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International Energy Agency 

The International Energy Agency (IEA) was established in 1974 within the framework of 
the Organisation for Economic Co-operation and Development (OECD) to implement 
an International Energy Programme. A basic aim of the IEA is to foster co-operation 
among the twenty-one IEA Participating Countries to increase energy security through 
energy conservation, development of alternative energy sources and energy research 
development and demonstration (RD&D). This is achieved in part through a 
programme of collaborative RD&D consisting of forty-two Implementing Agreements, 
containing a total of over eighty separate energy RD&D projects. This publication forms 
one element of this programme. 

Energy Consewation in Buildings and Community Systems 

The IEA sponsors research and development in a number of areas related to energy. In 
one of these areas, energy conservation in buildings, the IEA is sponsoring various 
exercises to predict more accurately the energy use of buildings, including comparison 
of existing computer programs, building monitoring, comparison of calculation 
methods, as well as air quality and studies of occupancy. Seventeen countries have 
elected to participate in this area and have designated contracting parties to the 
Implementing Agreement covering collaborative research in this area. The designation 
by governments of a number of private organisations, as well as universities and 
government laboratories, as contracting parties, has provided a broader range of 
expertise to tackle the projects in the different technology areas than would have been 
the case if participation was restricted to governments. The importance of associating 
industry with government sponsored energy research and development is recognized 
in the IEA, and every effort is made to encourage this trend. 

The Executive Committee 

Overall control of the programme 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 that all projects fit into a 
predetermined strategy, without unnecessary overlap or duplication but with effective 
liaison and communication. The Executive Committee has initiated the following 
projects to date (completed projects are identified by *): 

I Load Energy Determination of Buildings * II Ekistics and Advanced Community 
Energy Systems * Ill Energy Conservation in Residential Buildings * 
IV Glasgow Commercial Building Monitoring * V Air Infiltration and Ventilation Centre 
VI Energy Systems and Design of Communities * VII Local Government Energy 
Planning * VlIl Inhabitant Behaviour with Regard to Ventilation * 
IX Minimum Ventilation Rates * X Building HVAC Systems Simulation 
XI Energy Auditing * XI1 Windows and Fenestration * Xlll Energy Management in 
Hospitals * XIV Condensation XV Energy Efficiency in Schools 
XVI BEMS - 1 : Energy Management Procedures 
XVll BEMS - 2: Evaluation and Emulation Techniques 
XVlll Demand Controlled Ventilating Systems XIX Low Slope Roof Systems 
XX Air Flow Patterns within Buildings 
XXI Energy Efficient Communities XXll Thermal Modelling 



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. 

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, Italy, Netherlands, New Zealand, Norway, Sweden, Switzerland, 
United Kingdom and the United States of America. 
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C 10th Annual Conference 

Keynote address 
Mr Kari Rahkamo 
Chairman of the City Council of Helsinki 
and 
Chairman of the Finnish Association of Heating Piping 
and Air-conditioning Societies 

Ladies and Gentlemen, Mrs Chairman, 
It is with pleasure that I have accepted the offer to open today the first working ses- 
sion of the 10th Conference of the Air Infiltration and Ventilation Centre of the In- 
ternational Energy Agency. As the chairman of the Finnish Association of Heating, 
Piping and Air-conditioning Societies it is also an honour to have the opportunity to 
do it. 

The Nordic location of our country places high demands on building techniques, 
where ventilation, air infiltration and energy economy play a significant part. We 
are, therefore, very pleased to have in Finland a conference, which deals with devel- 
opments in the area of ventilation during the past ten years and also focuses the fu- 
ture trends. I find this conference a most necessary and useful forum for researchers 
from different countries to exchange information on the research work they have 
done and also to get fresh ideas for further developments. 

The funding of energy research in our country has nearly preserved its volume dur- 
ing the last few years, so the situation in that respect is good. National research has 
been programmed into various research programmes, which enable long-term re- 
search activities. 

One of these national programmes, HVAC-2000, was started in the year 1988. The 
objectives of this programme is to find ways of introducing technical solutions at the 
systems level which enchance the effectiveness of energy use and improve indoor cli- 
mate control features in future buildings. Besides the future buildings also systems 
and methods for retrofitting and renovation operations are being considered. 



International cooperation is closely articulated with national interests and it is taken 
care of within each particular research programme. The significance of international 
cooperation for a national research programme is highly emphasized - it is even con- 
sidered as an advantage when applying for the funding. International Energy Agency 
makes an excellent forum for this cooperation. Finland has participated in the acti- 
vities of IEA since the year 1984 and is also actively taking part in several other IEA 
annexes besides AIVC. Participation in the international research programmes has 
proved to be very fruitful for our national research and development work. 

We hope that on going home everyone of you could find these four days worthwhile; 
that you have created new valuable contacts and got a lot of innovative ideas to bring 
along home. We have made efforts to encourage new contacts and discussions be- 
tween participants by placing poster demonstrations and discussions in the pro- 
gramme. The programme also includes a review on the present situation of ventila- 
tion research in each of the fourteen member countries of AIVC. 

The tight schedule of the conference sessions hopefully allows you some time to see 
around the district of our capital city and to enjoy the colourful Finnish autumn na- 
ture - hopefully also the weather will favour us! 

Ladies and Gentlemen, Mrs Chairman, I wish the conference every success! 
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1. INTRODUCTION: MOTIVATIONS FOR THE ANNEX 

Annex 14 -Condensation and Energy- started in April 1987, 
with a take of meeting in Utrecht, The Netherlands. The annex 
itself was born after a moisture-workshop in September 1985 at 
the Laboratory of Building Physics, KULeuven, Belgium. 

Motivations from the beginning were a widespread feeling that 
badly balanced energy conservation actions in the seventies and 
early eighties had increased the number of moderate to severe 
mould complaints in dwellings, with all possible nuisance, health 
and financial consequences, the fear that this could enhance each 
energy conservation policy, and the conviction that the mould 
reality was socially inacceptable, especially because of the 
problem being most pronounced in the low income housing sector. 

Nevertheless, a convincing argument for the first motivation was 
and is difficult to find. A Belgian enquiry of 1986 in 5000 
social dwellings showed a mould problems level of some 20% [I]. 
The Netherlands reported f a same percentage in the subsidised 
building market [2]. The U.K. spoke of + 25 to 30 % of dwellings 
affected in the low income, rented housing [3]. Only this year, 
a more convincing argument was advanced by the U.K., where a new 
enquiry showed a net increase in mould and a clear growth in 
severe mould problems (Oral information at the Leuven meeting, 
may 1989). But still here, the question remains if that isn't a 
result of 10 years conservative government, with a lower interest 
in overall social policy, rather then of a conscious but badly 
balanced energy conservation policy. 

The paper starts with focusing on the so called first order sur- 
face condensation theory. Then a short shift to the energetical 
links follows. After that, the organisation and progress of the 
work is explained, and we end with an overview of the results. 

2. A FIRST ORDER THEORETICAL APPROACH [4],[5] 

Surface condensation starts when the relative humidity (RH) on a 
surface reaches loo%, t.m.,when the vapour pressure p in the air 
against the surface equals or becomes higher then the saturation 
pressure p' on it: 

Introducing the hypothesis of ideal mixing of the air in each 
zone (- a simplification of reality), the vapour pressure against 
the surface doesn't differ from the overall value in the zone and 
(1) can be reformulated as: 



the vapour pressure in the zone (pi) equal to or higher then the 
saturation pressure on the surface, or: 

the zonal inside dewpoint (Td) equal to or bigger then the surfa- 
ce temperature (Ts). 

The condition for mould growth is much more complicated. As a 
first order rule, we accept mould becomes possible when the rela- 
tive humidity (== the water activity) on a surface remains higher 
then a threshold value a. Accepting ideal mixing of the zonal 
air, this condition simplifies to: 

The saturation pressure on a surface is exponentially linked to 
the surface temperature Ts, given by: 

Ts - Te + 7" * (Ti-Te ) (5) 

with 7: the temperature ratio of the surface, Ti the inside refe- 
rence temperature and Te the sol-air outside temperature. 

For a flat wall in steady state thermal conditions (- mean ther- 
mal situation), T equals: 

with U the thermal transmittance of the wall and hi the thermal 
film coefficient against the surface. 

In non steady state, the temperature ratio becomes a time func- 
tion, dependant of the course of the in- and outside temperature, 
of the film coefficient and of the thermal inertia of the wall. 

For two- and three-dimensional configurations (- thermal bridges) 
the temperature ratio can only be calculated, using a suitable 
software package. 

The mean inside vapour pressure pi is related to the outside va- 
pour pressure pe, the moisture production pp, and the ventilation 
rate i3, according to the formula: 

with R the gas constant of vapour (462 J/K) and V the zonal volu- 
me. 
This simple relation only holds for a 1-zonal situation, if no 
surface condensation is taking place. It also supposes ideal 



mixing of the zonal air. 

