or it
can propel the "old" air before it as it moves through
the building (piston flow). The poor mixing of
outdoor air can cause spatial variations of tracer gas
concentration to occur. This problem may be overcome
by monitoring the tracer gas at several locations
within the building, but in some cases a multi-zone
approach (see Section 3) may have to be taken.

Mixing of tracer gas into the enclosure

When gas 1is injected into a building it may take some
time to mix with the internal air. If injection and
sample points are located some distance apart, there
will be a delay between the time gas is injected and
the time the additional volume is reflected in the
sampled concentration.

If, however, injection and sample points are close
together, the tracer may not be allowed to disperse
evenly 1in the air before being sampled. Injection
problems are often reduced by artificially mixing the
tracer gas with the air at the injection point. Care
must be taken, however, to ensure that this process
does not induce artificial flow conditions within the
test space.

Mixing of air and tracer within the enclosure

It can be seen from Equation [2] that the volume used
in the continuity equation is the effective volume.
This is defined as the volume 1in which mixing occurs
and it is not necessarily equivalent to the physical
volume of the enclosure. The presence of cupboards
and furniture can lead to the effective volume being
smaller than the physical volume. These areas can
often be readily identified and allowed for.
Alternatively, their effect can be nullified, in the
case of cupboards for example, by opening them to the
main space. However, there may be other "dead"
volumes, such as areas near the ceiling, isolated by
stratification, which are more difficult to evaluate.

If there are attached spaces which can communicate with
the measured enclosure, then the effective volume may
be larger than the obvious physical volume. An example
of this would be a suspended ceiling above a living
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2.1

space. MWhile it is often usual to assume that the
effective volume will be approximately the same size
as the physical volume, a careful examination of the
building will lead to a more accurate evaluation of
this parameter.

If due care and attention is given to the mixing problems
outlined above, it is possible to experimentally evaluate air
change rate from tracer gas concentration data. There are
three distinct approaches to the solution of the continuity
equation. These are considered in turn below.

Concentration Decay Method

The most straightforward method of solving the continuity
equation is to make a one-time injection of tracer gas into
the enclosure. Following the cessation of gas injection,
assuming that the outdoor concentration of tracer gas is
negligible, Ce = 0, and that there are no incidental sources
of tracer within the building, F = 0, the continuity equation
reduces to

' - -QC(¢) [3]

Assuming that Q remains constant, Equation [3] can be solved
tfor the tracer gas concentration, i.e.

R
C(o)e v | . [4]

C(t)

concentration of tracer gas at time, t=0

where C(o)
Q N = air change rate, h~1

v

Hence, under ideal conditions, the tracer gas concentration
will exhibit an exponential decay with time. Therefore, if
the time variation of the tracer concentration can be
obtained, the air change rate, N, can be evaluated. The
simplest method of performing this is to plot the
concentration against elapsed time in hours on
linear/logarithmic paper. The negative slope of the line is
then equal to the air change rate expressed in units of h™L,

There are essentially two methods of obtaining concentration
data from test sites. Firstly there are techniques which
require the equipment used to analyse the tracer concentration
to be placed in the measurement building (site analysis).
Secondly there are techniques, known as grab sampling, which
involve obtaining samples of air in the building and removing
them to another site for analysis.
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2.1.1

Site Analysis

In its basic form, the site analysis technique for
concentration decay measurements requires the following
equipment:

a. A tracer gas and some means of injecting it into the
test space.

b. A means of mixing the gas into the test space in
order to obtain a uniform concentration.

c. An analyser which can detect the tracer (see
Appendix 1).

d. A sampling system whereby a quantity of air can be
introduced into the analyser.

e. Some means of recording time.

The tracer gas is introduced to the test space and allowed to
mix with the air. This mixing may be promoted by the use of
paddles, electric fans or the ventilation system. After the
mixing is complete, the tracer gas concentration is monitored
over a period of time. Data can be taken by hand or by
connecting the analyser to an x-t chart recorder. The data
can then be analysed and a value for the air change rate
obtained.

Even with associated measurements of wind speed and
temperature, a single value of the air change rate provides
little information regarding the ventilation behaviour of a
building. Ideally a series of measurements should be made,
preferably under a range of climatic conditions. In order to
ease this process, several refinements can be made to the
basic system. The gas injection process can be automated so
that once the concentration has reached a certain minimum
level, a further amount of tracer is injected into the test
space (Grot et al [1981]). This allows many individual decays
to be obtained . If more than one sample point is being used,
then automatic switching between locations can be performed
with solenoid valves.

For analysis purposes, the output of the analyser can be fed
into a computer or data logger and this, together with the
associated software, can calculate and output the air change
rate directly. This computer could also be used for the
storage of wind and temperature data. Hence the dependence of
N upon climatic parameters can be examined. The main advantage
of this type of technique is the basic simplicity of the
instrumentation and analysis, an important point being that
only relative and not absolute tracer concentrations need be
measured.
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2.2

.2

Grab Sampling

This technique requires no expensive analysis equipment to be
used on site. The tracer gas is initially injected into the
space and allowed to mix with the air. Because this whole
process is designed to be as simple as possible, rudimentary
injection techniques are usually employed. Slowly releasing
the tracer from a syringe or plastic bottle has shown itself
to be adequate for the purpose, (e.g. Harrje et al [1982]).

After an initial time lapse to enable a uniform concentration
of tracer gas to be reached, the air in the space is sampled.
This can be performed with a syringe, bottle or bag. A sample
taken in this manner is intended to give an instantaneous
value of the tracer concentration at that time, hence the
actual time taken to fill the container should be as short as
possible. After further periods of time, more samples can be
taken. A minimum of two samples are required to evaluate the
decay but often more are taken to ensure accuracy. The time
interval between samples or the absolute time they were taken
must also be recorded. Air samples are then shipped to the
laboratory for analysis. Concentrations are determined, the
decay plotted and the air change rate evaluated.

The main advantage of this technique is its simplicity.
Because of the minimum amount of site equipment required, many
buildings can be examined from a central analysis point.

Also, as it is kept at one location, delicate analysis
equipment is less likely to be damaged or go out of
calibration. Disadvantages include not being able to obtain
results until some time after the site data is taken, and the
likelihood of unintentional errors caused by non-technical
site operators.

Continuous Emission

A second approach to the solution of the continuity equation is
to set the source term, not at zero but at some fixed value.
Assuming that Cg = 0, the mass balance equation is given by

@& - W) *F (5]

For a constant ventilation rate, N, and constant gas discharge
rate, F, Equation [5] can be solved in terms of tracer gas
concentration to give

-Nt]

Cty = fyll-e [6]

1.6



2.2.1

2.2.2

If N remains constant, a finite time is required for the
concentration to reach equilibrium. This time is determined
by the bracketed function in Equation [6]. Once the
concentration has reached equilibrium, the air change rate is
given by

N= s [7]

Hence, if measurements of tracer gas flow rate and tracer gas
concentration can be made, N may be evaluated. There are two
distinct types of constant emission technique.

Site Analysis

The essentials of the experiment are similar to the decay
method except that the gas is injected continuously over the
measurement period. In order to aid mixing, the gas may be
discharged into the air stream of a small fan. It is
necessary to have some instrumentation which enables the mass
flow rate of tracer to be kept at a known constant value.
Prior to monitoring, it may be necessary to spend some time
injecting gas into the test space in order that approximate
equilibrium conditions may be reached.

Once the transient effect has become minimal, the air change
rate becomes inversely proportional to the tracer gas
concentration in the test space and N can be calculated from
Equation [7]. If the air change rate alters, then the gas
concentration should ‘again be allowed to reach equilibrium
before the value of N is evaluated. This type of measurement
is usually performed with automated equipment. The tracer gas
concentration is measured continuously or at short intervals..
Thus with care, continuous measurement of the air change rate
may be made.

The main disadvantage of this technique is that large amounts
of tracer gas are required and a certain amount of time must
be allowed to enable equilibrium conditions to be achieved.

Averaging Techniques

An alternative to having all the analysis equipment on site is
to have only the gas injection and sampling systems in the
building. These are called averaging techniques because their
main function is to determine the longterm average air change
rate of a building.

Gas is released at a constant rate into the test space.
Several methods have been used for this ranging from gas
cyclinders with a needle valve, through airtight bags fitted
with a peristaltic pump (Sherman et al [1981]), to totally
passive sources which emit tracer through a porous plug (Dietz
et al [1986]). Once approximate equilibrium conditions have
been achieved, the air in the building can be sampled.
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2.3

Slowly drawing air through a pump into an
uncontaminated gas bag and collecting tracer using a
solid adsorbent have both been used as sampling
methods. After the required averaging time, the air
or tracer samples are returned to a laboratory and the
tracer gas concentration evaluated. The average air
change rate can be evaluated from

- F
N = — 8
Ve [8]
where N = average air change rate over a given
- time period
C = average concentration over given time

period

The approximation is given in Equation [8] because it can be
shown that the reciprocal of an average concentration is close
but not identical to the average of reciprocal

concentrations. Similar to the grab sampling method for decay
measurements, site equipment is simple and may be used by
non-technical personnel. The obvious disadvantage to this is
that no detailed information about the variation of air change
rate is obtained.

Constant Concentration

The third technique reduces the continuity equation to its
simplest form. If the concentration of tracer gas is held at
a constant Tlevel, then there is no rate change in tracer.
Hence '

F - QC(t) = 0 [9]

which can be solved to give

This is the same expression as for the constant emission
method. However, the only variable quantity here is the
tracer gas production rate. The air change rate is then
directly proportional to the gas injection rate required to
maintain the concentration.

A constant concentration of tracer gas can be maintained only
by using sophisticated equipment (Bohac [1986]). The constant
concentration system varies the rate of tracer injection to
regulate the concentration in the enclosure. This is known as
a closed loop operation. The system feeds back information
about the measured concentration in the enclosure in order to
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adjust the injection rate which maintains the
concentration at the required level The known
injection rate is then used to evaluate the air change
rate. Fully automated instrument packages
incorporating a micro-computer have been designed for
this purpose. Using these packages, the concentration
can be kept constant in several zones of the test
building thus enabling the air change rate of
individual rooms to be evaluated.

Being automated, the systems are ideal for measuring air change
rates over extended periods. The main drawback with these
systems is cost and such sophisticated instrumentation may

only be suitable for long-term research projects.

MEASUREMENT OF INTERZONAL AIR FLOWS

The continuity equation given in Section 2 assumes that the
test space is a single, well mixed enclosure. Recently,
attention has been turned to the way in which air flows
between internal spaces of a building. Measurement of these
interzonal air flows also uses tracer gas techniques. The
structure under consideration is assumed to consist of a
number of physical cells, in each of which air and tracer are
perfectly mixed. There are n cells and the volume of the i'th
cell is V4. A tracer mass balance equation can be developed
for each cell. 1In this case, as well as the exchange with the
environment, the tracer lost to, and gained from, each of the
other cells must be taken into account. Assuming Cg = 0, the
continuity equation for the i'th cell is given by

V3

S R DI 4Gy (- sip)]
= Fi+ [ 2 Qji ¢ (1 - 84
at 1 0 ’ [11]
n
g G+ 2 Gy GiL - 845)]
J:

where Vs effective volume of cell, 1.

C; tracer gas concentration in cell, i,
at time, t.
Fi = production rate of tracer in cell, 1.
Qij/jS = volume flow rate of air between cells

iand j. Qjj indicates flow from cell
i to cell j, Qij and jS are not necessarily
equal.

Qijp = air flow from cell, i, to the environment.

The delta function is given as

N
1J

o)
o

0, when i # j
1, when i = j

1.9



3.1

3.2

Since there is no net buildup of air in the building, the total
air flow into a cell must equal the total flow out. From the
conservation of mass of air, a second set of n equations can
be developed, i.e.

Flow in = Flow out

n n
Qi * F Ui (1-8435) =Qjp * RS (1-38;5) ey

The principle task here is to determine the interzonal air
flows, Qjj's. There are (n? ~ n) unknown Q;3's plus 2n
unknown values of Qg and Qpi. given a'tota* of (n2 + n)
unknown values of air flow. }f the n equations of Equation
[12] are used, then there are still n2 unknown air flows with
only the n equations of Equation [11] Teft to solve them.
Therefore (n-1) independent sets of equations similar to
Equation [11] must be generated. This is usually performed by
using n different tracer gases. Two multiple tracer gas
systems are described below, each of which is based on a
measurement technique already described in Section 2.

Muylti—zone Decay Measurements

This technique is an extension of the single zone decay method
described in Section 2.71. A total of n tracers are required
to examine a building with n zones. The method has been
tested in buildings with up to three zones and tracer gases
are released, one to each zone (Irwin [1985]). Injection of
the tracer gas can be performed using an airtight syringe.
Alternatively it may be released directly from the cylinder by
briefly opening the gas valve. After injection, the tracer
gases are mixed using oscillating desk fans and sampling of
the air tracer gas mixture is achijeved by drawing air through
polythene tubes. The analysis system must be able to evaluate
the concentration of all tracer gases in all zones. Freons
have been used as the tracer gases and the concentrations
evaluated using an electron capture detector (see Appendix 1).

The instantaneous interzonal air flows can be calculated from a
knowledge of the time variation of tracer gas concentrations.
While providing highly detailed information about the
ventilation behaviour of buildings, this method requires the
use of complex equipment and sophisticated analysis techniques.

Multi-zone Constant Injection Measurements

This technique utilizes the tracer gas emitters and passive
samplers mentioned in Section 2.2. A different tracer source
is placed in each distinct zone. Tracer gas is injected at a
constant rate and the time average concentration is measured
by the samplers (Dietz [1986]). From these concentrations and
the known emission rates of tracer, the average interzone air
flows can be calculated.



4.1
4.7.1

MEASUREMENT OF AIR LEAKAGE

The measurement of air leakage requires the production of an
artificial pressure difference across a building envelope or
component. The volume flow rate through the test object is
then determined as a function of the pressure differential.

A primary role of this approach is to negate the influence of
climatic parameters and characterise the building structure
itself. Therefore the imposed pressures are generally much
greater than those created by natural forces.

The functional relationship between the air flow through and
pressure difference across a leakage path is frequently
described by a Power Law of the form

Q = k(aP)" m3s~1 [13]
where Q = flow rate, m3s™!
AP = pressure difference, Pa
ksn = flow coefficients

The flow coefficient, k, is related to the size of the opening
and the exponent, n, characterises the type of flow. For
laminar flow n = 1.0. For turbulent flow n = 0.5.
Experimentally derived values of k and n uniquely define the
air leakage characteristics of the test piece. Substitution
into Equation [13] will enable the air flow at any given
pressure difference to be evaluated. This type of information
is invaluable with regard to the numerical modelling of the
ventilation process. Pressure tests can be used to evaluate
whole buildings or 1individual building components.

Whole Building Air Leakage

Small Buildings

The majority of measurements in this category have been
performed in small residential buildings. By replacing an
external door with a panel containing a variable flow rate
fan, a pressure difference can be created across the building
envelope. Initially a research tool, several "blower doors"
are now available from commercial manufacturers. Air flow
through the fan creates a uniform static pressure within the
building. Internal and external pressure taps are made and a
manometer is used to measure the pressure difference across
the envelope. The volumetric flow rate through the fan must
also be evaluated. The higher the flow required to produce a
given pressure difference, the less airtight the building.

The air flow required to produce a given pressure difference

under pressurization will not necessarily be identical to the
filow required to produce the same pressure difference under
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4.1.2

4,1.3

depressurization. This difference is due, in the main,
to the fact that certain building elements can act as
flap valves . 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. Hence, ideally, the fan and flow
measuring mechanism must be reversible (Swedish
Standard [1987]).

Wind round the building together with internal/external
temperature differences produce natural pressure differences
across the building envelope. These pressures superimpose
themselves on the pressure difference generated by the fan.
The stack effect will have little influence except in high
rise buildings. Wind velocity produces a significant effect
even in low rise buildings. The maximum error will occur at
combinations of high wind velocity and low induced pressure
difference.

These measurements can be performed in a relatively short time.
Practical uses for these techniques include the 'before' and
'after' testing of retrofit measures and assessing whether
buildings meet airtightness regulations.

A.C. Pressurization

A technique is available which enables building airtightness at
small pressure differences to be measured directly and without
interference from climatic forces. Called AC pressurization
(Modera and Sherman [1985]), it differs from normal fan
pressurization in that a piston is used to create a sinusoidal
change 1in the internal volume of the building at a known
amplitude and frequency. The airtightness of the building
affects the pressure change including amplitude and phase in
that building, due to the periodic volume change.

If the building envelope was a rigid and completely airtight
structure, the change in pressure could be precisely
determined from the building volume and the piston
displacement. Therefore, any deviation from predicted
pressure can be attributed to leakage through the envelope.

If the volume change and pressure response is measured, then
the air flow through the enveiope can be calculated. The main
advantage of this technique is that it operates at the
pressures which actually drive infiltration, i.e. -5 Pa < AP < 5 Pa
5 Pa. Its main disadvantage is that it does not permit the
measurement of large, long leaks such as undampered chimneys
or open windows.

Large Buildings

Theoretically there is no limit to the size of building which
can be examined with normal fan pressurization. However, the
maximum volume of enclosure which may be pressurized is
governed by the overall airtightness of the structure and the
size of the available fan. Trailer mounted fans, with flow
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capacities in the range of 25 m3/s™! have been used to
examine volumes in the region of 50,000 m3 (e.g. Shaw
[1981]. Because of the cost of such equipment and the
inherent 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 differential using the
building's existing air handling system (Persily and
Grot [1986]). This technique relies on the building
possessing a suitable mechanical ventilation system
which can be adjusted to meet the needs of the
experiment. Essentially the supply fans are operated
while all return and exhaust fans are turned off. All
return dampers must be closed so that the air supplied
to the building can only leave through the doors,
windows and other leakage sites.