The simple formulas (2) to (7) ,  combined with statistical data on 
the outside climate and the relation inside temperature-outside 
temperature, enable ta study, for a given case and outside clima- 
te, the relations 'outside temperature-temperature ratio-maximum 
inside R.H.- minirnum ventilation rate'for different levels of the 
inside moisture production,so, that mould problems or surface 
condensation should be prevented. 

Figure 1 shows the results for a sleeping room (V- 35 m3, 
QYP- -96 kg/d), figure 2 for a day-zone (V- 100 m3, pp- 3.6 kg/d) 
(Calculations done with as mould condition: a- 0.85). 
Both figures indicate that the ventilation rate needed to prevent 
mould germination and growth is significantly higher in mean- 
season as it is during cold winter periods. They also show that 
the overall relation is not a linear one. 

It.. 2, u v u ;  Eoa . K n c r P  
rmflan (ul' - r - ., - . 

In general, the chance on mould/ surface condensation heightens, 
the lower the surface temperature Ts and the higher the inside 
vapour pressure pi 

The first order theory now im- and explicitly learns that both 
conditions depends of: 

- the outside climate 
the temperature: the lower Te, the more probable mould and surfa- 

ce condensation ... 
the vapour pressure: the bmpr pe, the more probable . . .  

A low temperature and a high vapour pressure are mutu- 
ally conflicting: they cannot occur together 



the wind: the lower the wind velocity, the lower for natural ven- 
tilation the ventilation rate B. 
The lower l3, the more probable ... 

- the building fabric 

the volume: the smaller, the more probable . . .  
the thermal quality: the lower the temperature ratio, the more 

probable . . .  A low temperature ratio Is directly lin- 
ked tq.(high U-values:.and low film coefficients hi, t.m. 
_I- - --- 

a poor heat flow to the surface by convection and radi- 
ation 

the airtightness: the lower 8, the more probable . .  Specifically 
the basic ventilation rate is a direct result of the 
airtightness of the fabric 

the inside environmental temperature: is a weighted combination 
of the air and the radiative temperature. The last is 
to a significant amount influenced by the overall ther- 
mal quality of the fabric and the 'outside wall surfa- 
ce-total wall surfacef-ratio,in the sense of:the worsen 
the thermal quality and the higher that ratio,the lower 
the radiative temperature and the more probable.. 
Also the air temperatureucoupled to the fabric: if bad- 
ly insulated, maintaining a high enough air temperature 
may turn out being too energy consuming and through 
that too expensive. The lower the air femperature, the 
more prdbable ... 

the vapour production: the higher qrp, the more probable .. A high 
vapour production may be a consequence of other moistu- 
re problems 

the internal finishing: some materials, paints, wall papers are 
more sensitive to mould then others. Through that, the 
threshold relative humidity a can be lowered by the 
choice of the finishing . . .  

- the inhabitants behaviour 
the inside environmental temperature: depends on heating habits. 

The less heating, the lower Ti and the more probable.. 
the ventilation rate: the lower 8, the more probable..Inhabitants 

have a substantial effect on excess ventilation 
the moisture production: the higher qp, the more probable..Living 

in and using a dwelling inevitably means moisture pro- 
duction. Using it in a non adapted way, may result in 
too much vapour . . .  

These rather complicated and interrelated influencing parameters 
are summarised in figure 3. This figure doesn't give any qualita- 
tive information on how important the respective parameters are. 



Fig .3 :  inf luencing factors  

LINKS WITH ENERGY DEMAND AND USE FOR HEATING 3- - - 

From the review of parameters, it may be clear that mould and 
surface condensation are most likely in non-insulated dwellings, 
t.m. in houses with a high basic energy demand. 
More, avoiding mould in these energetical ruins, asks for a sub- 
stantial ventilation rate, especially when, because of intensive 
use, the moisture production is high. This counts for an impor- 
tant extra increase in energy demand. 
Also, the possible heating economy by lowering the mean inside 
temperature is partly counteracted by a compelling necessity for 
more ventilation, the lower this inside temperature. 

Insulated houses give complaints as far as problematic thermal 
bridges are left. These have a net energetical impact, heighte- 
ning in negative cases the conductive heat losses through the en- 
velope as much as 30 %. 
At the same time, to avoid mould on these spots with low tempera- 
ture ratio, a substantial ventilation is requested, pushing on 
its turn the energy demand for heating to still higher levels. 

To illustrate the importance of these effects,the results of some 
energy demand calculations on a small house are summarised in 
table 1 and figure 4: 

Assumptions: 

house- 1 thermal zone 
intensive use ( cpp = 12 kg/day), 

inside temperature- 16.9+ 0.17*Te (a) 
13.5+ 0.17*Te (b) 

energetical year for Belgium. 

lowest temperature ratio: 

nob- insulated (Um-1.7 W/(m2K) : 0.3 (1) 
insulated, thermal bridges (Um-0.56 W/(m2K) : 0.5 (2) 



insulated, no thermal bridges (Um-0.44 W/(m2K) : 0.7 (3) 

(1) behind cupboards against outside walls 
(2) lintels, thresholds ... 
(3) design value 

Results : 

Table 1 

Um T En En 
avoiding mould n=0.5h-1 

W/(m2K) - kWh/y kiJh/y 

or, no insulation or, an insulation with thermal bridging, are 
triple punished: higher to high conductive losses, more ventila- 
tion losses, less economy when maintaining lower inside tempera- 
tures. 

f i g .  4: ENERGY DEMAND FOR HEATING 
. - n = 0,5 h-I 
. n * NEEDED TO AVOID MOULD (a = 0,85) 

There is only one disturbing element in this straight on 'energy 
demand-mould1-relation: the role of the inside surface coeffici- 
ent. The lower hi,the lower the temperature ratio of that surface 
but the better the insulation value, t.m. the lower the conducti- 
ve losses! 
This is illustrated in fig 4 for a badly insulated cavity wall. 



fig. 5: U-VALUE OF A NON-INCULATED CAVITl 
WALL AS FUNCTION OF THE INSIDE FILM 
COEFFICIENT hi 

4 .  'IXE WORK IN THE ANNEX 

4.1 Principles and scope 

From the start, the principles backing the international coopera- 
tive effort, called Annex 14, were: 

not: - to set up basic work in the field of the biology of mould; 
- to develop new overall calculation models on the heat-air- 
moisture trallsfer in buildings, introducing as boundary 
conditions the avoidance of mould; 

- to streamline and push all national programs on mould, sur- 
face condensation and moisture transfer in a well defined 
direction, with the danger of killing much creative and 
fundamental research, 

but - to gather as much as possible existing information: mould, - 
material properties, case studies a.0. 

- to apply the knowledge on heat- air- and moisture transport 
on the complex phenomenon of mould and surface condensati- 
on, with the specific aim of broadening the understandings 
of the static and dynamic physical context. This may inclu- 
de limited modelling; 

- to develop a common experience by exchanging information, 
running case studies and performing common exercises; 

- to inspire national research. 

Scope is to produce a source book on mould, surface condensation 
and energy, including data on mould and materials, the physics 
involved, case studies and performance formulations for practice. 



4.2 Organisation 

The work was structured in 3 major parts: 

- gathering data; 
- studying models and confronting them with case studies; 
- search for solutions 
These 3 parts were split in 9 steps, each of them being the 
responsibility of one, two or all participating countries: 

Table 2 

STEPS NL FRG UK I B 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
DATA 1. material properties I 

2. mould I 

MODELS thermal aspects 
hygric aspects 
combined heat-air-moisture 
boundary conditions 

CASE 7. monitored case studies 
STUDIES 8. common exercises 

SOLUTIONS 9. practice 
practice source book 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Being in charge of a step includu 

- taking the initiative of gathering information; 
- drafting that part of the final report. 
The cooperation was materialised in working meetings. 

The first 3-days meetings had a more scientific aim, promoting an 
exchange of past research and case studies, focusing on a speci- 
fic key-note address, creating time to present fresh papers and 
presenting progress reports on the case studies. 
The last ones were more concerned with the joint project, discus- 
sing the results of the common exercises, reading the drafts of 
the specific chapters of the final source book, and looking to 
practice. 
Place, date and major topic of the meetings: 

PAST 

Utrecht, NL, 6-7 apr 87 take of 
state of the art in the 5 countries 



elaboration of the working scheme 
of table 2 

Stuttgart, FRG, 12-14 oct 87 case studies 

Glasgow, UK, 11-13 apr 88 mould analyses 

Torino, I, 17-19 oct 88 modelling 1 
first common exercise 

Leuven, B, 8-10 may 89 modelling 2 
second common exercise 
first drafts of the source book 

FUTURE 

Den Haag, NL, 23-25 oct 89 case studies: final reports 
second drafts of the source book 
practice 

Rotterdam, NL, 3-6 sept 90 international CIB-symposium 
Energy, moisture, climate 
Presentation of the source book 

PRELIMINARY RESULTS 

5.1 Material properties 

Array of properties 

All physical properties of materials, of importance in mould and 
surface condensation analysis, have been putted in an array code, 
referring to the fundamental difference between capacitive pro- 
perties, transfer properties, combined properties with a specific 
physical meaning and properties, being a consequence of..:table 3 
This array is far more complete than the lists, found in national 
codes or standards. 
For each property, also the influencing material linked and envi- 
ronmental parameters have been defined and brought together. 