Component Air Leakage

The air leakage characteristics of individual building
components can be evaluated either directly or indirectly. By
selectively sealing different potential leakage paths during a
whole building pressurization test, it is possible to
determine the fraction of the total air leakage through
different components of the building envelope. As the
components will be generally sealed from the inside, it is
preferable that an overpressure rather than an underpressure
be created within the building. Pressurization will tend to
force the seal onto the component while a negative pressure
would tend to act against the seal making it less airtight.

Direct measurement of component leakage entails using an
airtight chamber to cover the interior face of a window or
door, supplying air to or exhausting air from the chamber at a
rate required to maintain a specified pressure difference
across the specimen, and measuring the resultant airflow
through the specimen. The test can be made more accurate if
the pressure in the rest of the room is balanced to that in
the chamber, thus minimising unwanted air leakage through the
chamber walls. Measurements of individual components enables
an air leakage profile of a large building to be created.

A further method of component testing consists of using a
laboratory test rig into which the specimens can be fitted. A
pressure is created across the component and the flow rate
through it is measured. This has the advantage that a large
number of tests can be performed under similar conditions and
the effects of climatic forces are nullified.

CONCLUSIONS

This account of measurement techniques is neither detailed nor
exhaustive. TInstead emphasis has been placed on giving an
introductory overview of the spectrum of methods by which the
air change rate, interzonal air flows and air leakage
characteristics of buildings can be measured.



Tracer techniques range from one—off measurements of the air
change rate using the decay method, through passive evaluation
of average air change rate, to continuous measurements of air
change rate involving sophisticated control and analysis
methods. Interzonal air flows can be evaluated using multiple
tracer techniques and relatively simple fan pressurization
methods can be used to evaluate the air leakage
characteristics of whole buildings and building components.
The Air Infiltration and Ventilation Centre is currently
preparing a full analysis of ventilation measurement
techniques which will be published in the near future.
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APPENDIX 1

Tracer Gases and Analysers

The fundamental requirement of a gas used as a tracer is that its
concentration must be measurable to a good order of accuracy, even when
highly diluted. The tracer should be cheap and readily available as
should the gas analysis equipment. For site measurements the
instrumentation must be compact, robust and portable. The gases
present in ordinary air should not affect the tracer gas analysis. The
tracer gas should not normally be present in outdoor air thus allowing
the external concentration to be assumed to be zero. There should be
no natural source of tracer within the enclosure, hence the source
terms in the continuity equation will consist solely of the tracer
deliberately produced for the test.

The tracer, which should have a similar density to air, must not be
absorbed by walls or furnishings, or decompose, or react with building
surfaces or constituents of air. This ensures that all the tracer
leaving the enclosure does so by the process of ventilation. For
safety considerations the gas should be neither flammable nor explosive
and, as experiments are often performed in occupied buildings, it
should have no adverse health effects in the concentrations required
for the tests.

No gas fulfils all the requirements given above. However, several
gases are currently being widely used as tracers. These include
sulphur hexafluoride, nitrous oxide, freons, perfluorocarbons and
carbon dioxide.

The concentration of nitrous oxide or carbon dioxide is usually
evaluated using an infra-red absorption analyser. Infra-red analysis
makes use of the fact that many gases exhibit energy absorption
characteristics in the infra-red portion of the electro-magnetic
spectrum. The amount of infra-red energy absorbed varies from gas to
gas and is dependent on the concentration of absorbing gas in a

sample. Elemental gases which are composed of multiple similar atoms
such as oxygen and nitrogen (which are the main constituents of air) do
not absorb in the infra-red and, therefore, do not interfere with the
detection of the tracer.

One method of performing this analysis is to pass two beams of
infra-red radiation of equal intensity through an analysis cell and
parallel reference cell respectively. The analysis cell contains a
sample of air in which the tracer gas is present while the reference
cell contains a non-absorbing reference gas. The difference in
intensity between these two streams after passing through the cells is
monitored and this provides a measure of the tracer gas concentration.

Some gases, for example sulphur hexafluoride, perfluorocarbons and
freons, capture electrons. This property can be utilized to detect the
concentration of some tracers. Electron capture detectors use a small
radioactive source to generate a cloud of electrons in an ionisation
chamber., When a pulsed voitage is applied across the chamber, a



current flows. A sample of gas is injected into the cell. If the
sample contains a tracer which is electron capturing, then the number
of electrons in the chamber is reduced. This in turn causes the
current across the chamber to decrease. The reduction in current is
proportionate to the tracer gas concentration. Atmospheric oxygen has
electron capturing properties, so this type of detector is invariably
used with a gas chromatograph upstream of the detector to separate the
oxygen from the tracer gas.



VENTILATION TECHNOLOGY - RESEARCH AND APPLICATION

8th AIVC Conference, Uberlingen, Federal Republic of Germany
21 - 24 September 1987

PAPER 2

MEASUREMENTS OF INFILTRATION AND AIR MOVEMENT IN
FIVE LARGE SINGLE-CELL BUILDINGS

G. V. LAWRANCE and J. R. WATERS

Department of Civil Engineering and Building
Coventry Polytechnic

Priory Street

Coventry CV1 5FB

U. K.






SYNOPSIS

A six channel, computer controlled, tracer gas detection system
for the measurement of infiltration rates and air movement 1in
large single-cell industrial buildings has been designed,
constructed and calibrated. This has been used for over 50 sets
of tracer decay measurements in five single-cell buildings
ranging in size from 4000 to 31000 m®. The buildings included

a sports hall, a vehicle maintenance depot, two factory workshops
and an aircraft hanger. Infiltration rates and interzonal flows
were derived from the tracer decay curves using methods based on
multizone theory. The analysis method includes a specially
developed, constrained least squares technique which gives both
infiltration rate and internal flow rates.

The equipment and method of analysis are briefly described, and
results for each data set presented. A comparison of infiltration
rates, derived from interzonal flows and from averaged tracer
decay data is also given. In addition examples are given of
comparisons between measured decay curves and theoretical decay
curves reconstructed from the measured flow rates. Finally
inconsistencies in the data and the model are discussed, together
with suggestions for improvements to the experimental technique
and the method of analysis.

INTRODUCTION AND OBJECTIVES

Although modern industrial buildings are often equipped with
sophisticated mechanical ventilation systems, many new ones and
most existing ones still rely on a combination of natural
ventilation, infiltration and Tocalised extract fans for control
of indoor temperature and air quality. As with any other type of
building, the potential for energy saving by reducing infiltration
must be balanced against the need to maintain air quality, and
this balance should be evaluated if any building improvement
actions are to be judged. Knowledge of infiltration rates and
internal contaminant concentrations is of considerable value in
determining the need for such action and its subsequent
effectiveness. The significant characteristic of industrial
buildings is that they consist of a small number of large spaces,
or cells, within each of which there are 1ikely to be strong
spatial variations in the effective infiltration rate and in the
distribution of contaminated air. Therefore it is necessary that
a measurement system should be capable of yielding information
not only on whole building infiltration rates but also on the
internal air movement patterns which give rise to the spatial
variations. Furthermore, the distribution of contaminant
concentrations within industrial buildings is due as much to the
industrial activity as to the design of the building. Any
realistic assessment must therefore be based on measurements of
the building 1in use.
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The objective of the study was to develop equipment and a
methodology which would enable measurements to be made on
industrial buildings which would give values of whole building
infiltration rates, and in addition information on air movement
patterns within the building. As it was the intention to conduct
measurements on buildings in use, acceptability to the building's
occupants was an important consideration. A subsidiary objective,
therefore, was that the technique should cause minimum disturbance
to activities within the building, and that it should be possible
to conduct measurements and produce the results within a short
time span, say, less than a day. Clearly the complete
determination of internal air movement patterns requires very
detailed measurements, and this is incompatible with the aim of
minimising disturbance to the occupant. The approach therefore
has been to adopt procedures which are acceptable to building
occupiers, and to determine the extent to which air infiltration
rates and air movement patterns can be obtained from a practical
number of measurements.

THE MEASUREMENT SYSTEM

A detailed description of the tracer gas measurement system has
been given by Waters et.al.® The need to measure internal air
movements imposes a Timitation on the choice of tracer gas method.
Methods which require some additional imposed stirring throughout
the monitoring period will upset the internal air movements which
are to be measured. Therefore the tracer decay method is to be
preferred to the constant concentration or constant injection
methods. Also it is necessary to use tracer gases which are
unlikely to be present in industrial atmospheres, and which,
because of the large volumes of such buildings, are detectable at
low concentrations. Although there are advantages in using
multiple tracer systems, especially where internal flows are to
be measured, it was considered simpler to choose a single tracer,
and to optimise the detection system for that tracer. Sulphur
hexafluoride was chosen and has been found to be entirely
satisfactory. The measurement system is therefore a tracer gas
monitoring device, in which detection is achieved by six
independent custom built gas chromatograph units. The use of six
independent units permits rapid sampling from at least six sample
points, and the use of pulse modulated electron capture detectors
within the chromatographs provides both high sensitivity and good
linearity over a wide range of tracer concentrations.

A comprehensive evaluation of the detector behaviour was carried
out, from which it was possible to optimise the chromatograph
parameters with respect to sulphur hexafluoride. Because the
system uses six separate detector units, calibration is of
particular importance. Therefore a special calibration rig was
built, based on the accurate dilution of a sulphur hexafluoride/
air mixture. A standard mixture is used at intervals during
actual measurements to give a check on the relative performance
of tne six units.
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The whole system, complete with calibration gases, data
acquisition unit, and control computer, is mounted in a small
covered trailer, which in most cases may be parked within the
building under investigation.

MEASUREMENT METHODOLOGY

The theoretical basis of the methodology that has been adopted is
that the large volume of air enclosed by a single-cell building
can be notionally subdivided, or discretised, by imaginary
boundaries into a large number of small volumes, or zones.
Although the boundaries between the zones are hypothetical, in
practice many single-cell buildings contain partitions screens or
furniture which give physical reality to some of the boundaries.
If each zone is small enough the distribution of contaminants,
including the tracer gas, within the zone will be sufficiently
uniform for the air in the zone to be considered well mixed. The
system is then identical to the usual multizone model? of air

flow within a building, and the interzone flow rates will be a
measure of the magnitude and direction of the air movement within
the complete volume. A detailed theoretical analysis of single
gas tracer decay in a multizone model has been carried out by
Waters and Simons®. This showed that the best seeding strategy is
to seed a single zone, and that this should be the zone associated
with the smallest component of the dominant eigenvector in the
solution of the multizone equations. This is also the zone which,
as the transients die out and the process approaches a steady
decay, exhibits the lowest value of the tracer concentration. It
can therefore be identified by a preliminary measurement. If this
is not convenient, it can also be identified as the zone receiving
the largest inflow of fresh air, and is therefore likely to be

the most exposed zone on the windward side of the building.
Fortunately, it is almost as satisfactory to seed any single zone,
provided that in the subsequent measurements it is possible to
detect tracer gas in all zones in the system. Nevertheless the
analysis also revealed two possible difficulties. One occurs

with particular flow patterns, which give rise to repeated
eigenvalues in the multizone solution. The other occurs when
there are certain kinds of symmetry in the interzonal flows, which,
when a particular zone is seeded, leads to decay curves in which
the concentration in one zone is a constant ratio of the
concentration in another zone. The latter leads to linear
dependency in the solution for the inter-zone flows, which because
of experimental scatter in the data, manifests itself as il1-
conditioning. Seeding strategy had to take account of these
possible difficulties. The actual measurement procedure is
conventional. The trailer is parked either within the building,or
immediately outside, so that it is only necessary to run tubing
from the trailer to the sample points. The position of the

sample points is chosen according to building geometry and the
extent of internal obstructions. In open buildings with few
obstructions, the building is divided into imaginary zones of
approximately equal volume, with a sample point at the centre of
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each zone. Where internal obstruction are significant, sample
points are placed to represent the spaces that obstructions
delineate. However, in occupied buildings, it is often necessary
to displace the sample point from the desired position to avoid
interference with building activities. The sampling heads
themselves consist of a small cylindrical manifold from which
radiate nine 1 cm lengths of copper tubing, in the manner of the
spokes of a wheel. At each sample point, therefore, air is
collected from nine equally spaced points around the circumference
of a 2 m circle. This provides some spatial integration of the
sample collection within each zone. Pure sulphur hexafluoride

is injected into a single zone on the windward side of the
building, with stirring during the injection process, and the
tracer decay is followed for between one and two hours.

MEASUREMENT PROGRAMME

A total of 58 sets of measurements have been obtained, distributed
approximately equally between the following five buildings:

1. Abbey School Sports Hall, Kenilworth, Volume 4220 m®
2. Courtaulds Engineering Workshop, Coventry, Volume 14370 m3
3. Courtaulds Pattern Making Shop, Coventry, Volume 6420 m3
4. Hangar 5, Coventry Airport, Volume 31300 m3

5. British Gas Maintenance Depot, Birmingham, Volume 31020 m3

Except for the Sports Hall, all the buildings were in use during
the measurements; in Hangar 5 all measurements were taken with the
aircraft doors closed. In all cases, six sampling points were
used, which were positioned to represent equal volumes, except
where internal obstructions were significant, in which case they
were positioned to represent the spaces that the obstructions
created.

A11 the buildings were naturally ventilated, but Courtaulds
Pattern Making Shop and British Gas Maintenance Depot had fume
extract systems at strategic positions. Also, the British Gas
building had an experimental mechanical ventilation and heat
recovery system which was switched off for all but three of the
measurements.

ANALYSIS OF RESULTS

Results for each measurement set were processed in two ways:
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1. Readings for all six sample points were averaged to give a
single overall average tracer concentration for the whole
building. The decay of the average concentration was used
to obtain the fresh air infiltration rate of the whole
building.

2. Using multizone theory, a constrained least squares technique
was used to determine the complete set of interzone flow
rates. The fresh air infiltration rate of the whole building
was found by summing the flows between individual zones and
the outside.

For both methods of analysis, the data set for each run was split

into sections, and each section analysed separately. These

sections were:

1. the first third of the data in the time series

2. the second third

3. the last third

4. the first two thirds

5. the last two thirds

6. the whole data set.

Thus for each method of analysis there were six sets of results
for each run.

The justification for the first method of analysis follows from
the standard solution to the multizone problem. If c(t) is the
vector representing the tracer concentration in the n zones of
a building, then

S M
c(t) =:£:_ a X% ¢
k=1
where 1 and x,are the eigenvalues and their associated

eigenvectors of the solution, and the a, are the constants

associated with the initial condition (i.e. the seeding strategy).
The average concentrationc(t)of the n zones is, if the zones are
of equal size, given by
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The decay of the average concentration is therefore governed by
the same set of eigenvalues. Now Waters and Simons® have
demonstrated that as the internal flow rates increase, the
dominant eigenvalue decreases, and approaches the value that would
apply if the whole building were a single fully mixed zone. At
the same time the other eigenvalues also get smaller, approaching
in the 1imit -~. The implications of this for the decay of the
average concentration, c(t), are shown in figure 1, in which the
natural logarithm of c(t) is plotted against time. Now the
gradient of the decay curve for the fully mixed case gives the
whole building infiltration rate.

Fully mixed

1n c(t) Moderate mixing

/
Poor mixing -~

t
Figure 1., The effect of mixing on the decay of c(t)

It can be seen therefore that in all other cases the gradient from
the early part of the decay will over-estimate the whole building
ventilation rate, whereas the gradient from the later stages where
the dominant eigenvalue is in control will under-estimate it.
These two values must give the Tlimits within which the whole
building infiltration lies, and the average gradient of the whole
data set will 1lie close to the true value.

The solution for the individual flows is found by direct
substitution of measured tracer concentrations and concentration
gradients in the fundamental equations. However, the problem is
first reduced by determining, from building geometry and from
examination of the decay curves, which of the interzonal flows,
Fij are zero. Secondly, constraints are applied. Obviously we

must have all Fij > 0, but in addition examination of the decay

curves in the seeded zone and zones adjacent to it, at times close
to the start of the process, provides the possibility of including
further constraints. If i is the seeded zone, and j a zone with

a flow connection to i, then it may be shown (ref.3) that at time
t =0,
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where A is the volume of zone i. Using the method described by

Lawson and Hanson®, these constraints are applied to the Teast
squares solution.

PRESENTATION AND DISCUSSION OF RESULTS

Tables 1 to 5 inclusive give the results for the whole building
infiltration rate, calculated by both methods of analysis. For
each run, the first row, marked AC, gives values computed from
the average concentration, and the second row, marked IF, gives
values computed from the interzonal flows. The last column gives
the best value of the infiltration rate, which is assumed to be
that given by the whole data set, and the range, which is the
difference between the best value and the extreme values expressed
as a percentage. Each table also includes a plan diagram of the
building, with the interzonal flows computed from one of the runs
superimposed.

For each run, the infiltration rates obtained from the average
concentration vary according to the data subset from which they
have been calculated in the expected manner. With very few
exceptions, the highest value comes from the first third of data
and lowest from the final third. The range is often much greater
on the positive side than the negative side. This again is to be
expected, because the early decay rate is primarily a function of
the flow rates out of the seeded zone, which may be very large.
It is likely, therefore, that a large value on the positive side
over-estimates the probable error in the best value.