Table 3 

I.CAPACITIVE 2.TRANSFER 3.COMBINED 4.CONSEQUENCE 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
T. THERMAL 

H. HYGRIC 

A. AIR 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
f.e. T.2. thermal conductivity 

H.1. hygroscopic curve, capillar moisture content. .. 
A.2. air permeance . . .  

data 

Most numerical values were measured at the labs, involved in the 
annex or are taken from literature. 

catalogue 

The catalogue proposes calculation values. These coincide, if e- 
nough data available, with the 5 or 95% limit of the measured 
values. Otherwise, the few results are averaged or standard list 
information is used. If known, parametric relations between the 
property arid the most important influencing parameters are also 
given. 

Mould FRG ) 

- the number of mould species is enormous and their biology, with 
the germination, linear growth and sporulation phases, rather 
complicated. Nevertheless, as far as building mould problems 
are concerned, it seems reasonable to focus on aspergillus, 
penicillium and cladosporium and their germination conditions; 

- as part of these conditions, temperature and free water activi- 
ty (- RH) are of mayor importance. They are interrelated in 
that sense that a lower or too high temperature asks for a hig- 
her RH, with the optimal combination (lowest RH) around 25 
degC ; 

- most experimental data on germination and growth rates are gai- 
ned from cultivation on special substrates. The resulting 
'temp.-RH'-couples seem too pessimistic for use as design va- 
lues for mould germination on finishing layers present in buil- 
dings ; 

- a realistic 'temp-RH'- formula could be: 



Against a wall, RH is the local relative humidity value and T 
the wall's surface temperature. 

This result strengthens the fact that mould germination is a mo- 
derate cold, wet weather problem (autumn, springtime) 

5.3 Modelling 

THERMAL ASPECTS (NL, FRG, I, B) 

- with the software available on the market, calculating the tem- 
perature field in and heat flow densities in and through ther- 
mal bridges is no longer a problem. Nevertheless, the result 
depends strongly 05 subtile section specification differences 
and ofi the thermal conductivity values used, but, especially 
and by far the most ofi the inside surface film coefficient; 

the choice of a representative couple 'surface film coefficient 
-reference temperature' remains a difficult question. 
In fact, surface heat transfer is the result of joined convec- 
tion and radiation. Convection is linked to the local air tem- 
perature, radiation to the so called radiative temperature of 
the surroundings, as seen by the surface involved. Both differ 
from point to point, and, in non steady state, from moment to 
moment. 

In energy calculations, so called overall mean standard values 

f.e, vertical surfaces : hi- 8 W/(m2K) 
horizontal surfaces, : hi= 6 W/(m2K) 

have been introduced, linked to the air or the comfort tempera- 
ture. There, that seems a reasonable way of handling the pro- 
bl em. 

To predict mould and surface condensation, they are useless. 
In fact, here, we have to know the correct local values. 

The problem can be solved: 
or by calculating for each case as precise as possible the sur- 
face heat transfer using the theory of convection and radiation 
Calculations in that sense have been performed by Belgium; 
or by accepting a so called reference temperature and searching - 
design values of hi for critical situations (by calculation or 
measurement). 



Until now,different methodologies for the last possibility have 
been proposed. .All show, independent of the choice of the refe- 
rence temperatme, surface film coefficients, much lower then 
8 W/(m2K), to a great amount influenced by the number of 
outside walls (the more, the lower hi) and decreasing with a 
better insulation. 
The Netherlands go as low as 2 W/(m2K) for outside wall surfa- 
ces, against which cupboards could be posXioned. 

At least one guess remains: the value of the convective sur- 
face film coefficient. 

HYGRIC ASPECTS (NL, FRG, B) 

The most 5mportant achievement here is a better understanding 
of the hygroscopic influences. This has been realised by measure- 
ments and calculations: 

- hygroscopicity dampens and shifts the inside RH- fluctuations. 
On daily basis, only the first mm of all inside surfaces are 
active (t.m. the wallpaper and a thin layer of plaster). On 
yearly basis, the whole envelope has some influence; 

- furniture, books, draperies, carpets have a mayor influence on 
the hygroscopic inertia. Indeed, they often or always are made 
of very hygroscopic materials and have a very high specific 
surface in contact with the air; 

- because of the hygroscopic inertia, the RH against a surface 
becomes to some extend uncoupled from the vapour pressure in 
the room and from the surface temperature. In fact, it turns 
to be more dependant from the surface materials RH, self coup- 
led to the surface layers hygroscopic moisture content. 
This results in a non response to short RH-peaks in the air and 
may explain why, as long as no surface condensation exists, 
these don't cause mould problems. 

- hygroscopic inertia also strongly reduces the positive effect 
of peak ventilation, except if this coincides with peaks in 
moisture production. Otherwise, as soon as the ventilation 
stops, the inside RH returns to his pre-peak level . . .  

- hygroscopic moistening of wall paper goes on 2 to 3 times quic- 
ker then hygroscopic drying. Once moist, a surface seems to 
persist in being moist. This experimental fact sustains the 
opinion that the real important thing is to maintain a mean re- 
lative humidity, low enough to avoid mould germination! 

HEAT-AIR-MOISTURE TRANSFER (NL, B) 

Apart of a detailed study on the air-moisture balance in a single 
and multiple zone situation with ideal zonal mixing, experimental 



work on the spread of vapour,produced locally, in a room, between 
rooms'and in dwellings has been performed. 
The development of a vapour front clearly reflects the convective 
air circulation and exchanges: in a room from the bottom up to 
the ceiling and back to the floor, between rooms from downstairs 
to upstairs locations. 

BOUNDARY CONDITIONS (FRG) 

Information has been gathered and ordered on: 

- vapour production in dwellings; 
- climatic data; 
- ventilation rates; 
- heating habits. 

5.4 Case studies, common exercises 

CASE STUDIES 

As case studies have run/ are running: 

COUNTRY CASE SPECIFIC ELEMENTS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
B Zolder miners estate, build shortly after 

world war 2, retrofitted in the ear- 
ly eighties. Since,very severe mould 
problems. Causes: poor ventilation 
possibilities,ruinous thermal design 
Monitoring before and after remedial 
treatment (air dryers, ventilation 
system, in- and outside insulation, 
loft space insulation (or, or)) 
Monitoring results used as input for 
the first common exercise. 

NL Pijnacker case end of a row one-family dwelling 
Insulated, but, with thermal bridges 
left. Moderate mould growth. 
The monitoring gave no conclusive 
information on the cause of the 
mould presence. It seemed as if past 
circumstances were responsible.. 

Alexander Polder appartment block, not insulated. 
Diffuse mould growth in a first 
floor flat. 
The monitoring gave no conclusive 
information on the cause of the 
mould presence. It seemed as if past 



circumstances were responsible.. 
The case generated a discussion on 
the monitoring difficulties. 
It was used as input for the second 
common exercise. 

I Leuman villagge brick made flathouses, build 1896- 
1925, retrofitted 1978-1980. 
Severe moisture and mould problems 
The monitoring revealed wet basement 
walls (t.m. extra moisture producti- 
on) and a poor ventilation. 

IACP-building a 10-storied flat building, not 
insulated, single glazed. 
Widespread mould problems. The moni- 
toring revealed as causes a poor 
ventilation and thermal bridging 

U . K . Edingburg large scale investigation on the re- 
lation between damp houses and lower 
respiratory symptoms in children, 
living in these. 
Confusing results in the sense that 
a parents survey gave a strong rela- 
tion but a monitoring campaign a 
less convincing relation. 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

COMMON EXERCISES 

- the first common exercise was focused on calculated predicti- 
ons of mould and surface condensation situations, using the 
Zolder case study as input. 
The results revealed a widespread ability of handling the pro- 
blems but major differences in the quantitative aspects. Causes 
have to be sought in material property values, in the use of 
other film coefficient values, in the sophistication of the mo- 
dels a.0.; 

- the second common exercise looked to the diagnostic abilities. 
Starting point was the Alexander Polder case study,a damage ex- 
emple without clear cut cause. This was reflected in the 
diagnostics offered, some being a too slavish application of 
national codes, others really focusing on the specific case. 
Perhaps the most important result was the commonly accepted 
conclusion that mould growth may have two distinct causes: 

. a long lasting too high relative humidity on a surface (cfr 
the a-value) ; 

. short periods of surface condensation, alternating with dry- 



ing in such a frequency, that the wetted surface remains wet 
enough to dnable mould germination. 
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IEA ANNEX XIV 
CONDENSATION AND ENERGY 

LIST OF IEA - ANNEX XIV REPORTS update: 01/06/89 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

1. Material vrovsrties 

B-TI-01/1988 : Material Properties: first text proposal 
B-T2-02/1988 : Material Properties: additions to the first text 

proposal 

2 ,  Mould 

NL-T2-04/1988 : Summary of mould research 
B-T2-05/1988 : Summaryofmouldresearch 
UK-T2-06/1988 : Summary and bibliography of UK research on 

conditions for growth of moulds and control 
strategies 

UK-T2-07/1989 : Mould: First text proposal 

3, Thermal modellinq 

B-T3-01/1988 : Combined conduction-convection-radiation in a room 
D-T3-02/1988 : Basic discussion text topic 3.2 
D-T3-03/1988 : Warme und Feuchteiibergangskoeffizienten in 

Aufienwand ecken von wohn bauten 
B-T3-04/1989 : Cmbined conduction-convection-radiation in a room 

Final Report 
D-T3-05/1989 : First text proposal topic 3.2 
I-T3-06/1989 : First Text Proposal topic 3.1 
NL-T3-07/1989 : Surface Heat Transfer Coefficients - related to 

calculation systems and measurements 

B-T4-01/1988 : First text proposal: Modelling: some hygric aspects 
NL-T4-02/1988 : A Second Order Model for the Prediction of Indoor 

Air Humidity 
B-T4-03/1989 : Second text proposal 



NL-T5-01/1988 : Vapour distribution in dwellings 
D-T5-02/1988 : Building energy and hygric analysis simulation 

model (BEHAS) 
NL-T5-03/1988 : Inventory of models for intra and interroom 

moisture transfer 
NL-T5-04/1989 : Extended Content Proposal 
NL-T5-05/1989 : Inventory of models for the distribution of water 

vapour in buildings: Final Report. 

6 -  Boundarv conditions 

D-T6-01/1988 : Basic Discussion text 
D-T6-02/1989 : First text proposal 

7 .  Case studies 

: Generalities 
: Review of 3 previous case studies 
: Review of previous case studies 
: Review of previous case studies 
: Questionnaire forms 
: First results of the Zolder case study 
: Subsequent results of the case study at Zolder 
: Mould research in Zolder 
: Case study Pijnacker TNO/IBBC 
: Case study Cauberg Huygen 
: Case study I: Leumann Village 
: Case study 2: IACP Torino 
: UK.case study: first report 
: Review of previous case studies 
: Case Study Pijnacker: 2nd report 
: Mould and surface condensation in Dutch dwellings, 
a case study (Cauberg-Huygen): Final Report 

: Study of methods for measuring atmospheric humidity 
: Case study of mould growth in a bathroom 
: Case study 2: IAPC Building: thermal bridges 
: UK case study: second report 
: Case Study Zolder: Planned measurements and 
measures 

: Zolder, condensation case study 
: Working Paper Case Studies 
: Case Study Pijnacker: Investigation on the causes 
of moisture and mould problems: Final Report 

: Case Study Alexanderpolder: Final Report 



8 .  Ornanisation 

: distribution/classification system 
: list of standard symbols 
: working paper for the Glasgow Meeting 
: First integration exercise 
: Annual report 1987 
: Projectdescriptions / Reporting format 
: Working paper for the Torino Meeting 
: Solution for the first integration exercise 
: Solution for the first integration exercise 
: Solution for the first integration exercise 
: Solution for the first integration exercise 
: Second Integration Exercise 
: Project desciptions : International : First Report 
: Results of the first integration exercise 
: Dutch Project Descriptions: Second report 
: Solution for the second integration exercise 
: Solution for the second integration exercise 
: Solution for the second integration exercise 
: Solution for the second integration exercise 
: Solution for the second integration exercise 
: Results of the second integration exercise 
: Project desciptions : International : Second Report 
: Description of Annex XIV database : concept 
: German Contribution to the Leuven Meeting (*) 

9 -  Proceedinns 

NL-PR-01/1987 : Utrecht T.0.-meeting (6-7 April 1987) 
B-PR-02/1987 : S L a t t g a r t m e e t i n g ( 1 2 - 1 4 O c t o b e r 1 9 8 7 )  
B-PR-03/1988 : UK meeting (11-13 April 1988) 
B-PR-04/1988 : Torinomeeting(17-19 October1988) 
B-PR-05/1989 : Leuven meeting (8-10 may 1889) 

(*) Out of this report (handed at the Leuven meeting) we distillated 2 
other reports: 
D-T3-05/1989 : First text proposal topic 3.2 
D-T6-02/1989 : First text proposal 
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SYNOPSIS 

The IEA Annex 18 Demand Controlled Ventilating Systems- 
(DCV-Systems) with 9 participants are just in the middle 
of the work. Reviews are indicating energy conservation 
possibilities in the range of 8 - 40 % in experiments and 
even more in theoretical studies. Most of the case 
studies will start this autumn with sensor tests, test 
room studies, and trials in occupied spaces. In the test 
rooms will be simulated the conditions in dwellings and 
offices with various ventilating systems. Almost 30 
occupied buildings will be involved in tests in 
dwellings, offices, auditoria, and schools. The final 
report will be given in a source book planned to be 
printed at the end of 1991. 

1, BACKGROUND 

Many IEA countries have an increasing problem with the 
indoor air quality and studies are undertaken 
concerning outgasing from building material, human 
habits, odour, threshold limits etc. Such energy 
conservation measures as tightening of the building 
envelop and increased use of return air has in many 
cases been accused to be the main reasons of the 
indoor air quality problems. The experiences from all 
these indoor air quality studies may result in a 
demand for an increased outdoor air volume. 

Variations in the number of occupants and their 
activities will lead to the possibility to control the 
supply and exhaust air volume according to the demand. 

We are spending almost 90 % of our time indoors at 
home or at w~rk. However the problem is to predict the 
number of people in a room, a dwelling, a building 
etc. These circumstances can lead to overventilation 
and unnecessary use of energy. 

The problem is that there is always more or less 
uncertainty in the assumption of how many occupants 
there are or can be in a room. Each room or building 
then need a certain air flow to extract pollutant from 
outgasing of materials to an acceptable level. Before 
and after a space has been used it can also be 
necessary to run the ventilation system in order to 
remove the pollutant from the material and the 
occupants. If we can find ventilating systems which 
can be controlled to above mentioned conditions good 
enough sensors, the use of outdoor air will be more 
effective and also give a good possibility to save 
energy. 



In the IEA Annex 9 Minimum Ventilation Rates results 
are given to meet the requirement of air flow rates 
based on human needs. The discussion started on how to 
use the knowledge with the purpose to minimize the 
waste of energy. 

When the basic needs were given it was obvious that 
the results could be used in a new Annex focusing on 
how to control the ventilation following the 
occupants ' demand. 

The objective of the Annex 18 is to develop guidelines 
for Demand Controlled Ventilating System (DCV systems) 
based on state of the art analyses and case studies 
%for different users in different types of domestic, 
office, and school buildings. 

The work in the Annex is divided into three Subtasks. 

Subtask A: Review of existing technology 

Subtask B: Case studies 
1. Sensor tests 
2. Trials in unoccupied test buildings. 
3. Trials in occupied spaces. 

Subtask C: Design and operation of DCV systems 

Participants in the Annex are: 

Canada Lead Country Subtask B 
Denmark 
Fed. Rep. of Gcrmany Lead Country Subtask A 
Finland 
Italy Lead Country Subtask B2 
The Netherlands 
Norway 
Switzerland 
Sweden Operating Agent and 

Lead Country Subtask B1 and C 

Observers: 

AIVC 
Belgium 

This subtask is now to be completed as a report with 
the title "Demand Controlled Ventilating System - 
State of the Art Review". The result is used in the 
work in the Annex by choice of sensors, making the 
case studies comparable, and focusing on questions not 
yet sufficiently answered in the already finished case 
studies, 



The chapters in the report are the following 
subheadings 3.1 - 3.5. 

3.1. 
spaces, 

The information about average and peak 
concentrations can be found but not easily if the 
measurements were carried out in projects with no 
connection to any research work. The participants 
have gathered information from both research 
projects and other reliable measurements often with 
the purpose to find a solution of an indoor air 
quality problem. 

In table 1 is summarized data about carbon dioxide 
and in table 2 about hydrocarbons. Information &out 
humidity is found in the results from Annex 14 - 
Condensation and mostly from measurements in 
dwellings. Not many studies are reported about 
humidity in countries with cold climate. 

3.2, Review of international standards 

The threshold values of indoor air pollutant are 
given for humidity, carbon dioxide, carbon monoxide, 
nitrogen dioxide, formaldehyde, and hydro carbons. 
These standards were reported at the 9th AIVC 
conference in Gent, 1988. 