If the data set were free from experimental error, and if the
assumptions of multizone theory were valid in these buildings, the
infiltration rates computed from interzone flows would be the same
whichever data subset was used in the analysis. Neither condition
is true, and the results often show marked variability. Comparing
the infiltration rates from the interzone flows with the 'best
value' from the average concentration suggests that where
agreement is good, variability is low, and vice versa. Forexample,
taking as a measure of the variability of the six IF values in any
run the ratio of the standard deviation to the mean, the following
three runs illustrate the trend:

Building 1 Best Value IF Value SD/mean
Run 13 4.15 ach 1.09 ach 0.61
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Building 3 Best Value IF Value SD/mean

Run 36 2.69 ach 3.05 ach 0.43
Building 3 Best Value IF Value SD/mean
Run 39 2.57 ach 2.48 ach 0.30

One possible explanation for the variability is that the Tength of
the data sets was determined arbitarily by the time available for
each run. Waters and Simons3® demonstrated that for single zone
seeding the decay process is close to uniformity at a time of two
time constants from the start, where the time constant is defined
as the reciprocal of the dominant eigenvalue. The inclusion of
data beyond this time may be weighting the least squares solution
towards linear dependency. Some of the results were recalculated
with the data set restricted to two time constants, where the time
constant was assumed to be given with sufficient accuracy by the
reciprocal of the 'best value' infiltration rate. In table 6 run 13

TABLE 6
EFFECT OF RESTRICTING DATA SET TO TWO TIME CONSTANTS
Infiltration rate, ach, from interzonal flows

Data Subset SD/means
1 2 3 4 5 6

Run 13
Full data 0.72 0.83 0.48 0.63 2.13 1.09 0.61
2t 1.48 0.19 0.69 3.98 0.03 0.84 1.21
Run 36
Full data 5.71 4.10 1.88 3.35 1.97 3.05 0.43
2t 3.09 3.24 4.05 3.72 1.39 1.58 0.39

the variability and agreement with the 'best value' are worse, and
for run 36 there is no improvement. The individual interzonal
flows also show considerable variation between the solutions from
different data subsets, and again there is a tendency for the
variability to be less where agreement for the infiltration rates
is good. The extreme sensitivity of the interzonal flows to the
manner in which the data is selected and processed has also been
noted by Afonso et.al? who also used a single tracer gas.
Nevertheless, they were able to get reasonable agreement with
independently measured values of the interzonal flows, but it is
of interest to note that they were using only 2 zones 1in an
experimental set-up which was designed to match the assumptions of
the multizone model.

As a further indicator of the quality of the interzonal flow
results, theoretical decay curves were computed from the flows,
and compared with the original measured curves. This is a severe
test, and where the flow results are in doubt because the whole
building infiltration rates are inconsistent, the reconstituted
curves bear Tittle resemblance to the measured originals. However,
where there is some measure of consistency in the infiltration
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rates, the two sets of curves can show at least a reasonable
similarity. Figs 2-4 show as an example run 36. This run also
illustrates one of the major reasons for the difficulties in
obtaining good matching. It can be seen from the measured curve
that there is a time lag effect, shown by tracer concentration
peaks in standing above the general trend of the decay. This is
not possible on the basis of the normal multizone model.

CONCLUSIONS

The results for infiltration rate computed from the average
concentration appear to be sufficiently consistent to be
considered reliable, and show that it is comparatively easy to
obtain reasonable values for buildings in the size range
considered without recourse to elaborate technique or analysis.
The values for the infiltration rates were in most cases
surprisingly high, but all these buildings were very leaky, with
large badly fitting doors, which in some cases were left open
during normal working.

The results for interzone flows were always plausible, but this
was due to the imposition of constraints on the solution
technique. In most cases, lack of consistency and poor agreement
with the infiltration rates obtained from the averaged data,
suggest that at the present stage of development the interzone
results are too unreliable to be useful. The most probable
explanations for the poor results are:

1. The size of the hypothetical zones was too large to give
adequate discretisation of the internal volume of these
buildings. The choice of six channels for the measurement
system was dictated partly by experience from a preceding
pilot study and partly by available resources. Thus, in
these buildings, each zone was large enough for there to
be spatial variations within it.

2. The 2 metre diameter sampling head used in each zone was
small in relation to the size of each zone, and therefore
may not have given a reasonable measure of the average
tracer concentration in that zone.

3. Because artificial mixing of the air in these buildings
has been deliberately avoided, the normal multizone model
is not strictly applicable, even with discretisation into
small zones.

Each of these problems can be overcome to some degree. The first
two could be ameliorated by increasing the number of zones, either
by adding extra channels to the equipment, or by multiplexing the
existing channels. At the same time, the sampling arrangement
could be altered to give a more representative value of the
concentration in each zone. Unfortunately, both of these
possible courses of action wauld increase the disturbance caused
to the building occupier.

2.9



The third problem has been approached by reconsidering the air
flow model of the building. Instead of considering the air
volume as an assembly of perfectly mixed zones, it is more
realistic to consider it as a combination of pockets of good
mixing (or zones) linked by air streams in which the air flow
is predominantly in one direction. These latter approximate
to ducts. An alternative model is therefore, an assembly of
perfectly mixed zones linked by ducts in which the flow is
unidirectional. The solution of this alternative model is much
more difficult. Nevertheless a solution has been obtained for
the case of two zones linked by two ducts (reference 6). The
most significant feature of the solution is that the decay
curves can exhibit the time delays and oscillatory behaviour
which has often been observed in our measured decay curves.

It would be very interesting to solve a model of six zones
connected by unidirectional flow ducts, but this has not yet
been achieved.
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Table 1

BUILDING 1 : ABBEY SCHOOL SPORTS HALL

Run Wind Analysis Whele Building Infiltration Rate ({ach)
No Vel Method
m/s Data Subset Best Value &
1 2 3 4 5 6 Range %

12 5.1 AC 4.95 4.04 3.59 4.24 3.73 3.83 3.83 +29 ~6
IF 5.70 6.71 80.8 2.08 28.4 14.1

13 5.7 AC 5.56 4.25 3.83 4.60 3.97 4.15 4.15 +34- -8
IF 0.72 0.83 0.48 0.63 2.13 1.09

14 6.9 AC 5.39 4.78 4.35 4.91 4.49 4.56 4.56 +18 -5
IF 1.89 10.3 0.86 2.45 3.42 1.68

16 5.1 AC 3.64 3.69 3.53 3.68 3.58 3.58 3.58 +3 ~1
IF 1.60 4.99 293 0.33 4.27 4.57

17 3.1 AC 4.23 4.41 3.99 4.37 4.12 4.13 4.13 +7 -3
iF 3.69 0.77 1.17 1.14 2.46 1.93

18 5.1 AC 3.60 3.13 3.28 3.24 3.23 3.26 3.26 +10 -14
IF 0.98 1.27 2.85 1.86 0.45 2.31

19 6.2 AC 4.66 3.32 2.95 3.61 3.07 3.20 3.20 +46 -8
1F 4.06 3.50 14.8 2.77 9.07 2.25

Interzone Flows ms* , Run 13 Data Subset 6

i 1-0 - 1.0 i 10 .




Table 2

BUILDING 2 : COVENTRY AIRPORT HANGER 5

Run Wind Analysis Whole Building Infiltration Rate {ach) .
No Vel Method Best Value &
m/s Data Subset Range %

1 2 3 4 5 6

21 6.2 AC 9.27 6.33 4.97 6.81 5.36 5.57 " 5.57 +66 -l1
IF 9.86 3.11 6.02 7.91 2.94 7.10

22 . 7.2 AC 5.69 5.84 5.70 5.81 5.74 5.74 5.74 +2 -1
IF 5.35 2.17 395 3.16 4.04 6.53

23 6.7 AC 5.64 5.02 4.69 5.13 4.79 4.84 4.84 +17 ~3
IF 3.72 1.26 106 4.66 7.34 3.62

24 6.7 AC 5.24 4.20 3.34 4.42 3.61 3.73 3.73 +40 -10
IF 7.14 3.24 54.1 3.11 10.8 11.7

26 5.1 AC 4.17 3.34 2.58 3.52 2.81 2.92 2.92 +43 -12
IF 4.23 4.85 30.2 2.48 57.2 3.91

27 3.6 AC 5.84 4.66 3.94 4.89 4.16 4.27 4.27 +37 -8
IF 9.48 10.1 16.8 6.08 5.21 10.6

28 5.1 AC 5.24 4.16 3.58 4.33 3.74 3.84 3.84 +36 -7
IF 1.95 1.58 2.60 2.47 5.62 3.14

30 3.6 AC 6.98 3.72 3.00 4.41 3.22 3.51 3.51 +99 -15
IF 3.82 2.11 0.47 1.48 2.37 1.19

Interzone Flows ms™' , Run 28 Data Subset 6
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Table 3

BUILDING 3 : COURTAULDS FITTING SHOP

Run Wind Analysis Whole Building Infiltration Rate (ach)
No Vel Method
m/s Data Subset Best Value &
1 2 3 4 5 6 Range %

31 6.7 AC 5.05 3.10 2.31 3.47 2.55 2.71 2.71 +86 =15
IF 4.83 8.66 18.9 13.2 11.4 6.49

32 4.1 AC 4.24 2.72 2.15 3.00 2.32 2.44 2.44 +74 -5
IF 3.89 2.58 1.01 2.97 3.33 1.67

34 2.6 AC 4.36 2.85 2.19 3.21 2.40 2.58 2.58 +69 -~-15
IF 1.43 0.88 1.78 2.65 0.75 2.60

35 1.5 AC 4.27 2.64 2.04 2.95 2.22 2.36 2.36 +81 -14
IF 2.10 2.11 2.01 4.94 3.95 2.52

36 1.5 AC 4,75 3.02 2.34 3.34 2.54 2.69 2.69 +77 -13
IF 5.71 4.10 1.88 3.35 1.97 3.05

38 4.1 AC 3.72 2.48 1.91 2.70 2.08 2.18 2.18 +71 -5
IF 3.61 0.20 1.40 3.68 1.31 3.83

39 3.1 AC 4.53 2.88 2.22 3.21 2.42 2.57 2.57 +76 -14
IF 2.16 2.47 1.88 1.51 0.99 2.48

Interzone Flows ms™ , Run 34 Data Subset 6
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Table 4

BUILDING 4 : COURTAULDS PATTERN SHOP

Run Wind Analysis Whole Building Infiltration Rate {ach)
No Vel Method
m/s Data Subset Best Value &
1 2 3 4 S 6 Range %

41 6.2 AC 2.54 1.91 1.63 2.01 1.71 1.75 1.75 +45 -7
Ir 5.70 1.05 1.33 2.93 0.96 1.64

42 7.2 AC 2.38 1.75 2.i0 1.84 2.00 2.01 2.01 +18 -13
IF 2.50 1.74 4.75 1.06 1.34 3.44

43 1.5 AC 2.09 1.69 1.35 1.76 1.45 1.48 1.48 +41 -9
IF 1.04 2.90 2.99 2.71 3.05 0.80

45 5.7 AC 1.93 1.47 1.61 1.55 1.57 1.59 1.59 +21 -8
IF 2.04 3.81 1.52 2.05 2.27 3.18

46 5.7 AC 2.37 1.90 1.70 1.99 1.76 1.80 1.80 +32 -6
IF 0.91 1.16 3.22 0.93 1.45 1.36

47 10 AC 2.84 2.23 2.08 2.35 2.13 2.17 2.17 +31 -4
IF 0.72 1.53 2.29 2.94 2.01 1.30

43 6.2 AC 3.61 2.70 3.11 2.91 2.58 3.03 3.03 +19 -11
IF 7.83 1.41 6.36 1.89 4.44 3.38

49 8.2 AC 2.65 2.09 1.95 2.19 1.99 2.03 2.03 +31 -4
IF 3.10 1.26 1.43 1.29 3.47 0.88

50 9.3 AC 2.94 2.72 2.69 2.76 2.70 2.72 2.72 +8 -1
IF 0.49 1.42 3.34 1.01 0.68 0.29

Interzone Flows ms™' , Run 49 Data Subset 6




Table 5

BUILDING 5 : BRITISH GAS MAINTAINANCE DEPOT

Run Wind Analysis whole Building Infiltration Rate (ach)
No Vel Method
m/s Data Subset Best Value &
1 2 3 4 5 6 Range %
63 5.1 AC 3.54 2.54 2.83 2.77 2.74 2.81 2.81 +26 -10
IF 3.65 4.056 6.08 2.01 4.65 2.20
65 3.6 AC 3.14 2.47 2.46 2.60 2.46 2.51 2.51 +25 -2
1F 0.53 1.00 2.12 2.26 1.66 0.91
66 2.6 AC 6.42 4.29 3.65 4.79 3.86 4.09 4.09 +57 -11
IF 1.7 1.38 0.81 0.46 1.78 0.80
67 2.6 AC 4.29 3.26 2.96 3.50 3.06 3.17 3.17 +35 -7
IF 1.40 4.04 4.33 2.98 4.94 3.76
68 3.6 AC 9.29 6.07 4.91 6.82 5.28 5.63 5.63 +65 -13
IF 6.55 2.89 5.14 2.33 4.94 4.36
69 4.6 AC 2.97 2.5% 2.83 2.46 2.76 2.69 2.69 +10 -9
IF 0.88 1.97 1.28 0.61 2.31 1.17
71 2.6 AC 4.47 3.85 3.36 4.00 3.52 3.61 3.61 +24 -7
IF 0.54 2.16 3.71 0.99 2.15 0.75
73 2.6 AC 2.92 2.52 2.56 2.61 2.55 2.58 2.58 +13 -2
IF 0.96 2.85 1.14 0.54 1.05 1.21
74 2.1 AC 3.44 2.73 2.81 2.94 2.78 2.87 2.87 +20 -5
IF 6.05 3.06 4.33 3.42 5.75 4.19
Interzone Flows ms® , Run 67 Data Subset 6
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ABSTRACT

In this paper we describe the development of a multi-tracer gas
system for measuring interzonal air movement in buildings. The
system consists of simple and stand-alone gas injectors and
sampling units. The injectors are capable of releasing up to
four perfluorocarbon tracer gases in different parts of a build-
ing. Following tracer gas injection and mixing, small samples
of air are collected using automatic sampling units. FEach unit
consists of a 16-position valve and a group of removable stain-
less steel tubes packed with solid absorbent. Samples may be
taken simultaneously at up to four points in space and up to 16
points in time. These samples are then stored for subsequent
analysis in the laboratory using an automatic thermal desorber
and gas chromatograph.

In the second part of the paper, the portable sulphur hexafluo-
ride (SF¢) system is described. The system incorporates an
electron capture detector das chromatograph and opzrates
automatically using a BBC microcomputer. Using this system the
air change rates were measured in a number of recently construc-
ted houses in the Milton Keynes area, UK. The test data of
various measurements are presented together with an analysis of
the results.



INTRODUCTION

One aspect of energy conservation attracting attention at present
is the reduction of heat losses in buildings derived from poor
thermal insulation and high air infiltration rates. As a result
a large number of superinsulated houses are being built in
Scandinavia, North Am=rica and recently in the UK1, These bouses
are constructed in such a way that air leakage through cracks and
openings in their envelopes no longer serve as a source of vent-
ilation and so mechanical ventilation systems are required.
Inadequate air change rates give rise to an increase in indoor
air contaminants (eq., formaldehyde, nitrogen dioxide and
moisture) which have an important influence on the health and
comfort of the building's occupants. Research is therefore
required to evaluate the extent of air ventilation and dispersion
of interior contaminants so that the optimum compromise betwean
energy consumption and sufficient air change to maintain a
healthy environment is achieved.

The air tightness of buildings can be examined by pressurisation
using blower doors. Unfortunately, this technique is unable to
provide information on air infiltration in a building under
natural climatic conditions. As an alternative, tracer gas
techniques may be used for measuring air change rates in build-
ings. Reviews of various tracer gases and mzasuring techniques
have been made by Harrje et alZ, Sherman et al3, and Lagus and
Persily4. Until recently, measurement of air movement has
usually involved the assumption that the building is a single
uniformly mixed zone. However, multizonal measurements are
essential if movement of indoor air contaminants and energy
transfer among various parts of the building is to be accurately
represented. The m=zasurement of interzonal air flows in
buildings, such as hospitals, is important as the transport of
odours and bacteria between various ward units must be kept to
minimum?.

The use of a multi-tracer gas, instead of a conventional single
gas method, increases the speed and accuracy of interzonal air
flow measurements®. It also clarifies specific flow directions.
Gases which have been used include carbon dioxide, nitrous oxide,
hydrogen, methane, ethane, helium, perfluorocarbons (PFTs) and
sulphur hexafluoride. We have used perfluorocarbons and sulphur
hexafluoride in our work as they have desirable tracer gas
characterisitcs in terms of detectability, safety, and cost and they
have been used successfully in air infiltration studies6,7,8,9.
Both SFg. and PFTs exist only at very low background concentrations
in the ambient and are easily detected (parts per billion range
for SFg and parts per trillion range for PFTs) using an electron
capture detector.

This paper is divided into two main sections. Ths first
describes the development of the multi-tracer system for measure-
ment of interzonal air flow in buildings. The second section
describes a portable automated SF¢ system which has been used

for measuring air change rates in a number of recently construc-
ted tightly sealed houses in Milton Keynes, UK. The design,
construction and calibration of the SFg system together with
experimental results is also presented.
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- DEVELOPMENT OF A MULTI-TRACER GAS SYSTEM

Experimental work on interzonal air movement was previously
carried out by Prior et. al.10 at PCL using an unrefined system
consisting of automatic injection and sampling systems. During
the present work this system has been improved with the develop-
ment of the following:

Tracer Gas Injection

The rate of decay technique is used in our work as it requires
relatively simple apparatus.

A number of injection units are being built. These simply
consist of a 10 ml aluminium cylinder wrapped with a band heater
and fitted with a sealing cap, Figure 1. Prior to each experi-
ment, cylinders are injected with a known amount of perfluoro-
carbons and sealed in the laboratory. A programmable timer is
used to energize the band heater during the test allowing tracer
gases to be released simultaneously into a building. The
following perfluorocarbons have been used in our work; perfluoro-
n-hexane, perfluoro-methyl-cyclohexane, perfluoro-dimethyl-
cyclohexane, and pesrfluoro~decalin.

The sampling System

The microcomputer-sampling system developed by Prior et alll may
be improved with the following benefits: 1) greater speed of
deployment within buildings, 2) a more compact and flexible
system so it can be used during periods of a building occupancy,
3) reduced capital cost of the system.

The design of a compact and stand-alone sampling system is shown
in Figure 2. Th= sampler consists of a 16-position, 34-port
valve (type ST flowpath), made by Valco Instruments. The valve
has an inlet port, an outlet port and a pair of ports at each of
the 16 sampling positions. A six-position version of this valve
and a sampling tube is shown in Figure 3. A small removable
stainless steel tube, Figure 4, packed with a divinyl-benzene/
styrene co-polymer adsorbent is connzcted to each pair of valve
ports. Air at a constant flow rate may be drawn in each sampling
point using a small pump and the multi-position valve is
positioned by a stepping motor. A two channel digital timer is
used as a control system to operate the stepping motor and pump.
The operation procedure of the system is as follows. At the
beginning of each experiment the valve is rotated to position 1
and the pump is turned on. At the end of the desired sampling
collection time, set by the timar, the pump is turned off and
the valve is rotated to position 2. This procedure is repeated
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until all samples have bean taken. The system is flexible since
the sample loops may be filled in any desired sequence and at any
desired time. The samples may be then stored for subsequent
analysis in the laboratory.

Work has bzen completed on building one sampling unit and we are
currently building further units of a similar design.

Tracer Gas Separation and Analysis

A n2w gas chromatograph, model 8410, made by Perkin Elmer is
currently being commissioned. Th= chromatograph, which is fitted
with an electron capture datector (ECD) and an ATD-50 thermal
desorbzr, will b= used for separation and analysis of the samples.

Measurements and Simulation Models

Ths new multi-tracer gas system will bz usad for measuring air
movement in a number of recently constructed nouses in the

Milton Keynes area. Measurem=nt will be carried out in other
passive solar hzated houses at Newham, UK. Some msasurements may
bz carried out in Central Europe, providing suitable projects are
located.

In the szcond phase of our programme, a comparison will be drawn
betwean measurements of interzonal air flow and rates predicted
using rules of thumb such as thosz developed by Balcomb et. al.12
and using simulation models such as BREEZE and ESP13. 1In order
to make comparisons with these models, work will begin on the
implementation of the latest versions of thz codes, at PCL, in
the nzar future.

THE PORTABLE SFg SYSTEM

DESCRIPTION OF THE SFé SYSTEM

The SFg system used in this study consisted of the following:

The SFg Release System

The SF¢ release system consisted of a small SFg cylinder, a
regulator and a solenoid valve. The solenocid valve is normally
closed but is opened automatically using a BBC microcomputer.
Th= volume of SF 6 gas released dspends on the size of the build-
ing and is controlled by adjusting the length of time that ths
solenoid valve is open. The injection rate was determin=d by
plotting the volume of gas released against time required for a
constant pressure at the SFg cylinder outlet.

3.3



3.1.2 Th= SFg Measuring System

3.2

The microcomputer-measuring system is shown in Figure 5. The
system was made up from ths following major components:

(a) Samwpling and Injection Unit
(b) Column

(c) Chromatographic Oven

(d) Electron Capture Detector

(e) Microcomputer and Interface

The op=ration of the system is described, with referencs to
Figure 6. Argon, used as the carrier gas, normally flows at a
constant rate through the column via th2z sampling valve. The
carrier gas then passes through the detection cell before bezing
vented to the atmosphere. The sampling unit consists of a two-
position, 6-port valve, connected to a 0.5 cm? sampling loop.

The valve can be easily rotated to position 1 or 2 using a small
motor.

The column was made by packing a 1.5 m x 4.3 mm i.d. nylon tube
with 60-80 mesh aluminium oxide. Tha tube was coiled three times
and placed horizontally inside an electrically heated oven. The
oven was maintainad at a constant tempsrature using a temperature
contraller. The electron capture datector, which uses Ni-63
radiocactive cell, was made by Pye Unicom Ltd. This was also
placed inside the oven as shown in Figure 5. A pump was used

to draw air from the test space to create a flow through the
sample loop. By rotating the sample valve to position 2, air

in the sample loop was injected into the argon flow which carried
it into the column and finally to the dstector for analysis.

The amplified reversed response from the d=tector cell is thesn
displayed as peaks on the computer monitor as shown in Figure 6.
The first peak represents the 02 concentration in the sample

and the szcond pzak represants the 5SFg concentration.

Thz system incorporates a BBC micro-computer with two 5% inch
dual sided floppy disc drives, a parallel printer and interfaces
for both analoguz and digital data. The interfacing of the gas
chromatograph and the sampling and injection units was
accomplishad by specially designad interface cards. Ths system
is very flexible and can be usad for unattended operation.

System Calibration

Calibration of the SFg system was carried out using ths test rig
shown in Figure 7. Thes rig consisted of 0.215 m3 capacity metal
drum in which a small fan was used for mixing air and tracer gas.
Air from a cylinder was line fed to an opening in the drum and
its flow rate could be regulated betwean 10-150 and 100-1250
liters/hours using Brooks Ltd. Flowmeters. Provision was made
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for the injection of SFg tracer gas into the drum and also for
allowing the homogeneous SFg/air mixture to leak out through a
tube. Samples of SFg/air mixture were drawn into tubes located
at different levels in the drum. These samples were then passed
through the ECD gas chromatograph for analysis.

Experiments were conducted for infiltration rates in the range
0.1 to 2 air change/hour. The variation of measured air change
rates using the SFg system versus calculated values using the
flowmeters is presented in Figure 8. The coefficient of correla=
tion was found to be 0.9947, the slope was 0.941 with an average
error of 1.1%. The series of experiments showed that the portable
SFg system gives reliable results.

TRACER GAS MIXING

The lack of good mixing of tracer gas with air could result in
inaccurate measurement of the air change rate. Even so, a
number of workers assume the concentration of tracer gas in a
space is uniform and therefore measure the concentration at one
point. Mixing problems may arise from buoyancy effects or from
poor air circulation within the space due to internal partitions
such as walls and furniturel4.

To study buoyancy effects we carried out a number of tests in

a closed container. A small amount of SFg was injected at the
top of the container before it was sealed and left for about

45 minutes. The concentration of SFg was then measured at
different heights. The concentration of SFg was found to be
greater in the lower quarter of the container. Experiments were
repeated with SFg injected at the lower part of the container
with similar results being obtained. As a circulation fan was
not used in our experiments it was suggested that the non-
uniform concentration might be due to a slow mixing. To check
this possibility the SFg was left in the container for a longer
period and after about 2 hours the concentration of SFg was
found to be uniform at various heights.

This experiment indicated that in tightly sealed houses an
adequate period must be allowed for natural mixing and that
buoyancy is not a problem with SFg.

MEASUREMENT AND RESULTS

The tracer decay method has been used for measurement of air
change rates in buildings. The decay method involves the
release of a known volume of tracer gas into a building allowing
sufficient time for the gas to mix with the air so that a
uniform concentration is achieved. The dilution of the tracer
gas is then monitored and is related to the air change rate
according to:

C = Co e~ (At) (1)
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Where C is the measured tracer gas concentration at time t, (g
is the concentration at t=o and A is the air change rate.

Taking the natural logarithms of both sides of equation (1) we
have:

m(C) = 1n(Cy) - A t (2)

A plot of the best fit of 1n(C) versus time is normally used to
determine the air change rate. The volume flow of air, {, in
and out of the building is given by:

Q=AYV _ (3)
Where V is the interior volume of the building.

Air change rates were measured in a number of houses using the
portable SFg system. The houses were built in Milton Keynes,
UK, in 1985 and have been monitored since January 1986 by the
Regearch in Building Group at the Polytechnic of Central London

with funding from the Commission of the European Communities?.
Tests were carried out on these houses as follows:

Superinsulated Houses:

The superinsulated houses are three bedroomed, semi-detached
units, each with a floor area of 75 m2 and an attached garage.
The houses were built to a superinsulated standard three times
more than the stringent than the current UK building regqulations.
Vapour barriers were also installed for both the ceiling and
walls of each house. A mechanical ventilation system with heat
recovery is used to supply a controlled amount of fresh air and
also reduce energy losses. This system was manufactured by
BAHCO of Sweden, and uses an aluminium cross flow heat exchanger.
The space and water heating are accomplished using a gas heating
system.

During the test the ventilation system was used to introduce S5SFé
into each house in order to achieve good distribution and mixing
of the tracer gas. The amount of SFg released depended on the
size of the building and also on the sensitivity of the

detector. About 1 cm3 of SFg was released per m3 of space volume
Following an adequate mixing period, samples were taken every
three minutes from several locations in the house to determine
the degree of mixing and also to acquire an average concentration
With all windows and exterior doors closed measurements were
taken on a house under the following conditions:
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a) Ventilation system switched off.

b) Ventilation system operating in low mode.

c) Ventilation system operating in normal mode.
d) Ventilation system operating in boost mode.

The temperature difference between the inside and

outside of each house and average wind speed during the
measurement period were alsoc recorded. The results of tests
made in one of these houses are given in Table 1.

TABLE 1. AIR CHANGE RATE MEASUREMENTS IN SUPERINSULATED HOUSES

Time & Condition Air Change Temperature. Wind Speed
Date Rate (h=T) Difference (m/s)
' (+C)
18.00, 16/4 a 0.10 15.5 1.3
10.00, 29/3 b 0.60 13.0 5.0
11.00, 28/3 c 0.90 13.5 6.7
13.30, 28/3 d 1.10 12.2 7.5

Control Houses

Control houses are almost identical to those that are super-
insulated but differ in that they are not provided with a vapour
barrier and their degree of insulation is only marginally above
the current Building Requlation requirements. The control
houses are heated with gas heating systems while ventilation is
provided using slot ventilators in window frames.

Air change rates were measured in these houses using the above
method. Since these houses are not provided with mechanical
ventilation systems, SFg was released at various points and fans
were used to ensure that proper mixing was achieved. With all
windows and exterior doors closed measurements were taken on a
house under the following conditions:

a) All vents closed

b) Downstairs vents open.

c) Downstairs and upstairs vents open.

d) Slot ventilators removed and holes sealed with tape.

The decay of SFg under condition c¢) is shown in Figure 9. The

results of measurements for three control houses are summarized
in Table 2.
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TABLE 2 AIR CHANGE RATE MEASUREMENTS IN CONTROL HOUSES

House Time & andi— Air ChaQ?e Tgmperature Wind Speed
No Date tion Rate (h™') Difference (m/s)
(°c)

1 11.00, 24/2 a 0.23 15.0 2.5
13.00, 24/2 b 0.52 14.0 4.0
15.00, 24/2 c 0.87 14.1 3.0
16.30, 24/2 d 0.31 14.0 3.2

2 11.00, 6/3 a 0.26 14.5 2.2
14.00, 6/3 b 0.59 12.5 2.4

3. 15.30, 6/3 a 0.20 16.0 4.5
17.60, 6/3 c 0.94 17.5 4,3

The above results indicate the effectiveness of the slot
ventilators in controlling the air change rates.

Courtyard Houses

The courtyard houses are a group of highly glazed passive solar
houses, each is a four bedrcomed, detached bungalow, with a floor
area of 130 m2, Each house has a gas-fired heating system which
uses a condensing boiler with zone control from thermostatic
radiator valves. A BAHCO ventilation system with heat recovery
was fitted in each of these houses.

House Number 1

Measurements of air change rates were carried out in this house
with the ventilation system operating under the following
conditions,

a) Low mode

b) Normal mode

c) Boost mode

d) High mode

The results are presented in Table 3, and the decay of SFg under
condition b)is shown in figure 10.

House Number 2

This house is temporarily provided with a different type of
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ventilation system with heat recovery in order to test its
performance. The system, which is manufactured by Genvex of
Sweden, supplies both ventilation and domestic hot water using
a heat pump. The following operational modes were used:

a) Ventilation system switched off
b) Ventilation system switched off and fireplace sealed

c) Ventilation system operating on normal mode

d) Ventilation system operating on high mode

A summary of the air change analysis is given in Table 3.

TABLE 3 AIR CHANGE RATE MEASUREMENTS IN COURTYARD HOUSES

House Time & Condi- Air Change Temperature Wind Speed
No Date tions Rate (h~!) Difference (m/s)
e)

1 16.00, 19/5 a 0.51 6.0 3.8
12.30, 19/5 b 0.68 1.7 2.5
14.00, 19/5 ¢ 0.81 3.7 2.7
15.00, 19/5 d 0.84 4,8 4.0

2. 13.00, 18/5 a 0.23 6.7 4.0
14.30, 18/5 b 0.16 6.3 4,2
20.00, 18/5 ¢ 0.42 9.0 4.0
00.30, 18/5 0.54 9.5 3.5

CONCLUSIONS

(1) The use of the compact micro-computer SFg system has proved
to be a reliable and a sensible approach for measuring air
change rates in buildings.

(2) If SFg is allowed to mix naturally, then a period of about
2 hours is found to be essential if accurate measurements are to
be made. Introducing SFg via the mechanical ventilation system
of a building was found to be a good method for achieving quick
distribution and complete mixing of the tracer gas.

(3) The measurement of the background air change rate for the
superinsulated houses showed they are within the performance
range standards of Scandinavian houses. Both tracer gas and
blower door tests showed comparable results and confirmed the
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airthightness of these houses. Ventilation rates under other
operational modes were found to correlate well with figures
calculated from duct air flow measurements.

(4) The use of slot ventilators and adequate heating in control
houses was found to be a satisfactory means for reducing
condensation. However, the efficacy of this approach critically
depends on the way in which these ventilators are used by the
building's occcupants.

(5) Air change rates in the courtyard houses were found to be
within the recommended ASHRAE standard and the mechanical
ventilation systems were found effective in controlling the level
of ventilation required.
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ABSTRACT

When controlling the performance of a ventilation
system it is important to investigate how the system
works together with the building it ventilates. It is
the performance of the complete system which is of
interest, not its individual components. This paper
describes the use of a computer-controlled,
tracer-gas measuring system for controlling ventila-
tion systems.

By means of 4 measuring probes the condition of the
air at the intake, room injection, room extraction
and exhaust is registered. On the basis of these
results, the computer can calculate the efficiency
coefficients for the heat exchange, the percentage of
air being recirculated, the outdoor short-circuit
from exhaust to air intake and the percentage of
extracted air resulting from room injection.

On the basis of field measurements with the equip-
ment, the experience gained is discussed. In particu-
lar, it it interesting to see how large a percentage
of the air blown through the ventilation system into
the building is refound in the extracted air. Percent-
ages of 60-80% are quite normal. If only, for in-
stance, 60% of the injected air is returned, the
building will have an air change which is at least
1.66 times the performance of the ventilation system.

INTRODUCTION

Badly planned, badly made, badly regulated and badly
maintained ventilation systems are some of the most
frequently reported causes of problems with the in-
door climate in office buildings and dwellings. Lack-
ing or incorrect maintenance of ventilation systems
is probably the biggest problem of them all. Having a
service contract with a ventilation firm and an auto-
matics firm may be useful, but it does not ensure
that the ventilation system will work as it should
do. The measurements we made in buildings where the
ventilation systems were systematically maintained,
revealed such serious faults that it is questionable
whether the type of systematic maintenance carried
out today is worth the expense.

There are many answers as to why so many ventilation
systems work badly. One of them is simply that it is
difficult for the people working in the building to
discover the faults. Another is that the requirements
laid down for checking ventilation systems are very
limited. A third is that the people who look after
the ventilations systems are inadequately trained.

4,1



A way in which to improve the maintenance standard
for ventilation systems is to perform frequent mea-
surements on them. It is the performance of the com-
plete system which is of interest, not its individual
components. What is needed therefore is to check how
the ventilation system works together with the build-
ing it serves instead of controlling the individual
components in the system. Such a performance check of
the ventilation system does not distinguish between
the individual types of faults, as it concentrates on
the product which the system supplies. The results of
such a performance control can be:

- air changes for the building

- ventilation efficiency

- contamination in the injected air
- contamination in the extracted air
- temperature levels in the building
- energy consumption for ventilation

In this article we will describe computer-controlled

measuring equipment which can measure most of the
above parameters automatically.

MEASURING METHOD

For the measurement of ventilation systems we have
used one of the continuous air change measuring in-
struments from the Technological Institute. The only
thing that has been changed is the software, i.e.
instead of the normal program which controls the
measurement with "constant concentration of tracer
gas"”, a newly developed program has been installed
which is specially designed for ventilation systems.

The measurement is made where the ventilation unit is
placed, but is not made in the actual unit, only in
the inlet and outlet ducts. By using 4 probes, the
condition of the air in the ducts can be measured for
outdoor air intake, room injection, room extraction
and exhaust. As all the measurements are made close
to the ventilation unit, the equipment can be set up
very quickly and the time-consuming hanging up of
tubes and wires is avoided. The position of the mea-
surement points can be seen on figure 1.
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Fig. 1 Diagram of the ventilation system with the
position of measurement points.