3.3. Sensors 

The function principles of sensors are given for 
humidity, carbon dioxide, and mixed gases. The 
sensor market review reports complete devices 
distributed on: 

Humidity 17 
Carbon dioxide 6 
Carbon monoxide 7 
Air quality sensor 6 

A detailed report on sensors and sensor market is 
given in the proceedings from the 9th AIVC 
conference. 

3-4. Review of measured results and kaowledsre about 

The last 10 years case studies and experiences with 
regard to DCV systems have been reviewed. 

Out of totally 32 reports was found that nearly all 
(29 reports) were discussing C02 sensors and C02 
as the controlling pollutant, In some of the reports 
were also discussed humidity (5 reports) and mixed 
gases (7 reports) to be the controlling pollutants. 
Totally 23 reports are from real experiments with 



DCV-systems and the other papers are reports on 
monitoring studies and theoretical analyses. Two 
examples of reviewed papers will be given. 

The first example is a C02-controlled air 
conditioning system in a bank i Pasco, WA U.S.A. The 
objective was to save energy without sacrificing the 
indoor quality. In figure 1 is compared normal 
temperature control with C02-control. The 
experiment was run both durlng winter and summer 
conditions. Energy savings was reported to be 8 % 
and the pay-back time was 2 - 3 years. 
The second example is an office in Otaniemi, 
Finland. Also here the objective was to save energy 
in an air conditioned building. Three different 
,modes were studied and the energy savings were 
compared to normal designed control strategy. 

A) C02 set point 700 ppm gives 40 % savings 
B) C02 set point 650 ppm gives 10 % savings 
C) Time-related control case with the air flow 

close to A) above gives 30 % savings 

Figure 2 gives the air flow rates during a working 
day in the three studied modes. 

Conclusions 

Most of the studies were about application of 
DCV-systems in offices and public buildings and only 
3 studies were about dwellings. The choice of 
building is probably depending on the expectation 
that public or office buildings easier can stand the 
investment and handle larger air flows per installed 
DCV-unit . 
The sensors used in the reviewed projects were to. 
control on C02, humidity, and odour. 

The location of the sensors are generally chosen to 
be in two places. One is in the exhaust duct close 
to the return duct and controlling the mixing of 
return air and outdoor air. The other is to locate 
the sensor close to temperature control in the room. 
No detailed study has been carried out on the sensor 
location. But yet ventilation efficiency has been 
studied in some tests giving an idea if the location 
of the sensor in the room was a good choice 
according to the air distribution pattern. 

Reported energy savings vary from between 8 % to 
40 % in projects based on measurement and from 30 % 
to 60 % in theoretical studies. A general remark is 
that the percentage of the energy savings depend on 
many factors e.g. total energy consumption, air 
flow, climate, basic standard of the system. 



The design of a DCV system will very much depend on 
climate, building type, occupancy pattern, and the 
general design of the ventilating system. Therefore, 
energy savings coming from the use of a DCV system 
should be reported in relation to a defined 
reference system, for which air quality levels are 
well known. Energy savings and air quality achieved 
can then be put in a calculus where investment is 
compared to energy savings and life cycle costs. If 
a method for comparing human performance as a 
function of air quality can be found, also that 
parameter can be included in the life cycle cost. 

4.  STJBTASK B - CASE S 

Some of the case studies have already started but most 
of them will start during this autumn and winter. Here 
is given a short description of the various tests. See 
also in the Appendix and in the matrix giving the 
distribution of the work amongst the participants. 

4.1. Sensor tes t  

A fundamental prerequisite for demand controlled 
ventilation system is the possibility to find a 
measurable "indicator" of the air quality. Another 
prerequisite is the existence of commercially 
available sensors for the measurand which have 
acceptable sensitivity, accuracy, long term 
characteristics and price level. 

15 sensors for the following types of indicators 
will be tested: 

* water vapour (W, WBT, DPT) 7 sensors 
* carbon dioxide 3 sensors 
* unoxidized gases (%Cnr 
CO, etc. also called 
mixed gase sensor) 5 sensors 

The tests will consist of 2 main parts. In part 1 
one specimen of each sensor type is extensively 
laboratory tested. In part 2 three specimens of each 
sensor type is exposed to normal indoor climate 
conditions (in an office building). 

The laboratory test procedure will consist of 4 main 
parts including 

* data sheet evaluation 
* performance of new sensors 
* cross-sensitivity 
* environmental tests. 



The field test procedure will consist of 4 main 
parts including 

* performance of new sensors 
* a building status control 
* exposure to ambient conditions 
* renewed performance control 

The Federal Republic of Germany and Sweden (lead 
country) are the participants. 

4.2. Trials in unoccupied t e s t  buildinas 

The main aims with the experiments in unoccupied 
test buildings are to study how different 
ventilating systems can be made controllable. Most 
of the trials will be concerning pollutants in 
dwellings and systems applicable there. In one trial 
is going to be studied simulated normal conditions 
an office. 

In general the countries with cold climate have 
equipped the test facilities with balanced 
ventilation systems and the countries with milder 
and more humid climate are testing natural and 
exhaust ventilating systems. The location of 
sensors, and supply and exhaust terminal devices 
will be studied with regard to the concentration of 
the measured pollutant from simulated occupants. 
Energy savings potential will be calculated based on 
the measured results. 

Some of the factors to be studied are: 

- Set point or acceptable level of chosen 
pollutant 

- Source strength 
- Distribution of sources in the room(s) or 
the system 

- Character of source 
- Air distribution pattern 
- Choice of sensor type and control strategy 
- Various time constants of the system 
In the appendix is summarized the experiments in the 
five countries involved in test room studies. An 
example of a test room study is given in figure 3. 
The participating countries are Belgium, The Federal 
Republic of Germany, Finland, Italy (lead country), 
and Sweden. 

4 . 3 .  Trials in  occupied spaces 

The main purpose with trials in occupied spaces is 
to study the energy conservation possibilities 
without sacrificing the indoor air quality, 



Under real conditions DCV-systems will be evaluated. 
Different control strategies in different 
ventilation systems are applied in various buildings 
such as residentials, auditoria, offices, schools. 

In a few months approximately 30 buildings are 
involved in tests in the participating countries. 
The plans are to measure in the following buil.ding 
types : 

Residential 14 buildings 
single family houses 11 bldgs 
blocks of flats 3 bldgs 

Offices 6 buildings 
Auditoria 3 buildings 
Schools, day nurseries 3 buildings 

Details about the distribution of the work will be 
found in the appendix. 

An example of a trial is illustrated in figure 4. 
The measurements and evaluation will cover: 

- ~egulating/controlling function 
- Dynamic behaviour of the room and system 
- Air quality 
- Energy savings 
The performance of the ventilation system will be 
checked in accordance to the Swedish guide 
"Inspection and performance checking of ventilation 
systems". 

The participating countries are Belgium, Canada 
(lead country) , Italy, Norway, Sweden and 
Switzerland. 

5 ,  SWTASK C - DESIGN ION OF DCV-SYS 

In the subtask will be summarized the knowledge 
concerning DCV-systems based on the experiments in 
subtask B and results from now already finished work. 
Conclusions and recommendations will be given in a 
source book which can be translated to national 
languages and then used as a hand book. 

The results from subtask A indicates a broad range of 
how much energy that is possible to save. Finished 
experiments in occupied spaces reports that between 
8 % to 40 % of energy consumptions could be saved. 

The first sensor tests will be carried out on 
15 sensors exposed in laboratory and in ventilation 
systems in an office. Test room studies about air 



distribution will give us better knowledge of optimal 
sensor location and if the ventilation systems can be 
made controllable. 

In occupied rooms or houses of various use will be 
studied DCV-systems with different control strategy. 
Conclusions, recommendations and results from the 
trials will be given in a source book. The work is 
planned to be finish in June 1991 and a printed report 
late 1991. 
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Table 1. Measured C02 concentrations some examples Table 2. Volatile organic compounds (VOC) of which the 
main parts are hydrocarbons. 