The parameters measured are:

- quantity of injected air

- guantity of extracted air

- quantity of air recirculated through mixing dampers
- outdoor short-circuit from exhaust to air intake

- percentage of injected air in the extracted air

- temperature in all 4 ducts

- air humidity in all 4 ducts

- content of CO, in injection and extraction

- any other intéresting contamination components.

Tracer gas is used for the measurement of air quanti-
ties, recirculation percentages, outdoor short-cir-
cuit from exhaust to air intakes and percentage of
injected air present in the extracted air. IR
analyzers are used for the measurement of tracer gas
concentrations, contamination and humidity content.

On the basis of the parameters measured, the efficien-
cy of heat recovery, if any, can be calculated, and

it is furthermore possible to calculate a minimum
value for air infiltration in the building.
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Fach measurement probe has several functions as it
can dose tracer gas, collect air samples and measure
the air temperature. Due to the short distance be-
tween dosing and collection point, air samples cannot
be taken at the same time as the tracer gas is being
dosed at a point. The measurement of the individual
flow and recirculation percentages must therefore be
made in series. A measuring cycle can, for instance,
be divided into the following 5 steps:

1. Measure the quantity of injected air by first
measuring the concentration of tracer gas at
point 4, then dose tracer gas at point 3 and
measure the increase in the concentration at
point 4.

2. Measure the quantity of extracted air by first
measuring the concentration of tracer gas at
point 1, then dose tracer gas at point 2 and
measure the increase in the contration at point 3.

3. Measure the recirculation in the mixing dampers,
by dosing tracer gas at point 1 and measuring the
concentration of tracer gas in points 2, 3 and 4.
The concentration at point 4 will be a result of
the mixture of extracted air and outdoor air.

4. Measure outdoor short-circuit by dosing tracer

gas at point 2 and measure the concentration at
point 3.

5. Measure the percentage of injected air present in
the extraction by measuring the concentration of
tracer gas at point 1. On the basis of the known
quantity of injected air, recirculation in mixing
dampers and dosed tracer gas quantity, the mean
concentration of tracer gas in the injection can
be calculated. If the concentration of tracer gas
measured in the extraction from the room is divid-
ed by the calculated mean concentration in the
injection, the percentage of injected air present
in the extraction in obtained.

In order to keep the error margin to a minimum when
determining step 5, the dosing of tracer gas at point
3 must be controlled so that the injected air always
contains a constant concentration of tracer gas as a
mean over a cycle.

MEASURING RESULTS

The measurements were made in a 13-floor high-rise
building.
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The building had 96 dwellings each with 2 or 3 rooms.
The measurements were carried out in the northern
half of the building, serviced by a ventilation sys-
tem placed on the roof of the building. The ventila-
tion system injected air into the living rooms and
other rooms of the dwellings and extracted air from
the kitchens and bathrooms. The plant was equipped
with a heat- recovering system transferring energy
from the extracted air to the injected air. All chan-
nels from the ventilation system down to the flats
were on the outside of the building.

When the measurements were being performed, the wind
velocity was approx. 2 m/sec. and the outdoor tempera-
ture approx. -3 C. The measurements were carried

out while the dwellings were occupied and the occu-
pants could thus open both windows and interior doors.

The mean values for the volume flow measurements can
be seen in figure 2.

=Zior 2% Do sl
(E:\'J)‘r:i SRRy | a0
e | : HER el
o
\\\\\\\\\\\\\\\\\Y\\\\.\\\\
\ N N
k £ 3800 | { 31001
N N
N N
{ min. 1500 | { min. 2200 ]
N N
N N
N N

Fig. 2 Mgasured and calculated quantities of air in
m~/h of the 48 dwellings in the building.

The air change taking place in the dwelling which is
not caused by the ventilation system, is calculated

on the basis of injected and extracted volume flows

as well as the percentage of injected air present in
the extraction. For calculation purposes, the assump-
tion is made that all rooms in the building have the
same concentration of tracer gas as the one measured
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in the extraction. This assumption means that the air
change resulting from airing out the rooms is underes-
timated. In fig. 2 the quantities of air are there-
fore stated as minimum quantities of air.

Main data for the measurement were:
3

Injected volume flow full performance 5000 m3/h
half performance 2000 m™/h
Extracted quantity full performance 5700 mg/h
of air half performance 2600 m™/h
Recirculation in ventilation unit not measurable
Outdoor short-circuit not measurable
Percentage of injected air
in extracted air 59%
Mean air change for dwellings 5300 m3/h
0,61 ACH

Humidity injection 3.22 g/kg dry air

extraction 4.95 g/kg dry air
Amount of energy supplied for
injection air in ventilation unit 26,7 kW

Amount of energy recovered
from exhaust air in ventilation unit 17,0 kW

A discovery of the measurement was that the extrac-
tion fan receives approx. 10% of its air from the
control room or from the outdoor air duct in the
ventilation unit. Another by-product of the measure-
ment was that the unit was changed, because the heat
recovery was not as efficient as expected.

CONCLUSION

Tracer das measuring edquipment has proved to be very
efficient with regard to trouble-shooting in ventila-
tion systems, and it is also an efficient tool as a
basis for the evaluation of the indoor climate. In
addition to providing information about injected and
extracted quantities of air it also gives the minimum
value for air infiltration in the ventilated rooms.
When evaluating the indoor climate in a building it
is very useful to know how large a percentage of the
air change is due to the ventilation system and how
large a part to leaks in the climatic shield and the
rooms being aired out. In the building measured the
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ratio was approx. 60% to the ventilation system and
approx. 40% to leaks and rooms being aired out.

The measuring equipment makes it possible to evaluate
the quality of the injected air as regards the contam-
ination, humidity content and temperature. The load

on the building can also be assessed by looking at

CO, CO.,, humidity content and temperature in the
extrac%ed air.

One of the disadvantages of the equipment in its
present form is that it measures on the whole ventila-
tion system, and therefore does not give much informa-
tion about how well the flow is adjusted for each
room.

The question of whether this type of measuring equip-
ment is the best suited for performance control is
difficult to answer. Today we only have limited expe-
rience with how much time a measurement takes and how
expensive it is to perform a measurement.

The principle of carrying out performance control of
ventilation systems is a very efficient control. It
should therefore be made on all new systems before
they are delivered. For larger systems, function
control should also be made at frequent intervals as
a monitoring of the operation of the system.
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PREFACE

Ventilation of buildings proceeds from actual ventilation due to applied ventilation-
facilities in conformity with the standards and regulations, and from unaware
ventilation due to cracks and seams in the building envelope. This uncontrolled
air-exchange can substantially influence the total ventilation and can therefore result
in problems.

The capacity of heating-installations have become considerably small as a result of
increased thermal insulation of buildings. Due to this it is quite possible that the
installation can no longer provide the required indoor-climate at a too large
undesirable infiltration of outdoor-air under extreme outdoor-climate conditions.
There is hardly any capacity left to deal with these unexpected interferences.
Besides, excessive outdoor-air infiltration leads to extra energy consumption
because the air in winters must be heated, and, in complete air-conditioned buildings,
air in summers must be cooled. This excessive infiltration can interfere with the
aimed ventilation of rooms via ventilators, flap-windows and mechanical systems.
There is also a higher risk for damages by condensation at concentrated leakages.

The previous motivates the setting of a (maximum) limit to the airtightness
requirements in The Netherlands. Since 1982, the Rijksgebouwendienst have made
demands into practice on the minimal airtightness of building fagades. These demands
were formulated according to the NEN 3660 and NEN 3661: "window frames - air
permeability, rigidity and strength - methods of test, requirements".These standards
contain product-requirements for the texture elements of the buildings envelope, such
as lower fronts of buildings, windows and doors, and therefore have no (direct)
regard to the in the practice occurring airtightness of the building envelope as a
whole.

The joints between the several texture building elements play an important role for
the airtightness of the complete envelope. However, the demands in these standards
are being reconsidered at the moment.

Based on guide-lines formulated by the Rijksgebouwendienst, a standard is being
prepared in which demands on airtightness of the complete building envelope in the
practice will be formulated, This implies that an evaluation measuringsprocedure is to
be prescribed. The application-field of these new norms concerns primarily the
utilitarian buildings, such as office buildings.

Meanwhile, two draft standards for dwellings (or all buildings intended for occupa-
tion) have been prepared. (NEN 2686 and NEN 2687 concerning measuringprocedure,
respectively requirements) The demand for dwellings (or buildings intended for
occupation) merely involves a net airvolume- current at a destinct pressure
difference between the building and outside. On account of this, a rough indication of
the construction quality is given in relation to the chosen ventilation system.
Interpretation of the ventilation system to the energy consumption requires
knowledge of several aspects such as distribution of airtightness over the envelope,
the ventilation system and the distribution of temperature in the building.

The standards with regard to the utilitarian buildings as well as the standards for
buildings intended for occupation, merely state a minimal required quality: in which
manner this should be realized is not stated. Naturally, the airtightness will for a
large part depend on the attention, which has already been paid in the design proces to
an airtight detailing.

After this the guide-lines for fagades operated by the Rijksgebouwendienst (The
Government Buildings Department) as well as the measuring-procedure as an
evaluation of those in the practice will be dealt with. Fifty airtightness-measurings in
thirty government buildings have been carried out in the period 1980 up to 1985. The
measurements have been evaluated.
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The measuring-procedure operated so far by the Rijksgebouwendienst is an evaluation
of the quality of the fagade by means of a random test: a representative considered
fragment of the fagade, mostly a repeating part is tested. This procedure should be
carried out in an as early as possible stage, so that systematical errors can be
determined.

Beside this, evaluations in problemsituations can be carried out afterwards. The use
of infra-red thermografy as an aid has been researched to achieve a qualitative and if
possible, quantitative indication of airtightness(distribution) of the complete building
envelope. The results of this thermografical research, which is combined with
architectural research on the spot, are dealt with in paragraph 7, 8 and 9.

GUIDE-LINES OF THE RIJKSGEBOUWENDIENST

The Rijksgebouwendienst have, so far, set demands on airtightness of fagades as a
whole as well as average airtightness of cracks and seams separately. The
requirements formulated for airtightness of fagades as a whole are decisive. The
requirements on cracks and seams (this is the space between construction parts
which are meant to be able to move in respect to one another) differs from the
product demand in the NEN 3661 in that it may not conflict with the demand on the
fagade as a whole. This means that buildings with a large crack length per m? fagade
have an increased reqz uirement on the airtightness of the cracks/seams. (limit-value
of 0,6 m! seam per m“ outdoor-surface).

The requirement on the fagade was set at that time according to the standards NEN
3660 and NEN 3661. This implies that the following is considered acceptable: 'the
situation, in which during one hour a year at the most, an amount of outdoor air gets
in through cracks and seams which is equal to or lager than the desired amount of air
necessary for ventilation'.

In the derivation of the requirements on fagades as a whole, we started from a
standard office, in which in case of a single room there is question of an average
outdoor-surface of 8,4 m2 and in case of rooms for more than one person, the
outdoor-surface varies form 4,0 to 4,7 m2. At a minimum amount of ventilation of
9,7 I/s a person (= 3,5 m3/h a person) in terms of fragrance hinder, a minimum
ventilation necessary is found varying form 1,2 to 2,4 l/s.m2.

According to the starting-point of the NEN 3661, these amounts serve as a model for
the admissable infiltration (amount) at a distinct pressuredifference over the fagade,
the so-called evaluation-pressure. At the starting-point of exceeding a maximum of
one hour, the evaluation-pressure is co-determined form wind-velocities, which at
certain heights at a maximum of one hour a year are exceeded.

An admissable airtightness of the fagade of 1,8 I/(s.m2) at evaluation-pressure has
been determined to set a uniform demand on grounds of economical considerations.
This requirements applies to fagades with parts that can be opened. A slight
airleakage for completely sealed fagades is believed in practice to be reasonably
attainable so that a more aggravating demand can be used: 0,5 1/(s.m2) has been
chosen as a first, naturally arbitrary, criterium.

A distinction in demands for fagades with openable elements and entirely sealed
fagades is not relevant on grounds of the chosen starting-point: the same admissable
volumecurrent applies for both. Aggravating the demand for sealed fagades cannot be
motivated on grounds of economical considerations. Buildings with completely sealed
fagades, however, will mostly be entirely (air)-conditioned, so that aim at slighter
airleakage is advisable in terms of interference of the installation. Concerning the
preparation of a Duth standard, this subdivision is still up for discussion with regard
to the airtightness of the entire building envelope.

The guide-lines of the 'Rijksgebouwendienst' will link up to this new standard.
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The present-day guide-lines of the 'Rijksgebouwendienst' have been evaluated to find
out to what extent these can be realized in the practice. This was done on grounds of
an evaluation of 50 airtightness measurings in the pratice carried out by the
'Rijksgebouwendienst' in the period of 1980 up to 1985. The conclusions which were
drawn are dealt with in paragraph 3.

MEASURINGPROCEDURE AIRTIGHTNESS OF FAGADES

The procedure used by the 'Rijksgebouwendienst' for determining the airtightness of a
representative esteemed fagadefragment, is in principle as follows: an airtight
pressurechamber is placed on the inner-side of the construction up for testing. The
sealed experimental room is brought to a certain over- or underpressure by means of
a ventilator. The pressure difference of the experimental room and the
outdoor-climate as well as the air quantities supplied and drained are registered. The
netammount of m° air is determined by measuring the pressure difference over a
measuring-flance assembled in the air supply hose. The Afdeling Bouwfysica of the
Rijksgebouwendienst use two slanting tube manometers (pressure-gauges). In
preparation of the measuring, the airtightness of the room's walls are checked and a
short pre-pressurization is carried out according to the testprocedure for
fagade-elements in the NEN 3660. Pressure is built up gradually when determining the
airtightness of the fagade-element. The testing takes place at overpressure as well as
underpressure. If the measurements show that the fagade does not meet the demands,
another closer investigation for air-leakages in the fagadeconstruction takes place.
The measuringprocedure is repeated after sealing the (possible) leakage. The average
airtightness of cracks/seams is also determined in that manner. The measuring is
mostly concluded by the conducting of a smoke-experiment. The most important
airleakages can be localised by placing a smoke source and the airtightness of the
pressure chamber can be evaluated in comparison with the tested fagadefragment. A
quantitative evaluation on grounds of withdrawing smoke quantities is naturally not
possible.

EVALUATION OF MEASURING AIRTIGHTNESS IN PRACTICE

Table 1 shows an overall picture on airtightness measurements with fagades in the
practice, conducted by the Afdeling Bouwfysica of the Rijksgebouwendienst in the

period of 1980 up to 1985. On ground of these results, the following conclusions are
drawn;:

The current guide-line of 1,8 |/(s.m2) for fagades with openable elements at a
well-considered specification of the sealing of cracks/seams and a careful execution
in the practice as well is stated to be easy to realize if airlosses through leaks in the
testroom walls to other rooms in the buildings are taken into account. Almost all
investigated projects during the execution-stage appeared to be able to meet the
requirements, although this was realised after dealing with the matter. The extreme
benefit of airtightness measurings in an early stage of the construction is therefore
emphasized; problems occuring later can be solved at an early hour.

In general it is concluded that in case the fagade does not meet the requirement, the
cause must mostly be searched in a insufficient sealing of the cracks/seams, where
the joints of the fagade-elements and the surrounding buildingconstructions are.
Especially the joint of the window-frame and the surrounding masonry and in
particular the joint of the bottom rail on the parapet is a regular noted leak. It has
also appeared that seams cause problems more often than cracks.
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From the measurements, it appears that the airtightness of cracks at evaluation
pressure vary from 0,04 1/(s.m1) to 2,46 1/(s.m1) with an average of 0,95
1/(s.m1) (excepting the 'Belastinggebouw' in Haarlem and the 'Gerechtelijk
laboratorium’ in Rijswijk: here no sealing was applied).

It is also stated that the current requirement can simply be met aithough the
airtightness of cracks has been determined seperately in a limited number of
measurings. It has appeared from experience that most critical constructions,
concerning crack-sealing, mostly sash-window, can meet this requirement. Besides
this, it is stated that a requirement for cracks of 2,5 I/(s.m1) in the draft version of
the NEN 3661 (august 1986) will be copied. Therefore the current guide-line of the
‘Rijksgebouwendienst' can be maintained or a reference to the new version of the NEN
3661 can in due time be enough.

An airleakage of maximum 0,5 l/(s.m2) in the practice is in fact realizable for
buildings with entirely sealed fagades. This is concluded from the measuremenits,
taking into account the aircurrent from the testroom to other rooms in the building.
Same as with the fagades with openable elements, it has appeared that insufficient
sealing of the seams mostly leads to dramatical consequences for the airtightness of
the fagades as a whole.

With regard to the requirements to the airtightness of seams in the practice, it is
concluded that an (average) quality reguirement per m! seam is not manageable,
since the in the practice occuring problems when determining the active seamlength
and the interpretation of the definition : seam.

Besides, it is not relevant to set a requirement to the average airtightness of all
other leaks, mostly seams, since the requirement to the airtightness of the fagade is
representative and that also a seperate reguirement to cracks is set. It is
recommended to prevent concentrated airleakages in terms of human comfort and risc
for local condensation.
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le Peva. Q¢ Cs Qc
Rijksinkoopbureau Zwolle 0,53 150 2,2 76 -
Belastingkantoor, Assen 0,46 150 1,8 62 -
(after sealing) 0,6 22 -
Rijkspolitie, Waddinxveen 0,35 150 0,7 24 -
CBS, Heerlen 1,08 200 1,0 29 0,48
Min. O&W, Zoetermeer 0,65 200 3,9 115 -
{after sealing) 1,5 44 -
(after sealing) 0,5 15 -
Belastinggebouw Haarlem 0,64 200 8,4 247 7,39
Min. O&W, Zoetermeer 0,70 200 0,6 18 -
Rijkskantorengebouw, Lelystad 0,85 200 4,1 119 -
(after sealing) 1,2 36 -
Min. Bu.Za., Den Haag 0,23 200 4,1 120 -
(after sealing) 1,1 33 -
R.S.G., Steenwijk 1,22 150 2,6 91 0,11
Topografische Dienst, Emmen 0,99 200 3,5 101 -
(after sealing) 1,3 38 -
Belastinggebouw,Haarlem 0,33 200 2,6 75 -
Belastinggebouw, Hoorn - 200 2,6 75 -
Gerechtelijk Lab. Rijswijk 0,70 200 8,8 259 5,38
(after sealing) 2,2 64 -
C.B.S,, Haarlem - 200 4.4 - -
Rijkskantorengebouw Eindhoven 0,78 200 2,2 64 0,04
G.AB,, Lisse 0,50 150 20,9 740 -
(after sealing) 4,0 142 -
Gerechtsgebouw, Breda 0,98 150 4,1 144 0,25
(after sealing) 2,0 70 1,16
Nieuwbouw P.T.T., Krommenie 0,23 150 1,0 37 1,70
Rijkspolitie, Den Bosch 0,22 150 2,5 90 -
R.P.A., Alkmaar 1,14 150 5,1 180 1,10
R.S.G,, Epe 0,69 159 4,1 144 2,46
R.S.G., Enkhuizen 0,30 150 30,6 1085 -
(after sealing) 8,2 292 -
Rijks Inkoop Bureau, Zwolle 0,33 200 3,7 107 -
R.S.G., Harderwijk 0,31 150 2,4 85 1,33

Table1  Measurements of buildings with openable elements.

Symbols:

le mean crack lenght per m? facade (m1/m2)

Peva. evaluation-pressure (Pa)

Qy net airvolumecurrent per m?2 fagade at evaluation-pressure (I/(s.mz))

Cs "C-coefficient” ,air-leakage per m? facade per Pa pressure difference
(/(s.m2.PaZ/3))

Q. net airvolumecurrent per m! cracklength at evaluation-pressure

(/(s.m))
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Peva. Qf Ct
Koninklijke Bibliotheek, Den Haag 200 1,0 30
Centraal Belastingkantoor, Utrecht 250 1,4 36
Min. Bi.Za., Den Haag 250 3,4 86
Nieuwbouw Ac. Ziekenhuis, Leiden 250 0,5 12
Rijkswaterstaat, Den Haag 250 2,8 70
(after sealing) 0,7 18
R.LV.M,, Bilthoven 200 6,9 202
(after sealing) 23 87
W.V.C.-A, Leidschendam 200 10,1 296
(after sealing) 7,9 230
W.V.C.-M, Rijswijk 200 19,5 570
(after sealing) 17,7 517

Table 2 Measurements of fagades without openable elements.

Symbols:

Peva. evaluation-pressure (Pa)

Qs net airvolumecurrent per m2 fagade at evaluation-pressure (I/(s.mz))
Gt "C-coefficient" ,air-leakage per m?2 fagade per Pa pressure difference

(l/(s.mz.Pa2/3))

Fig. 1 Airtightness measuring in practice; equipment of the Rijksgebouwendienst.
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5.1

INFRA-RED THERMOGRAPHY

Infra-red thermography, in short: thermography, is based on detection of longwave
radiation sent out by solid bodies. A difference is made between absolute and
differential thermography. Surfacetemperatures can be read directly by means of
absolute thermography, differential thermography visualizes temperature-
differences on surfaces. As a result of difficult conirolable measuring circumstances,
application of thermography in analysing building constructions mostly refers to
differential thermography. Infra-red thermography must also not be confused with
infra-red photography. Radiation can be visualized as well by means of infra-red
photography, however the wave-lengths for which photografic material is sensitive,
are much shorter. This implies that infra-red photography can only be used if solid
bodies have a relative high temperature (of more than 250 °C), or if radiation from a
radiator with a high temperature (for instance the sun 5000 K) is reflected. We shall
not go further into the maiter of infra-red thermography technics (recording,
videoamplifying, display).

Figures 2 and 3 show the recording of a construction part with visible light and
infra-red thermography respectively. The local white discolorations in the thermo-
graphical recording are higher surface temperatures.

Fig. 2  Visible light recording of af construction part.

THERMOGRAPHICAL RESEARCH IN AIRTIGHTNESS

Introduction

In the beginning the application of thermography was primarily focussed on examining
retrofit-projects. Inspections were carried out during retrofit or afterwards by
means of thermography. Two types of temperature differences were regularly

noticed when carrying out the thermography and its pre-discribed objective:

- differences regarding the conduction of the construction (thermal bridges)
- differences as a result of airleakage
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Fig. 3 The same building part shown in figure 2 as a thermografical recording.
The local white discolorisations in this recording are higher surface
temperatures.

Thermographical analysis of a number of buildings with problems with regard to
airtightness showed, if the building is brought to a slight overpressure, infra-red
thermography could possibly be used for detecting airleakages. From this a
pre-investigation started to the applicability of infra-red thermography for detecting
airleakages.

Research objective
The research has two objectives:

- Utility of infra-red thermography for detecting airleakages.
evaluation of the ability to detect differences in airtightness.
evaluation of the ability to distinguish differences in airtightness from all other
causes of temperaturedifferences by means of this method.
formulation of the conditions in which the method can be succesfully applied.
research in possibilities to quantify airloss on grounds of thermographical
recordings.

- Architectural evaluation of the detected dificiencies
systemize the detected deficiencies according to cause and location in the
construction of the building.
On grounds of this, development of architectural recommendations to prevent
problems with airtightness.
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5.2

6.1

6.2

6.2.1

Research procedure
The research consists of 3 parts:

- Thermographical research of 11 (eleven) officebuildings,

- Architectural research of the reported temperature differences,

- Airtightness tests accordingly to the procedure described in 2, combined with
thermography, of a fagadefragment at three of the researched buildings.

The thermographical research in the eleven buildings was aimed at locations on the
building surface wich seemed to be airleakages. In the architectural research is
determined whether there is a question of airleakage at the distinct locations.
Furthermore is determined how leakages occur and if no airleakage is the cause of the
temperature difference: Wat is ? The thermographical recordings contain quantitative
information on temperature differences on the facade. Researched is whether it is
possible to calculate the leaking volume current from this information. Therefore
airtightness tests have been carried out together with thermographical analysis.The
results of airtightness tests contain the absolute airlosses through a fagade element
at a distinct pressure difference between indoor and outdoor. The thermography,
which is carried out at the same time, supplies information on the involved
temperature differences. The connection between both is examined.

THE RESEARCH
Building selection

Eleven buildings were selected from all governments buildings for this investigations.
All buildings were thermographically researched. From the buildings researched in
this manner, 3 buildings were selected. Here an airtightness test was carried out
together with thermography.

Thermographical research

The thermographical research was focussed on detecting different tempera-
ture-differences on each building surface. it was therefore not necessary to investi-
gate the entire building. Only a few smaller buildings were almost completely investi-
gated at the outside. In most buildings also an investigation was carried out at selec-
ted locations on the inside. The thermographical recordings were recorded on
video-tape during the investigation and then worked out in a report wich contained
selected thermogrammes for architectural research.

Only those recordings were worked out where the temperature differences were
interpreted as airleakages. The distinguish between temperature differences as a
result of airleakage and other temperature differences was made on grounds of the
type of difference in the thrmogramme and the location on the construction.

Circumstances during thermographical analysis
Before carrying out the thermographical research, several requirements were set
with regard to measuring period, difference between outdoor- and indoortemperature

and wind-velocity in connection with pressure difference over the fagade.

- The measuring period.
The measuring period is in the second half of the night, so that temperature
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6.4

differences on the fagade surface as a result of difference in radiation during the
previous day can be avoided as much as possible. The analysis was stopped before
or around sunrise.

- Temperature difference between indoor and outdoor.
Because a difference between airtemperature indoor and outdoor must be available,
a requirement of minimum 10 K has been set. This has never been a problem during
the investigation. The difference has always been amply realized by increasing the
temperature in the building.

- Pressure difference over the fagade and windvelocity.

Windvelocity influences the pressure difference over the fagades. At higher
windvelocities, the weather-side has an overpressure and the lee-side an
underpressure. Therefore the thermographical visualization will differ from fagade
to fagade. Also temperature patterns if any, become blurred at high
windvelocities.

Many buildings have a mechanical ventilation system which makes it possible to
create an overpressure in the building. By creating an overpressure in the building
the influence of airvelocity is deminished. First the choice fell to measuring at low
windvelocities particularly in buildings wich have a mechanical ventilation
sytem to create an artificial overpressure. The presence of such a ventilation
system however was not a guarantee for sufficient pressure difference over the
fagade. In later investigations the expectable pressure difference was evaluated
first (as far as possible). Measuring at low windvelocity was chosen
whenever sufficient pressure build-up by the ventilationsystem was expected.

The architectural research

The report of the thermographical research was used as starting-point for the
architectural research. From this report detailed inspection of the construction of the
building was carried out. Parts of the construction were even dismantled if
neccessary. The dismantling was done as far as possible without damaging the
construction and within the available time (which appreared to be insufficient in
several cases). Especially those deficiencies which had literally deep-seated causes,
could not be inspected. Sometimes caretakers fear of doing destructive research
influenced the investigation. Furthermore in a number of cases the available
information on the buildingdrawings appeared not to conform with the reality. Details
were probably adjusted during the construction of the building and were not worked
into the revision-drawings. The architectural research was held to search for:

- the cause of temperature differences,
- the architectural cause of detected deficiencies,
- information to remedy or prevent such deficiencies.

The results of the investigation was reported together with the thermograms made in
the thermographical research. A general report for the entire building was sufficient
at systematically occuring dificiencies.

Simultaneous measuring of airtightness and thermographical analysis

The airtightness of a fagadefragment was determined in three of the investigated
buildings. ‘Simultaneously thermography on the outside of the fagadefragment was
carried out. These thermographical recordings, made during the airtightness tests,
have been worked out quantatively. The concerning pictures, recorded on a video-tape
were digitized for a quantative working-out. Calculations can be performed with this
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digitized picture on the screen. The surface, the average temperature difference and
the integral of product of temperature difference and surface have been calculated for
guantative evaluation of airleakage patterns.

7 ABILITY TO DETECT AIRTIGHTNESS DEFICIENCIES WITH THERMOGRAPHY
7.1 Recognizing of temperature differences

Only the temperature differences which according to the interpretation are connected

with airlakeage are mentioned in the thermographical research reports. Almost all

these probable leakages have been architecturally examined. One or two locations for

research were sufficient with systematically occuring temperature differences. If no

airleakage could be found, other reasons for temperature differences were looked for.

Other possible reasons might be:

- a local higher indoor temperature,

- a thermal bridge,

- an insulation deficiency.

The last possible cause for temperature differences has not been detected. The

number of reported differences and the number and percentages of the causes

mentioned above are listed in table 3.
building number of  air- thermal increased unknown

differences leakages bridges Ti
number % number % number % number %

WVC-M, Rijswijk 9 7 78 2 22 - - - -
Belastingkantoor, Alphen 12 8 67 1 8 1 8 2 17
Centr. Belastingk., Utrecht 17 9 54 - - 4 23 4 23
WVC-A, Leidschendam 8 6 75 - - 2 25 - -
WVC-B, Leidschendam 7 4 57 3 43 - - - -
Luchtmachtstaf, Den Haag 20 19 95 - - - - 1 5
Rijksluchtvaartschool, Eelde 17 8 47 - - - - 9 53
RIB, Zwolle 15 7 47 4 27 2 13 2 13
Rijksbel., Amstelveen 11 9 82 1 9 - - 1 9
Kantongerecht, Amsterdam 13 5 38 1 8 4 31 3 23
RKG, Zwolle 14 14 100 - - - - - -

7.2

Table 3 Distinction of the detected temperature differences with the detected
causes.

About 67 % of the reported differences from the thermographical research appeared
to be caused by airleakages. In 14 % of the differences the cause remained
unexplained and 18 % appeared not to be the result of airleakages.

Detection of airtightness deficiences
If all locations of airleakage in the investigated buildings indeed have been detected
cannot be evaluated correctly from this investigation. It would be necessary to make

an inventory of the buildings in a complete other manner concerning airleakage. If
circumstances for thermographical research are favourable, one can start form the
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case that also small airleakages can cause temperature differences. In such
circumstances, systematically occuring deficiencies will hot be missed. Once-only
occuring airleakages can be missed easily. However these are of less importance in
the whole airleakage of a building.

ABILITY OF QUANTIFICATION OF AIRLEAKAGE
Theory

In the research for possibilities of thermography for quantification of airleakages
three flowtypes are distinguished in possible airleakages:

- free flow,
- unilateral limited flow,
- flow to a cavity.

The following theoretical approach has been set up for the flow-principle to a cavity.
A steady state situation is presumed. The temperature of the air flowing into the
cavity is supposed to be equal to the indoor-temperature Ti. The heat-current
inwards is neglected, which is justifiable when there is insulation material on the
outside of the inner cavity wall. This is mostly the case. The air flowing from the
leakage releases its heat to the outer cavity wall and through the outer cavity wall to
the atmosphere. At some distance from the leakage the temperature of the air flowing
from the leakage reaches the same temperature as the cavity-air. In its turn this will
almost be equal to the temperature of the outer cavity wall. As a result of the
airleakage an increase in heatflow through the outer cavity wall develops on a certain
area, which can be detected as a higher surface temperature. This additional
heat-current Qad can be phrased as foilows:

Qad = a.(Ta-To).A

Where:

o the sum of the transfercoefficient for convection and radiation between
atmosphere and outer cavity wall (W/m2.K)

Ta the average temperature of the temperature differences (K).

To the temperature of the outer cavity wall with no airleakage (K).

A the surface of the temperature differences (m2).

The airflow that enters the cavity supplies this heat. The additional heat-current can
therefore also be phrased as:

Qad = V. c. (Ti-To)

Where:

\ the volumecurrent (flow) of indoor air (m3/s).
c volminous heat capacity of air (J/m3.K).

Ti  the temperature of indoor air (K).

To the temperature of the outer cavity wall with no airleakage (K).

From both equations follows:

V= (0..(Ta-To).A) / (c.(Ti-To))
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The integrated temperature difference (Ta-To).A can be deduced from the
thermogramme. The transfercoefficient can be estimated from the windvelocity and
-direction. The temperature of the outer cavity wall can be determined with a
contactthermometre, or with thermography apparatus with regard to the
airtemperature. So the volumecurrent of the air flowing from the leakage can be
deduced from the integrated temperature difference and additional data. This approach
is reasonable if the heatresistance from the cavity outwards is smaller than the
heatresistance from the cavity inwards.

With heavier outer cavity walls the final temparature of air flowing outwards is not
equal to that of the outer cavity wall, and the additional heatcurrent inwards can also
be larger. Also if the air from the leakage reaches outside with a temperature which
is higher than that of the cavity air this appraoch is not applicable because the amount
of heat reaching the outdoor air remains unknown.

When airleakage is of the ‘free-flow type', at low velocities there is a connection that
makes calculation of airflow possible. The connection is lost at increased airvelocity.

A theoretical deduction for unilateral limited flow has not been further developed
within the scope of this pre-investigation.

Quantification from thermographical recordings

The thermographical recording is recorded on analogue video-tape. This tape can be
played on a video-recorder connected to a computer. Every recording can be digitized
and drawn into memory-banks of the computer. The digitizing occurs in a capacity
that no detail recorded on the original tape is lost. Once the picture is available in
numbers, calculations can be performed. One possiblity is classifying the numbers
represented in the picture. Every class has its own colour, up to six colours plus
black and white, each colour representing a temperature range. A reproduction can be
made my means of a colourprinter.

Thermographical recordings have been made at each step in the increase of pressure
during the airtightness tests. The integral of temperature times surface has been
calculated in these recordings. A reference should be available when comparing
different recordings because they only reproduct temperature differences with
regard to an adjustable level. The temperature of the reference may not be influenced
by occuring airleakages. A number concerning the airloss through the fagade part can
be deducted from the quantative working up of two pictures recorded in different
pressure situations. Quantification of airleakage can only be carried out for buildings
with mechanical ventilation while at least two recordings at different pressure
situations are neccessary.

The previous mentioned deductive formula is used for calculation of the airflow
through the facade. It is assumed that all air flowing from the leakage releases its
heat to the construction before mixing with the open air. Naturally this is an
approach. The calculated airloss undervalues the actual airloss. The amount of
calculated flow will be equal to or smaller than the actual flow while free-flow and
unilateral limited flow is underestimated.

In figure 4 and 5 there are graphs in which the airflow by measuring is plotted
together with the calculated values according to the previous described method of
thermography.
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10.

1

ARCHITECTURAL ANALYSIS OF AIRTIGHTNESS DEFICIENCIES

A systematical framework has been developed in which the detected deficiencies from
the architectural research according to location and number, together with potential
additional information can be classified, in aid of architectural analysis. (Figure 6)

A classification in open and closed elements of the outside wall was chosen. This
classification is almost analogue to primary and secondary elements according to the
Sfb classification. "The secondary elements in outside walls (Sfb 31) are windows,
doors and window-frames, made of wood, steel, aluminium or synthetic material,
applicable in outside walls of buildings." This classification offers prospects to
unequivocally indicate airleakages at three locations on the building surface:

- in the open fagade paris,
- on the deviding line of open and closed fagade parts,
- in the closed fagade parts.