Ventilation Building Air exchange C02 conc [ppm] Comments 
System use rate (h-l) Min Max Mean Reference VOC-concentration [ug/m3] 

1. Mslhave, Nller 
Dwellings, new houses 
Dwellings, old houses 

Natural Day 
nurseries 0.5 - 1.5 1000 2500 1500 
schools 0.5 - 4 1000 7500 3000 
schools 5500 1500 
dwellings 500 1900 1400 closed 

doors max 
2800 ppm 

school 4500 

2. Johansson et al. 
Day nurseries 

3 .  Berglund et al. 
New day nursery 

4. De Bortoli et al. 
Dwellings, off ices 

range 200 - 10000 
mean 3000 

Exhaust Day 
nurseries 1 - 8 
dwellings 

600 1000 800 
800 1700 1400 closed 

doors max 
3700 ppm 

900 

5. Lebret et al. 
Dwellings 

no smoker mean 210 
smoker mean 350 

school 
6. Mslhave, Lundqvist 

Dwellings, unoccupied 
range 30 - 5500 
mean 4600 

Supply 
Exhaust 

day 
nurseries 2 - 9 
auditorium 
dwellings 

7. Krause. et al. 
Dwellings 

range 70 -2700 
mean 400 

400 800 600 
7 0 0 ~ )  17002) 
800 1600 1400 closed 

doors 
1400-2900 
PP"' 

900 

8. Hawtorne et al. 
Dwellings mean 240 

cinema 
Normal concentration is below 1000 ug/m3 

supply school 
Exhaust off ice 
Return Air 

office 3) 

600 1000 
700 1200 humidified 

air 
1000 700 

VAV System school 
auditorium 

1) Air flow rate 2 l/s,person 
2) Air flow rate 16 l/S,perS~n 
3) 0.1 ach/h during night 
4) TWO cases: a) supply and exhaust devices located at the ceiling 

b) supply devices located at the floor and exhaust at 
the ceiling 



Temp. (nonnd control 

Temp. (nonnal ) control 

1C 

Figure 1. Energy consumption in a bank, Pasco, WA, U.S.A. 
C02 control mode compared to temperature 
(normal) control mode. Energy savings 8 %. 
Ref. Gabel S.D; Janssen J.E, et al. 
Carbon Dioxide based ventilation Control System 
Demonstration DOE BPA, April 1986. AIVC # 2333 

hours 

Figure 2. Office in Otaniemi, Finland. Outdoor air flow 
rates during a working day. Control modes: 
1 Constant flow a) working hours b) evening 
c) during night - only return air. 
2 C02 control. 3 Time control. 
Ref. Sodergren, D; Punttila, A. 
A C02-controlled ventilation system. Swedish 
Council for Building Research D7:1983. 
AIVC # 1218 



Figure 3. Test rooms at the Swedish National Institute 
for Building Research. An office space is 
simulated. Various tests will be run with 
people and also simulated by heat and C02. 
The number of simulated occupants in each room 
will vary from 0 - 2. 

Figure 4. An auditorium in Trondheim, Norway, equiped 
with temperature and C02-controlled air flow. 
Sketch of the ventilation system, the 
controller unit, and the data acquisition 
system. Displacement ventilation with air 
inlets under the seats and outlets in the 
ceiling. C02 set point 900 ppm. 



APPENDIX 

SUBTASK B - CASE STUDIES 

Short description of the tests. 

B 2 Unoccupied test houses 

In flats will be used DCV systems with humidity and C02 
sensors and also manual controlled systems. Different 
locations of the supply and exhaust devices will be 
studied. One school will be equipped with manual, 
humidity, and C02 controlled natural ventilation. 

B 3 Occupied buildinas 

1. One school with C02 controlled system. 

2. 2 blocks of flats with natural ventilation have been 
selected. 10 flats in each block are equipped with 
humidity and manual controlled systems. During 5 weeks 
each season measurement will be carried out in 
bathroom, kitchen, livingroom and in the extract air. 

3. Single family houses with natural and exhaust air 
ventilation will be controlled by C02 and humidity 
sensors also manual and time controlled. 

Canada: 

B 3 Occupied buildinus 

1. In the R-20CO program run by Energy Mines and 
Resources development of single family houses are 
going on to find energy efficient homes with good 
indoor air quality. Experiments are ongoing measuring 
in balanced ventilated houses with humidity control. 

2. In an office building a C02-sensor is located in the 
return air shaft. The building is divided in two zones 
one with C02-sensor controlling half of the building 
and the other half normal temperature controlled. 

3. In meeting-rooms the ventilation system will be 
controlled by C02 and humidity sensors and compared 
to manual and temperature controlled ventilation. 

4. Canada Mortgage & Housing Corporation (CMHC) have 
selected 5 houses. One house will be equipped with a 
system that can change the supply air according to the 
number of persons in the house. One house is equipped 
with humidity control in exhaust and supply devices. One 



that will be designed this winter. Two houses will be 
used more or less as references and equipped with 
balanced ventilation system and heat recovery, one 
with and one without reticulating air. 

B 3 Occupied buildinus 
In two existing day nurseries will be installed 
ventilation system with supply and exhaust air. Humidity 
and C02 sensors will be used to control the air flow. 

Federal Republic of G e n w n v :  

B 2 Unoccupied test houses 

The main objective is energy conservation but also to 
attain good indoor air quality. Different habits in 
dwellings are simulated and the pollutant levels are 
studied while using different ventilating systems and 
using different control strategies. Ongoing measurement. 

Finland I 

B 2 Unoccupied test houses 

In a standard single family house is installed a supply 
and exhaust ventilation systems. The research work is in 
three steps 

a) Loading profile, simulation and calculations. 

b) Testing the systems when simulating control by the 
occupants. 

c) Interaction ventilation and heating. 

Italv : 

In a new block of flats with exhaust ventilation is 
installed humidity controlled supply air grilles in 
bedrooms and living rooms. The main objective is to 
avoid moisture damaging the structure. 

Netherlands : 

B 3 Occupied buildinas 

1. Tests have been carried out in humidity controlled 
houses. 

2. The objective is to find a cheap and practical 
system to be used in dwellings. It could be a balanced 
ventilation system with heat recovery and controlled 
by a sensor. 



The plans are to install DCV system with C02, 
humidity, and odour sensors. Energy consumption will 
be checked. Humidity set point will be changed 
according to outdoor temperature. Sensors will be 
located in the exhaust air duct and in the living 
room. The systems will be evaluated during 6 weeks 
with each location of the sensors. 

Norway : 

B 3 Occupied buildinss 

Measurements have started in a lecture hall at the 
University in Trondheim, CO sensor is located in the 
hall with the set point at 800 ppm. 

The system is alternate run with a week with thermal 
control and a week with C02-control. Tests have been 
done with the same number of students in the hall. Supply 
air devices are located under the seats and exhaust 
devices are located in the ceiling and no return air. 
Measure: C02, temperature, relative humidity, air 
velocity. 

Sweden : 

B 1 Lon9 term tests of sensors 

Sensors for humidity, C02 and mixed gases will be 
tested in laboratory and in field. 

B 2 Unoccupied test rooms 

A test unit of 4 unoccupied office rooms will be used. 
A balanced supply and exhaust ventilation system is 
installed. Air will be supplied in the rooms and 
exhausted in the corridor. The test unit will be 
simulated to be occupied. Air movement and the 
distribution of the pollutants will be studied for the 
cases of: 

- different locations of the controlling sensor 
- different 1ocati.ons of supply-air devices. 
B 3 Occupied buildinss 

1. Tests will be carried out in a meeting room with 
max. capacity of 25 persons. Different sensors will be 
used when controlling the supply air flow. 

The number of persons in the meeting-room can easily 
be controlled and the duration of the meetings. 

2. In an office building tests will be done in a 
meeting-room for 15 persons and two open areas with a 
great variety in the number of persons. 

A VAV-system was installed from the beginning in the 



2 year old building . The system controlled by 
C02-sensor will be compared to the original 
controlled by temperature. 

3. A school which today has an exhaust air system will be 
equipped with a new supply and exhaust air system. The 
classrooms are nearly always used in the same way and 
with the same number of occupants present. 

Occupied classroom: air flow rate 250 l/s 

Unoccupied classroom: air flow rate 28 l/s 

This will give 9 - 7,5 l/s, p and a calculated C02 
level of 1000 ppm with 30 pupils and 900 ppm with 
25 pupils. The supply principles will be "mixing" in 
5 classrooms and "displacement" in 1 classroom. In 
5 classrooms the air flow rate is controlled by an 
acoustic presence sensor and in 1 classroom controlled 
by a C02-sensor with the set point at 900 ppm. 

4. In an office under construction a DCV system 
will be installed in the VAV-system. The building will 
be completed in Oct. 1989. Total area is 4500 m2and 
185 office rooms. Measurements on volatile organic 
compounds, particles, C02, and humidity will 
indicate what pollutant that can be the controlling 
one. The measurement will also indicate when it is 
possible to control on activities coupled to the 
occupants and not on emission from building material. 

Switzerland: 

B 3 Occu~ied buildinus 

Two auditoria (70 persons in each) will be used at ETH in 
Zurich. The ventilation systems will be controlled by 
temperature in both systems. In one of the auditoria the 
indoor air is controlled by a C02-sensor. The supply, 
exhaust, and return air system is designed to give 
constant air flow with 750 ppm as a set point. 



1)RPsarediff B=-n,W=C&, C H = ~ t z g l a d , D = M . ~ l , a f ( 3 f i ~ , I = I ~ y , N = ~ , I V . = ~ ~ , S = ~ , 9 : = F i n l ~ .  
k = ~ \ ~ h r d l \ a h . , ~ = w v e n t , ~ ~ = ~ - ~ ~ y a ~ l s d r ; r s t , ~ ~ ~ = - a d s d ' a s t ' a d - s c t r a s c t a s t f s n , m = w m d  return 

VAV = Uxb l i k  air 
DK = D e n r m k  1 ) Day nursery 



Discussion 
Paper 2 

mllem de Gids (TNO, Netherlands) 

Was the booster fan also controlled by a sensor, and if so what type of sensor was used? 
Lars Goran Mansson (LGM Consult AB, Sweden) 
In ongoingprojects in Canada single family houses have supply and exhaust ventilation systems. When 
needed the airflow is increased by a booster fan which is controlled by a humidity sensor. 