Furthermore a distinguish was made in the following types of deficiencies:

- Design deficiencies.
Design deficiencies originate in the planpreparation- and materialization phase of
the building. Often insufficient insight in the manner in which airtighiness must be
accomplished is the cause of this. Beside this, wrong choice of materials can result
in airtightness deficiencies.

- Construction deficiencies.
Deficiencies during the construction often originates from neglect or carelessness.
There is a relation, however, between complexity of specification and chance of
construction deficiencies. Many joints or different materials for instance in a
construction detail increases the danger of construction deficiences.

- Maintaince deficiencies,
Deficiencies during maintainance of a building can aiso cause insufficient
airtightness. These deficiencies can be summarized as overdue or not systematic
maintainance.

Naturally this distinguish is somewhat arbitrary. An incorrectly sealed joint can be
the result of an incorrect tolerance during the design, so that maintainance problems
originate sooner than expected. An incorrect chosen sealing during the design can give
problems with attachment during construction etc.

CONCLUSION AND RECOMMENDATIONS

Use of thermography for detection of airtightness deficiencies in
buildings.

- The circumstances for thermographical research, as set in this pre-investigation
(see 6.2.1) seem to be satisfactory.

- About two/third of the temperature differences wich were interpreted as
airleakages indeed showed to be caused by airleakage. Hereby the cause of 14 % of
the differences is still unexplained. If all locations of airleakage will be detected by
thermography cannot be evaluated correctly from this investigation. Nevertheless
thermography is very useful in qualitatively examining airleakage of a whole
building envelope.
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- From quantitative working-out of two thermogrammes taken under different
pressure-situations, an estimate can be made of the airloss trough a fagade-part.
This calculated airloss underestimates the real airleakage. For performing this
calculation the following extra information is neccessary:

pressure-differences over the fagade-part,

in- an outdoor airtemperature,

windvelocity and -angle.
Results of airloss calculation by means of thermography as this moment are not
satisfactory. Only when calculated airlosses are less than according to the
guide-lines they are useful.

- It deserves recommendation to detect airtightness deficiencies supported by
thermography, especially with large and complex buildings. By means of
thermography, it is relatively easy to qualitatively examine the entire envelope of
the building, which is otherwise impossible or extremely expensive. After
this, on grounds of thermographical recordings, specific architectural research
or airtightness tests can take place. Guide-lines for an eventual standard research-
or evaluation procedure are as follows:

analysis of building-drawings with regard to critical construction details.
decision for qualitative application of thermography on grounds of this analysis.
analysis of thermographical recordings on locations and frequency of air-

leakages.
specific inspection by means of architectural research and/or airtightness
measurements.

10.2 Recommendations on grounds of architectural research

- For an important part the detected deficiencies can be explained by lack of
knowledge. Prevention of airtightness deficiencies starts with instruction and
education. This applies to all three types of the detected deficiencies (design-,
construction- and maintainance deficiencies). Some elements of instruction and
education are mentioned:

principles of reliable airsealing,

systematical errors often have serious consequences for an entire project,
influence of wear of sealants on airtightness,

aged and mudhaven sealings besides waterleakage often also have airleakage.

- The following recommendations can be menticned on grounds of the detected
deficiencies which cause lies in the phase of the building design.

Extra attention should be paid to prevention of airleakages when considering
'special' detailing in fagades, especially with in- or outdoor ceilings which hide
fagade-parts.
The appliance of hollow window-frames or window-profiles and concave
‘cope-laths' can give cause to airleakages at unexpected locations when poorly
sealed.
The manner of sealing of window-frame systems should be chosen, next to all
other requirements, in view of airtightining.
At unsuspectable (small) openings in fagades, airleakages can easily originate.
(for instance a small opening for operation of sun-blinds)
It is recommended to carefully evaluate a design on airtightness, for design
deficiencies often display systematical characteristics. Problems with
airtightness occur therefore in the entire building, and not in an incidental
detail. Costs of adjustments afterwards often are considerable.



It is desirable to pay attention to critical details with regard to airtightness during
the construction. So-called ‘forgotten' and incorrectly placed sealings might be
decreased by instruction of the constructional workers and the constructional
foreman.

It is desirable that the management and maintainance of buildings refers to
preservation of airtightness. Systematic maintainance implies regular inspection of
sealings of cracks and seams.

The classification of airtightness deficiencies used in this research deserves the
recommendation to further develop such an instrument. In this way information is
easily transferred and interpretable. At the same time it is an instrument to
advance knowledge build-up on airtightness deficiencies.
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SYNOPSIS

Measurements of the air temperature and air velocity
were carried out in four buildings without air-condi-
tioning using a newly developed anemometer whose
sensitivity allows the examination of the dynamic
behaviour of air movements. Recent results describing
the physical reasons of draft problems were employed
in order to re-examine the correlation between air
movements and draft problems in a building. From the
resulting evaluation criteria follows that besides,

the environmental temperature and the mean air velocity,
the magnitude of the turbulent fluctuations is impor-
tant. Measured with these criteria the air movements

of all buildings without air-conditioning lie within
the range of thermal comfort. The air movements in most
of the buildings with air-conditioning lie also in the
range of thermal comfort, however, almost half of the
values lie within the range of therxrmal discomfort or

in the transitional range. This result coincides al-
most entirely with the results from questionaires about
the thermal comfort in the tested buildings. The number
of complaints about draft problems is significantly
higher in air-conditioned rooms than in rooms without
air-conditioning.

BACKGROUND OF INVESTIGATIONS

The following has been stated in the frame of a German
represetative survey [1] : In air-conditioned buildings
there are significantly more complaints about discom-
fort and health problems than in not air-conditioned
buildings - and this clearly in relation with draft
phenomena. To verify this statement in field research,
ingquiries have been made in comparable collectives

in several buildings with and without air-condition and
simultaneously a physical analysis of the respective
indoor climate.

REALIZATION OF INVESTIGATIONS

Objects investigated and time of measurements

Researches were made in ten different buildings, partly
with repeated measurements at different times. Table 1
contains a list of objects, mentioning the equipment
with air-condition, the exact times of measurements
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Object measured with air-| without| Time of Outdoor
cond. air- measurement air temp.
cond. daily mea
value in °C
Bezirksamt Wedding
old and new buildg. x December 1983 0,5
Berlin
Bezirksamt Steglitz, b3 December 1983 0,0
Berlin July 1984 12,0
1. Oberschule Wil- b December 1983 =1,0
mersdorf, Berlin July 1984 12,0
Kopernikus Oberschul %
Steglitz, Berlin July 1984 14,0
Siemens~-Gymnasium, x March 1984 -1,0
Minchen
Sophie-Scholl-Ober- X
schule, Schodneberg, July 1984 12,0
Berlin
Grasser-Gymnasium, b4
Miinchen March 1984 -2,5
Arbeitsamt,
Heidelberg x x April 1984 6,0
Konzertsaal,
Milnchen X July 1984 17,0

Table 1:

Survey of objects investigated, mentioning measuring time
and daily mean value of outdoor air temperature.

The outdoor air temperatures were given by the German
Weather Service (Deutscher Wetterdienst).
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and the respective daily average values of outdoor tem-
perature. The indoor climate systems are in all cases
induction systems with ceiling air outlets. Most of the
measurements were made in offices and class rooms, in
one case in a big, air-conditioned concert-hall with
630m2 of basal surface and about 11m height.

The measurements were made during several periods
"typical" for climatization of rooms: winter (December
1983), transition time (March and April 1984) and
summer (July 1984). Basically the room s were tested
without occupation, in case of the concert-hall with
and without orchestra.

Measuring instruments used

Anemometer

To make an exact analysis of air movements in living
quarters, it is necessary to measure air velocities
with hdgh resolution, non-directional and fast, since
air movements are subject to permanent variations.
Until recently, non-directional measuring of air velo-
cities (not applying here) of O m/s to 0,5 m/s was
practically impossible [2] . The reason herefor was

a usually high temperature of the anemometer sensor of
more than 100°C. The self-convection produced with
downward current at a velocity of up to 0,1 m/s an
ambiguous (that is to say not useable) measuring signal
and compared to the ascending current not tolerable
differences of measuring signals (fig. 1, top). Only
with the developed anemometer working with comparative-
ly low sensor temperature of about 40° C [3] it is
possible to make non-directional measurements of low
air velocities (fig.1 bottom). In paragraph 3 it is
shown that especially fast changing of directions and
amount of air velocity are the physical cause of

draft phenomena. Therefore, a further essential re-
guirement to an anemometer is a short time constant.
The newly developed anemometer corresponds to this
requirement with a time constant of 10 m/s (fig. 2).

Air temperature measuring device

To measure the air temperature,; a customary resistor
thermometer was used.
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Figure 1: top: Calibration curves of a constant tem-
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c. 1400°cC.

bottom:Calibration curves of a newly develo-
ped anemometer heated up to
C. 4OOC, for ascending and downward
air streams.
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Figure 2:

Anemometer measuring signals registered
at the same time and at the same place
with differing time constant.

top: older anemometer same as in fig.1 top

bottom: newly developed anemometer same as
in fig. 1 bottom.
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Registration of measuring values and evaluation

In the tested rooms those spots were chosen for measure-
ment were persons stayed. In these areas measurements

of air velocity and air temperature were generally
taken in three levels above floor level:

0,2 m, about height of ankles

1,3 m, about height of head when seated

1,8 m, about height of head when standing.

For statistic evaluation of air velocity measurements,
the measuring signals are lead to a classifier and are
scanned - always during c. 5 min. - in intervals of
about 0,3 seconds. The relative cumulative frequency
per velocity class can then be read off.These are re-
gistered in a GauB probability paper (fig. 3, top).

In a GauB normal distribution of air velocity, the
entered measuring points must be in a straight line,
which was the case here. From the probability paper the
corresponding air velocity mean values (50 % values)
and the standard deviation (difference between 84 %
and 50 % value) can be read off. The quotient of these
two values is called turbulence intensity and in com-
bination with the average value is used to judge

draft phenomena (see par. 3). Both values are shown in
the diagram in fig. 3, bottom.

EVALUATION OF RESULTS

Aim of the present researches is an evaluation of the
stated air velocities with regard to draft phenomena.
As mentioned above, the mean value of air velocities
as well as the turbulence thereof are essential. This
is explicitly explained in [4] and presented briefly
in the following.

Evaluation of results considering mean value and tur-
bulence of air velocities

When evaluating the air velocity, we presume that
"draft" exists from the moment when the convective loss
of heat of man becomes as great as to be disagreable
and/or the surface temperature drops too low. From the
physical point of view, the convective surface-heat-
transfer coefficient and the surrounding temperature
are responsible herefor.

In the cited report [4], first measurements at a heated

artificial head with air stream to the front show a
parabolic relation between product of mean air velocity
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and turbulence intensity on the one hand and the con-
vective loss of heat (surface-heat-transfer coefficient)
on the other hand (fig. 4). Taking further into con-
sideration

- former exemplary indoor climate measurements in air-
conditioned offices and clean rooms, where, for 22°¢
surrounding temperature a maximum admissible surface-
heat-transfer coefficient of about 12 W/m“K was found
f4] (dotted line in fig. 4), as well as

- the heat balance equation for dry heat loss presented
in 41 ,

figure 5 can be derived. In this diagram there are -
similar to fig. 4, bottom - the maximum admissible
values of the convective surface-heat-transfer coeffi-
cient for the different surrounding temperatures (top
margin of fig.). The curves are hyperbola, since the
coefficients according to figure 4 are determined by
the product of turbulence intensity and mean air velo-
city (right margin in fig. 5).

A comprehensive presentation of all measuring results
and evaluation is shown on figure 6, top. By means of
the relation shown in figure 4, the respective convec-
tive surface-heat-transfer coefficients can be computed
from the values of mean air velocity and turbulence
intensity. In figure 6, top, the convective surface-
heat-transfer—-coefficients are registered with the
measured surrounding air temperatures. Distinction is
made between values measured in air-conditioned and
unair-conditioned buildings. Furthermore, an evaluation
curve is drawn, limiting the top of still comfortable
(free of draft) combinations of values. This curve is
easy to be derived from figure 5.

It is obvious that the values measured in unair-condi-
tioned rooms are lower than those in air-conditioned
rooms. In the "comfortable" range (below the limiting
curve) lie almost all values of unair-conditioned rooms.
Not quite half of the values of air-conditioned rooms
are in the "uncomfortable" range, many in height of the
limiting curve, some even higher. For unair-conditioned
the convective surface-heat-transfer coefficients TOOMS
ranged between 7 W/m2K and 10 W/m2K, average about

8,5 W m2K; for the air-conditioned rooms c. between

7 W/m4K and 15 W/m2K, average about 11 W/m2K. This
result coincides with the results of investigations

in the tested nine objects, saying that in rooms with
air-condition there are considerably more complaints
about draft than in rooms without air-condition.
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Complaints about draft, more freguent in summer, can be
explained by the aid of figure 6. Presuming that the
convective surface-heat—-transfer coefficients remain
basically independant of the season - the present
results are confirming this - the air temperature e.g.
18°C, the maximum admissible value of 6 W/mZK (fig.5)
is surpassed in any case. However, air temperatures of
18 © C in the area of air outlets must be expected in
summer.

Evaluation of results according to DIN 1946

The usual evaluation of air motions according to DIN
1946, part 2 [5] depends solely on the average air
velocity and air temperature. In figure 6, the measured
values and the evaluation curve according to DIN are
entered in a corresponding diagram.

It can be stated that the measured values in the range
of the DIN-curve, i.e. above 22°C air temperature, are
admissible - in accordance with figure 6, top. All
measured values with air temperatures below 22°C would
be "forbidden" according to the curve. Since almost
half of all measuring values are within this range of
temperature, the present DIN-evaluation curve does not
seem appropriate for practice. If the DIN-curve was
continued to the bottom with constant incline, almost
all measuring points would lie below the extended curve.
This would show a more optimistic evaluation than
following the curve in figure 6 top.

SUMMARY AND CONCLUSIONS

Measurements of air velocity and air temperature were
carried out in four objects with air-condition and in
six objects without air condition. The measurements
were made in 60 measuring spots, in the height of

0,2 m (ankle), 1,3m (head when seated), 1,8 m (head
when standing). A newly developed anemometer was used
here which especially permits to analyse air motions
regarding their dynamic behaviour. New test results
(some still to be completed) describing the physical
causes for draft phenomena were employed to examine
the causal correlation between air motion and draft
phenomena. Resulting evaluation criteria showed that
besides the air temperature (surrounding temperature)
and the temporal mean value of air motion, the turbu-
lence intensity as well is decisive for draft phenomena.



Measured with these criteria practically all air motiors
in buildings without air-condition are within the com-
fortable range. The majority of air motions measured in
buildings with air-condition is in the comfortable
range. Less than half of the measuring values are in
the uncomfortable range, many close to the comfort
limiting curve, some clearly above. This result coin-
cides with results of other investigations in the tes-
ted buildings, saying that in rooms with air-condition
there are more complaints about draft phenomena than

in unair-conditioned rooms. Other than these new crite-
ria of comfort, the valid DIN 1946 does not consider
temporal dynamic behaviour of air velocities. It must
be added, that g£/cording hereto, air temperatures below
22°C would not be admissible.

Further steps have to be taken to eliminate complaints
in air-conditioned buildings and from the present in-
vestigations the following conclusions can be drawn:

The criteria used up to the present for evaluation of
air velocities are incomplete.

The dynamic behaviour of air motions (turbulence) must
be taken into consideration.

Due to the physical test results, it seems more rea-
sonable to apply the convective surface-heat-transfer
coefficient than the air velocity as measuring unit
for evaluation of draft phenomena.

The physical investigations, including the dynamic be-
haviour of air motions in rooms, must be completed and
subtilized to confirm the provisional marginal comfort
values. To this aim also psycho-physical investigations
are required. Above all, there must be systematic re-
searches to find out whether draft phenomena are the
sole cause for complaints or whether other causes as
well (f£.i. minor air quality) have any influence.

From the technical point of view we have to find out
precisely whether the complaints are due to basic
deficiencies of indoor climate installations or,
whether the installations do not reach the desired
values i.e., whether they are badly serviced and
adjusted.
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Abstract

A simplified model of air infiltration has been developed at Lawrence Berkeley Laboratory, in
order to expand the use of air flow calculation techniques outside the field of research. The
validity of this program must be checked. Benefit have been gained from work dedicated to the
same problem in the field of building thermal analysis. Following this idea, a detailed
validation methodology is proposed. Progression in the complexity of the modelled structures,
use of high accuracy data are sine qua non to this task. Moreover, for a simplified model, an
approach based on Monte-Carlo techniques appears necessary. The validation of the developed
simplified model will be carried out by way of a joint research project between EPFL and LBL.
It is hoped that the validation procedure, proposed in this paper, will be used to validate other
air infiltration calculation techniques.



L. INTRODUCTION

Infiltration and ventilation are key factors regarding indoor air quality as well as
beeing utilized for heat transfer through a building. In the past few years, research efforts have
been made to acquire accurate knowledge about infiltration and ventilation in single-family
dwellings, and more recently in multi-zone buildings [1].

Following this idea, a wide variety of modelling techniques have been developed to
cope with the problems of estimating the hourly air exchange rates and flow rates inside the
buildings [2,3,4]. Unfortunately , these models are facing the same difficulties as the thermal
models were facing a few years ago: the lack of satisfactory validations.

Validation is the method of comparing model outputs with a reference and drawning
conclusions from this comparison. More specifically, one may be concerned with testing the
validity of a model's theoretical basis or its ability to reproduce observed physical phenomena.
In the field of building thermal analysis, only a few research teams has conceded a major effort
to define a coherent validation methodology [5,6,7]. Among them, Bownan and Lomas [5], as
well as Anand et al [6], sucessfully applied such a methodology to building thermal models.