Mike Holmes (Ove Arup, London UK) 

Your example to demonstrate the potential savings due to the use of a COz detector used working day 
and night-time ventilation rates of 8 and 4.2 Vslperson. The CO2 detector model which showed savings 
of 40% was without any nighttime ventilation. Surely the same result would be achieved without using 
a detector and turning the system off at night? 
Lars Goran Mansson (LGM Consult AB, Sweden) 
The control mode I, see Figure I, shows the nonnal designed control of a constant airflow system in the 
Nordic countries. Witlt the time clocked control mode giving an airflow more like the CO2 control mode 
indicates that the potential saving is more like it is in the other example, Figure 1. 
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SYNOPSIS 

What does the designer o f  a  f u tu re  energy-ef f ic ient  bu i l d i ng  ask 
o f  the a i r  f low spec ia l i s t ?  - S t a t i c  pred ic t ions o f  a i r  f low 
pat terns and opt imizat ion o f  thermal comfort and indoor a i r  
q u a l i t y  a t  design condi t ions w i l l  not be enough f o r  him. 

The paper suggests t ha t  time-dependent a i r  f low simulat ion i s  
imperative t o  respond t o  tomorrow's design needs. D i f f e ren t  physi- 
ca l  t ime scales f o r  a i r  f low pat terns i n  spaces w i l l  be discussed. 
Heat capacity by components, d i f f e r e n t  types o f  heat t rans fe r ,  
varying occupancy, con t ro l  inputs etc.  g ive r i s e  t o  d isparate t ime 
scales. The t rend toward occupant con t ro l led  v e n t i l a t i o n  w i l l  
continue. A i r  f low w i l l  i n t e r a c t i v e l y  be adjusted t o  changing 
needs i n  each room. The I E A  Annex 20 examines t o o l s  t o  p red i c t  
steady a i r  f low pat terns w i t h i n  bui ld ings.  The dynamic management 
o f  a i r  f lows w i l l  requ i re  new methods t h a t  b u i l d  on Annex 20 work. 

INTRODUCTION 

The a i r  f low i n  a  bu i l d i ng  i s  not  s ta t ionary :  People move around 
o r  enter rooms, v e n t i l a t i o n  i s  turned on o r  o f f ,  sudden sunshine 
t r i gge rs  a  thermal updraf t ,  o r  a  window i s  opened. I n  add i t ion,  
new v e n t i l a t i o n  designs al low the occupant t o  i n t e rac t  w i t h  the 
system and t o  con t ro l  l oca t ion  and volume o f  f resh a i r  supply. 
Advanced a i r  hea t i t i j  systems d i s t r i b u t e  hot a i r  w i th  a  r o ta t i ng  
nozzle and innovat ive schemes "shoot" lumps o f  f resh a i r  as vortex 
r ings  a t  the occupanti. From the po in t  o f  view o f  HVAC con t ro l ,  
the indoor a i r ,  inc lud ing supply and re tu rn  f lows, i s  a  component 
o f  a  dynamic system. 

These examples suggest t h a t  the a i r  f low pa t te rn  i n  a  bu i l d i ng  i s  
unsteady and t h a t  only t rans ien t  computer s imulat ion i s  su i tab le  
f o r  i t s  pred ic t ion.  

Why do many o f  today's methods s t i l l  s imulate steady f low f i e l d s  
only? I n  p a r t i c u l a r  some o f  the more complex numerical models f o r  
s ing le  room o r  multi-zone a i r  f lows aim a t  steady-state so lu t ions.  

Here are two possib le answers: 

(1) Numerical complexit ies o f  time-dependent s imulat ion 

( 2 )  The phenomenon o f  i n t e res t  can o f t en  be considered steady 
a f t e r  a  ca re fu l  comparison o f  the re levant t ime scales o f  the 
actual  problem. 



The f i r s t  answer appl ies t o  app l ica t ions t h a t  are already compli- 
cated i n  t h e i r  s t a t i c  desc r ip t ion  and requ i re  a great amount o f  
computer t ime and resources. A single-room a i r  f low pa t te rn  may 
eas i l y  requ i re  a 20x20~20 spa t i a l  reso lu t ion  resu l t i ng  i n  8000 
memory locat ions f o r  each var iab le .  I f  i n  add i t i on  the informat ion 
f o r  a few hundred t ime steps must be ca lcu la ted and stored, along 
w i t h  time-dependent boundary condi t ions,  the amount o f  data be- 
comes overwhelming. 

The same i s  t r u e  f o r  mu l t i - ce l l  simulat ions where the so lu t ion  o f  
a la rge system o f  coupled equations t o  determine the steady-state 
pressure a t  each o f ,  say, a hundred nodes ( i .e.,  rooms o r  zones o f  
rooms) i s  already a de l i ca te  task. 

Many numerical methods take advantage o f  a time-marching procedure 
t o  asymptot ical ly  reach a steady-state so lu t ion  from an a r b i t r a r y  
i n i t i a l  guess. However, dur ing t h i s  process o f  convergence the 
boundary condi t ions are kept constant, and very o f t en  the  t ran- 
s ien t  so lu t ions a t  f i n i t e  times are not  o f  i n te res t .  

Y i t h  regard t o  explanation ( 2 )  above, experience has shown t h a t  
many a i r  f low pat terns o f  p rac t i ca l  i n t e r e s t  can be analyzed by 
j u s t  looking a t  steady so lu t ions a t  much reduced expense o f  com- 
puter resources. But t h i s  approach requires p r i o r  knowledge o f  the 
re levant t ime scales o f  the problem. 

This i s  i l l u s t r a t e d  by the fo l low ing  example: A t  t ime t = 0 the 
a i r  i n  a room o f  dimensions L i s  a t  res t .  How long does it take t o  
get the a i r  moving when i t  i s  dr iven by the momentum o f  a j e t  o f  
ve l oc i t y  u and mass f low & enter ing through a nozzle o f  

0 

diameter h ? 

Several s imp l i f i ca t i ons  w i l l  be made: Instead o f  accounting f o r  
f r i c t i o n ,  a r e l a t i o n  proposed by Nie lsen2 i s  used t o  estimate the 
f i n a l  (steady-statej a i r  ve l oc i t y  i n  the occupied zone, 

where K depends on the i n l e t  geometry snd Reynolds number. 

Further, l i n e a r  accelerat ion o f  the a i r  mass i s  assumed and the 
constant, c  < 1, accounts f o r  the f a c t  t ha t  the a i r  i n  the  center 
c i r cu la tes  a t  lower speed. The a i r  mass m accelerates as (Newton's 
law) 

d u 
c m -  = i n u  d t = j e t  momentum 

0 

I f  n expresses a i r  changes per hour (azh) and i f  a t ime constant z 
i s  defined by 

r du 



The t ime scale f o r  the accelerat ion o f  the  room a i r  by j e t  
entrainment becomes 

Thus, i n  a  room w i t h  i = 4 m and a j e t  i n l e t  diameter h  = 0.2 m a t  
an a i r  change ra te  o f  6 per hour, the t ime constant i s  roughly 
134 s  when cK i s  o f  order un i t y .  

What does t h i s  mean? - When we are in terested i n  the a i r  f low 
pat tern  i n  an o f f i c e  bu i l d i ng  as it e x i s t s  dur ing the ea r l y  a f te r -  
noon, i .e . ,  some average f low f i e l d  over an hour o r  two, we do not 
care about the t rans ien t  response o f  the  room a i r  caused by a  
sudden change o f  j e t  momentum. On the o ther  hand, we a lso neglect 
the slow d r i f t i n g  o f  ce r t a i n  temperatures resu l t i ng  from the 
e f f e c t  o f  the day-night temperature va r i a t i on  on the bu i l d i ng  
thermal i n e r t i a .  

Thus a  f i r s t  conclusion w i t h  regard t o  s imulat ion o f  f lows under 
condi t ions which are unsteady i n  r e a l i t y  could be formulated as: 

I f  we want t o  p red ic t ,  i n  a  general ly  unsteady s i t ua t i on ,  a  
phenomenon t ha t  has a  cha rac te r i s t i c  durat ion s u f f i c i e n t l y  
above the next lower and below the next higher natura l  t ime 
scale o f  the overa l l  physical  problem, then a  steady-state 
simulat ion i s  adequate. 