It is the purpose of this paper to outline an adequate validation methodology for air
infiltration and ventilation computer programs. Special attention will be paid to the validation of
a simplified theoretical model, which has been recently developed at Lawrence Berkeley
Laboratory (LBL). A joint research program, focused on this topic and involving collaboration
of Ecole Polytechnique Fédérale de Lausanne (EPFL) and LBL, will be presented here.

2. CURRENT AIR INFILTRATION MODELS

A few authors have recently reviewed the different air infiltration techniques, which
have been developed during the past decade [2,3,4]. As in the field of building thermal
analysis, models vary principally in their complexity, hardware requirements and ease of use.

A convenient way of ranking models, proposed by Burch for building energy analyis
[8], can be transposed to the air infiltration problem. Burch suggests that models be
categorised according to the level of detail in the building simulation to be investigated. Three
levels are identified :

D The mechanism level
2)  The building level
3)  The housing level

Models which are able to handle the mechanism level can be used for prediction of air-
flow distribution inside the building. On the other hand, models which investigate the building
level, will only provide mean air exchange rates. Moreover, programs of the housing level, are
only able to model air infiltration characteristics at the level of the housing sector.

The more recent investigations of the Air Infiltration and Ventilation Center (AIVC) in
the field of modelling [4] has shown that all reported models belong to the first two categories.
The lack of huge air infiltration surveys, carried out on a statistically significant amount of
buildings, explain why there are no models of the third kind. Passive measurement techniques
[9], which could be a good way to obtain statistics of long term effective ventilation rates, will
certainly modify this situation in the future.
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1. Empirical methods

Technique Daza requirements Avantages Disadvantages
Air change Basic buildings -Ease of use - Does not provide
methods design details -No computing detailed
facilities required infiltration
predictions
Reduction of  Pressurisation test -Ease o use - Applies only to
pressurisa- data -No computing existing buildings
tion test facilities for which pressuri-
data required sation test data is
available
- Does not indicate
the effects of
weather, shielding
and terrain
conditions
Regression  Infiltration -Fairly easy to use - Only really
methods measurement applies to
data existing building
(wind and in which tracer
temperature gas measurements
records) have been performed.
-Give weather - Typical regression
dependent data are available
infiltration but they can give
predictions. very unreliable
-Can give results
reasonable
results.
2. Theoretical methods
Network - Building -Predicts air - Substantial data
models description distribution may be required
patterns. to describe flow
network.
- Surrounding -Determines - Considerable
shielding data. internal pressure computational
- Terrain roughness. distribution. effort.
- Flow path data. -Responds to
weather, terrain
and shielding
parameters.
-May be used for
combined air
infiltration and
mechanical
ventilation
calculations.
Simplified - Airleakage ~Offers a comprise ~ Until today only
theoretical characteristics between the applicable to
models of buildings. complexity of single zone
- Shielding data. network models structures.
- Terrain roughness. and the inaccuracy - Provides no infor-
of empirical mation on the
techniques direction of air

movement.

1.2

: Summary of the current air infiltration calculation techniques [4].




Figure 1 shows a summary of different calculation techniques of first and second level
as reported in Reference [4]. These techniques belong to two categories which are :

1)  The empirical methods
2)  The theoretical methods

Empirical methods are generally acting at the building level; theoretical methods on the
other hand handles at the mechanism level. In this paper, we will focuse out attention on the
second kind of methods, which are thought to closely correspond to the possibilities offered
by informatics today.

Current theoretical models are generally network models; they describe the building
as a flow network in which nodes represent zones of differing pressures, interconnected by air
flow paths.

The modelling process, therefore, results in a set of equations,which are completed by
the boundary conditions. The latter are given by way of pressure data, expressing the external
pressure action on the modelled building.

An iterative method is generally used to solve the system of equations. Reference 10
gives an example of a theoretical network model which uses the exposed approach. Figure 2

illustrates the network model employed to simulate air-flow distribution in a two story multi
family building, presented in the same reference.

Fig. 2 : Network model used to simulate air-flow patterns in a two story
multi-family building [10].
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The model parameters generally requested by the network approach are [4] :

- flow path distributions (external and internal)
- flow path characteristics

- building height

- internal / external temperature differences

- wind speed

- local shielding conditions

- terrain roughness parameters

- detail of mechanical ventilation systems

Several theoretical models address the complexity of air-flow in multi-zone buildings
[2], but the majority of them are written as research tools. The main challenge when
developing simplified theoretical models is to reduce calculation effort, in way to render this
method compatible with personal computers and expanding the use of air flow calculation
techniques outside the field of research. The forthcoming lines will be focused on such a
simplified model, recently developed at LBL [11], and will present this calculation technique.

3. SIMPLIFIED THEORETICAL MODEL

In order to simplify the air flow calculation procedure, following assumptions are
taken :

1) Itis first assumed that all permeabilities have the same flow characteristics
(same flow exponent).
2) A set of lumped parameters has been defined to describe the permeability
of the building.
3) Wind and stack driven air flows are calculated separately.
4) Overall air flows are obtained by superposing the two contributions
Three lumped parameters, which reflect the different permeability distributions of the

building's envelope and flow resistances inside the building are introduced. The envelope
permeability ratio epr is used to describe the horizontal air flow through the structure :

epr(¢) _ Dleezerwelage
Dtotal,mvclopc

Based on a parameter given by the German standard on heat loss calculation for
buildings the vpr ratio for the permeabilities from one floor to another and the overall
permeability of the building envelope, has been introduced in order to describe the vertical air
flow through the building;

Dshaft

vpr =
Dtotal,enuelope + Dshaji
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To describe the air—flow distribution for the different zones at the story level, the
resultant permeability ratio rpr has been established :

D
D

reg,zone,lee

rpr(¢) =

reg,zone,lolal

This lumped parameter has been defined as the ratio of the resultant permeability of
the downstream side to all resultant permeabilities of this particular zone. It was determined
that air flows from zones with low rpr -values to those with high rpr-values.

For wind flow perpendicular to the surface, the pressure difference responsible for the
wind- driven air flow can be calculated by :

prind,windward(z) = pdyn(z) ;wind(z) - Apin(z)

The internal pressure Pjj is a function of the permeability distribution of the building's
envelope and of the internal flow resistances; it can be derived from the continuity equation for
each story.

The volume rate driven by wind action only can be calculate by :
Qwind(z) = Dwind(z) [prind,windward(z)]"

In order to avoid calculating the pressure distribution inside the building, a method for
determining the air flow path through each of the stories utilizing the story-type building as a
base case can be utilized: the latter one is given by Feustel etal [11].

To determine the air flow path through a building for a given wind direction, the floor
plan is examined for all possible paths from the windward side to the leeward side of the

building. By knowing that air flows from zones with low rpr -values to those with high rpr-
values, the flow direction can be determined.

The difference in thermal pressure for a given temperature difference under calm
conditions is a linear function of the distance of the height above ground from the neutral
pressure level z, . The volume rate driven by thermal buoyancy alone is :

Qalack(z) = Sign(Apatack) Dres(z) } Apstack(z) } "

Apatack =g (pin - pout) (z - zn)

Dres(2) is the resultant permeability calculated for the arrangement of permeabilities, in a series
or parallel to the place where the stack pressure occurs.
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Air flows caused by the two separate mechanisms can not be simply added because
the flow rates are not linearly proportional to the pressure differences. In order to superimpose
the flows, pressures must be added. The superimposed volume rate can generally be calculated
by :

@it =D (Apier)"

Qtot ~D (prind + Apatack)n = (Qwind 1n + Qatack l/n)n

The bulding parameters required by such a model are thus :

- flow path structure

- air permeability of openings

- temperature difference inside/ouside
- wind pressure parameters

- mechanical ventilation parameters

A simplified theoretical model is based, as has been shown in the former
considerations, on a significative amount of simplification procedures. These simplications
necessitate by their own the setting up of a satisfactory validation methodology. The outline of
such a methodology will follow.

4. METHODOLOGY OF VALIDATION

An important outcome of the research projects carried out by Judkoff et al [7] and
Anand et al [6] in USA,as well as by Bowman and Lomas [5] in UK, has been to define a
coherent validation methodology for purpose of buildings thermal analysis models. This
validation approach, which appears to be very satisfactory, will be used here to set up a such a
methodology for air infiltration simulation programs.

Following the idea of Judkoff, three types of investigatory methods, each designed to
reveal errors in the modelling processes can be defined:

1) Analytical verification

2) Inter-model comparison

3) Emmpirical validation

In analytical verification, the predictions of the model are compared with carefully
designed problems with known analytical solutions. This technique is severely limited because
of the small range of problems for which exact analytical solutions can be formulated. The
latter do, however, provide an exact-truth-model against which the predictions of the model
can be compared

In inter-model comparisons, the predictions of two or more models of some

hypothetical building are compared. Such studies are sometimes termed "software-software"
comparisons. The advantage of these types of studies are that they are simpler and less time
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consumming than the other techniques, and any complexity of the building or any climate
regime can be chosen. The main disadvantage is that there is no "absolute true" model against
which to compare the predictions. References 13 to 14 report such comparisons carried out for
the International Energy Agency (IEA).

Empirical validations, sometimes called "software-hardware" comparisons, is the
ultimate state in any validation process. Simply stated, empirical validation is the comparison
of the predictions of the model with physical reality. This technique has the greatest potential
for assessing whether the approximations and operations in the model are adequate to predict
the measured air flow characteristics of the building. The potential power of this technique,
together with the fact that the process is comparable with those that prevail when the model is
used is the analysis process, means that it has been widely used for validating building thermal
simulation programs : over 130 validations of this type have been disclosed by Lomas in a
recent literature survey [5].

However, even if the empirical validation appears to be the most frequently used
method to test the validity of a model, it must be pointed out that sources of error introduce
uncertainties in this validation process; these sources of error can be divided into two
categories which are [7] :

1) The internal errors

2) The external errors

Internal errors are to due inacurracies in the modelling and in the numerical solution
techniques adopted by the model as well as due to coding errors.

External errors occur in gathering the model input data, in transferring this data to the -
model, in monitoring the physical air flows behaviour and in comparing the measured and

predicted values.

Figure 3 summarizes the type of errors which are inherent to empirical validations.

MODELLING ASSUMPTIONS

INTERNAL ERRORS < NUMERICAL SOLUTION TECHNIQUE
CODING ERRORS

GATHERING OF MODEL INPUT DATA
TRANSFER OF INPUT DATA

EXTERNAL ERRORS MONITORING OF PHYSICAL REAUITY

COMPARISON OF MEASURED
AND PREDICTED DATA

Fig. 3. Sources of errors inherent to empirical validations.
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The conclusion which can be drawned from the preceding lines is that empirical
validation should only be carried out when using high quality data sets from well knwon and
defined buildings or structures.

The experience gained in the field of building thermal analysis has shown, however,
that empirical validation (even when involving high quality data),carried out only on a single
building is not satisfactory. The model and algorithms should in fact, be compared to a
significant set of buldings and climates, which is, however, a cumbersome task.

It emerges from the study of Bownan and Lomas [5] that satisfactory validations
should be proceeded sequentially from simple to more complex situations. Simple situations,
involving the more important mechanisms, can be investigated by means of analytical
verifications; more rigourous tests must be based on empirical validations, involving high
quality monitoring of data from real structures. A progression from a well defined single room,
inside a larger temperature and pressure controlled enclosure, to a multi-zone naturally

ventilated and multi-story buildings, defines a "sine qua non" way to process a validation
procedure.

This approach is however adequate only for theoretical network models, which are
mainly found in the research area. When considering simplified models, it has been shown by
several authors, that a more complicate validation methodolgy has to be employed. It has been
experienced in the field of thermal analyis that, input assumptions, based on standard
engineering references can cause errors in the prediction of the model which can go up to 60
per cent : the determination of the inaccuracies of a simplified model with respect to the
designer must, in this way, also be quantified.

The cause of these inaccuraccies differ from the simplification procedures inherent to
the simplified models. They are mainly due to the following reasons :

1) Physical scattering of design parameters

2) Impact of randomness of external conditions

3) Influence of building users

Figure 4 shows the proposed validation methodology, defined similary to the one set
up by Anand et al in Reference 6. This methodology is intended to be adequate for validation
of simplified theortical methods. Four levels of validation are defined; their purpose is as
follows :

- Level 1: Determination of inaccuracies due to internal errors (network model)

- Level 2 :Identification of inaccuracies due to simplication procedure (simplified
model)

- Level 3 :Determination of the inaccuracies of simplified model with respect to
the designer

- Level 4 :Field verification of the simplified model
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VALIDATION METHODOLOGY
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Fig. 4 : Validation methodology for network models and simplified theoretical models
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following the study of Anand [6].
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To perform validation step "level 3", a Monte-Carlo simulation technique has to be
used in order to account for the statistical scattering of design parameters (air flow
characteristics, external conditions). The other steps involve analytical, empirical and
intermodel comparisons. It is expected that a 95 % confidence limit of the predicted variables
shall be obtained in this way. These confidence limits will be finally checked at "level 4"
validation against the physical reality.

S. FORTHCOMING JOINT RESEARCH PROJECT

It appears obvious that to fulfill the overall proposed validation methodology is a huge
undertaking. In a first step, the joint research program between EPFL and LBL devoted to the
validation of the LBL simplified model has been limited.

Partial validation of the LBL simplified model will be made following the first etapes
of proposed methodology. Progressively more complex structures will be used for this
purpose and the two first levels of validations, proposed in Figure 4, carried out on the model.

Two different structures, both located at EPFL,will be used. They are defined as :

1) A double-room structure inside a larger temperature and pressure controlled
enclosure (CHEOPS facility).

2) A mid-sized three-story, multizone experimental test facility (LESO building).

The double room structure (see Figure 5) is intended to be used mainly to carry out
analytical verification. The double room is built in such a way that the permeability of the
walls, floor and ceiling can be fully controlled. The floor and the ceiling are 8 x 4 x (0.1 m.
boxes with a multitude of small holes in the inner panel, to have the possibility to carry out a
piston-type ventilation. This double room is enclosed in a thermally insulated box, in which the
temperature and several pressure differences can be controlled.

TWO ROOMS 4 x 4 x 3 m
CONIROLLED PERMEABILITY WALLS
THERMALLY INSULATED ENCLOBGURE
PISTON VENTHATION FACILHTY

Fig. 5 : View of the double-room CHEOPS facility
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The LESO test facility (see Figure 6) has been operating since 1981 on the EPFL
campus near Lausanne. It is a mid-sized administrative building with its main fagade facing
south. Figure 6 provides a view of the building as it appears at the south fagade. The main
physical characteristics of the facility regarding infiltration are also given in this figure. Nine
heavily-instrumented zones make up the south half of the building. Each zone is equipped with
a different passive or hybrid solar fagade, dependent upon its own air infiltration
characteristics. A staircase occupies the other half of the building. The ventilation is provided
for the most part by natural ventilation. Only a few of the solar units are equipped with
mechanical ventilation systems [15].

Overall building
3
Volume 2165 m
Air infiltration rate (at 50 Pa) 3.2 07
Solar units
SOUTH 3
SOLAR FACADES Volumes 86 - 189 m
SOLAR UNITS Air infiltration rates 0.16 - 0.5 h™!

Fig. 6 : Main characteristics and view of the LESO test facility

In order to perform the model validation, input data must be provided to the simplified
program. This set of input parameter is composed of the following items :

1) Permeability distribution of the envelope

2) Permeability distribution of interconnected zones
3) Wind pressure coefficients

4) Stack parameters

5) Mechanical ventilation data

6) Meteorological conditions

Figure 7 shows the complexity of the building. The different interconnected flow
paths are shown in this figure. The designation of the different zones, which should be
considered in the modelling process are also indicated.
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The permeability distribution of the building is determined by performing multizone
pressurization tests. Attempts to measure these permeabilities with a single blower door by
applying new strategies have failed [16]. Consequently, two blower doors are used to
determine the unknown permeabilities of the building components.

Measurements of surface pessure coefficients on scale models have been performed in
a boundary layer wind tunnel of the University of California to be able to calculate the wind
pressure distribution around the building. This is an important input parameter for the
infiltration model. The knowledge of the wind pressure distribution is especially necessary in
order to compare the infiltration calculated by the model to that measured. Forty-four pressure
probes have been installed in the vertical surfaces of the LESO model (shown in Figure §). The
surface pressure has been measured by using a single pressure transducer, which is connected
with one of the pressure probes via a multiple valve. The building arrangement including the
vicinity of LESO has been placed on a turntable to allow the measurement of surface pressure
coefficients for different wind directions (see Figure 9). Therefore, for each 15 degree change
of the wind directions, the multiple valve is scanned through the whole cicle of pressure probes
including the Pitot tube used to determine the pressure at the location of the LESO weather
station.

Fig. 8: Scale model of LESO



Fig. 9 : LESO and its surroundings

Monitoring the internal and external conditions is also made on the building site;this
latter one is part of the instrumentation of the overall building containing over 450 channels. A
list of quantities related to the air infiltration problem measured on the building is given in
Figure 10.

On-site weather data are also used to calculate the wind pressure field around the
building by employing the pressure coefficients evaluated during the wind tunnel experiments.

Measured quantity Number of probes
Solar radiation 9
Qutdoor air temperature 1
Wind speed and direction 2
Di ff. pressure on south facades 6
Indoor air temperature 38

Fig. 10 : List of the monitored quantities related to air infiltration problem.
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Figure 8. The heating load of conduction and venti-
lation as well as the total heating load
of building in the case of a short crack.
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