This paper w i l l  review a few d i f f e r e n t  t ime scales appl icable t o  
a i r  f low i n  bu i ld ings  i n  the next section. A f u r t he r  sect ion i s  
devoted t o  the ra te  o f  growth o f  one-dimensional natural  convec- 
t i o , ~  boundary layers on v e r t i c a l  surfaces. Then trends f o r  time- 
dependent a i r  f low simulat ion are discussed along w i t h  a  c r i t i c a l  
overview o f  the IEA Annex 20 ob ject ives and an appraisal of i t s  
intended impact on the f u tu re  development o f  f low f i e l d  predic- 
t i o n .  Annex 20 i s  e n t i t l e d  " A i r  f low pat terns w i t h i n  bu i ld ings"  
and deals w i t h  s imulat ion techniques f o r  s ingle-  and multi-zone 
a i r  and contaminant f low. 

2.  PHYSICAL TIME SCALES I N  BUILDING A I R  FLOW 

Time scales can only be estimated a f t e r  the physics o f  the  problem 
have been analyzed and the re levant mechanisms i den t i f i ed .  Often, 
t ime constants are very sens i t i ve  t o  geometric dimensions and 
proport ions. This becomes apparent i n  the fo l low ing  example o f  the 
heating o f  the room-air by a  rad ia tor .  

The a i r  i n  a  cubical  room o f  length L  has an i n i t i a l  temperature 
o f  T,, .  This a i r  i? uniformly heated by a  rad ia to r  w i t h  an ef fec-  
t i v e  surface of h  and a temperature T i  = TI, + AT. It i s  assumed 
tha t  the convective heat t r ans fe r  coe f f i c i en t ,  u, i s  constant. 



The heat balance f o r  the room a i r  (w i t h  temperature T I  y ie lds :  

dT 
c m -  = u ( T , - T ) ~ ~  

P dt, 

The t ime constant r i s  def ined by the i n i t i a l  r a te  o f  heat ing 

BT 
- - dT 

z  - ,(t=O, 

And the  t ime scale f o r  convective heating ( o f  the a i r )  becomes 

and i s  independent o f  AT. 

2  If an en t i regwa l l  i s  heated, h  = L, and f o r  L = 4 m, u  = 5 W/m K, 
p = 1.2 kg/m , and c  = 1000 J/kg K, t h i s  thermal t ime scale i s  

P 
7 = 960 s, o r  about one quarter  o f  an hour. Of course, i f  the 
rad ia to r  does not  cover a  f u l l  wa l l ,  t h i s  t ime constant becomes 
much la rger  and grows w i t h  the second power o f  L/h. 

The non-dimensional combinations i n  z, above, a lso could have been 
obtained by dimensional analysis,  but  not  the power o f  (L/h). The 
convection t ime scale i s  more sens i t i ve  t o  (L/h) than the  a i r  
accelerat ion scale discussed i n  the in t roduct ion.  

2.1 Transient a i r  movements 

A v a r i e t y  o f  t ime scales character iz ing steady a i r f l o w  have been 
i d e n t i f i e d  by Hammond3. Also, the "age" o f  a i r  used t o  quan t i f y  
v e n t i l a t i o n  ef fect iveness * i s  a  t ime scale defined mainly f o r  
s ta t ionary  f low f i e l d s .  The present discussion i s  not  concerned 
w i t h  t ime constants o f  steady flows. 

There i s  another c lass o f  f l ow s i tua t ions  i n  which unsteady sig- 
nals are recorded dur ing experiments, although the ve loc i t y  f i e l d  
i s  steady: That i s  when the concentrat ion f i e l d  ( o f  a  neu t ra l l y  
buoyant t racer )  i s  unsteady i n  an otherwise steady f low. 
Rec i rcu la t ing clouds o f  t r ace r  gas may produce a near ly per iod ic  
s ignal  a t  a  f i x e d  loca t ion  w i t h  a  frequency o f  the order o f  u/L, 
where u  and L are t y p i c a l  a i r  v e l o c i t i e s  and room dimensions, 
respectively. A t r ace r  gas step-input r esu l t s  i n  an aper iodic 
response. 

We w i l l  t u r n  our a t t en t i on  t o  t r u l y  time-dependent f lows t ha t  
requ i re  t ime-der ivat ive terms i n  the governing t ranspor t  equa- 
t ions.  Again, we can d i s t i ngu i sh  between time-dependent f lows w i t h  
steady and w i t h  unsteady boundary condit ions. 



2.2 Time-dependent f lows w i t h  s ta t ionary  boundary condi t ions 

I f  a c i r c u l a r  cy l inder  o f  diameter d i s  placed i n  a incompres- 
s ib le ,  uniform f low a t  ve loc i t y  u, vo r t i ces  separate from the 
cy l inder  surface a t  a frequency o f  about 0.2 u/d. A Karman t r a i l  
develops i n  the wake o f  the obstacle. A b lun t  body under constant 
boundary condi t ions may give r i s e  t o  an unsteady, per iod ic  f low 
f i e l d  i f  there i s  a feedback from the po ten t i a l  f low pressure 
f i e l d  t o  the boundary layer separation mechanism. 

W i l l  o s c i l l a t i o n s  o f  t h i s  type develop i n  room a i r  f lows? - The 
engineer doing numerical f low simulat ions would welcome a c lea r  
answer t o  t h i s  question. When he attempts t o  compute a f l ow w i t h  
an inherent unsteadiness by a set  o f  equations wi thout  t rans ien t  
terms, he w i l l  perhaps never reach a steady-state solut ion.  I n  the 
case o f  the cy l inder ,  the steady so lu t ion  would be unstable except 
a t  very low Reynolds numbers. 

Physical flow Flow in fe r red  from 
measured data 

Best mathematical 
Flow i n fe r red  from 

Selected mathematical formu- 
l a t i o n  w i t h  turbulence model 
( p a r t i a l  d i f f e r e n t i a l  eqs.) 

F i n i t e  domain equations (FOE) 
(d i sc re t i za t ion ,  treatment o f  
wal ls ,  corners and junct ions) 

Approximated f low f i e l d ,  not  
converged (numerical a lgor i thm 
t o  approach so lu t ion  o f  FDE) 

Figure 1 The s imulat ion o f  f low f i e l d s  involves a chain o f  repre- - 
sentations where o s c i l l a t i o n s  can develop. Informat ion on the 
actual physical f low i s  ava i lab le  only as measured data and 
through f low v isua l i za t ion .  



However, an o s c i l l a t i o n  dur ing the numerical i t e r a t i o n  process 
does not  necessar i ly  po in t  t o  an unsteady physical f low. And 
Fig. 1 i l l u s t r a t e s  t h a t  the se t  o f  equations f o r  which we seek a 
so lu t ion  i s  merely a h i gh l y  s i m p l i f i e d  representat ion o f  the 
actual  f low. The source o f  o s c i l l a t i o n s  can be rooted i n  the 
numerical so l u t i on  algori thm, i n  the f i n i t e  domain equations, o r  
i n  the set  o f  p a r t i a l  d i f f e r e n t i a l  equations o f  the model. 

Low frequency f l uc tua t i ons  seem t o  develop sometimes7 i n  f lows 
invo lv ing  natura l  convection. Since there i s  an increasing'need t o  
simulate such f lows, ca re fu l  studies are needed t o  learn more 
about these unsteady phenomena. Pa ra l l e l  t es t s  and cafcu la t ions by 
d i f f e r e n t  methods o f  i d e n t i c a l  cases, such as conducted by the IEA 
Annex 20 par t i c ipan ts ,  should shed some l i g h t  on these problems 
and he lp  t o  p inpo in t  the source and conf i rm the existence o f  
unsteadiness. 

2.3 Time-dependent f lows dr iven by time-dependent-boundary condi t ions 

Energy conservation i s  improved i f  f resh  a i r  i s  provided only 
where and when i t s  needed. Demand con t ro l led  v e n t i l a t i o n  systems 
react  t o  s igna ls  from special ized sensors. User-activated con t ro l  
o f f e r s  the po ten t i a l  o f  maintain ing energy e f f i c i ency  whi le  im-  
proving user sa t i s f ac t i on ,  because the occupant can adjust  the 
loca l  c l imate t o  h i s  ind iv idua l  needs. 

Time-dependent a i r  f low p red ic t ions  are needed t o  ca lcu la te  the 
response o f  the a i r  f low pa t te rn  t o  such cont ro l  inputs. With more 
powerful computers there w i l l  be a t rend from steady-state cal-  
cu la t ions t o  s imulat ion o f  t rans ien t  f low f i e l d s .  Of course, the 
computation o f  the dynamic response o f  a complete a i r  f low pa t te rn  
requires t h a t  s t a t i c  f lows are handled rou t ine ly  and w i t h  con- 
f i dence. 

Appl icat ions f o r  t rans ien t  a i r  f low codes: 

o Some designs f o r  the house o f  the f u tu re  envisage comfart 
systems i n  which unoccupied rooms are kept a t  a temperzture 
and v e n t i l a t i o n  leve l  f a r  below what i s  used today (win ter  
s i t ua t i on ) .  When people enter the room, a high-powered system 
br ings the a i r  q u a l i t y  t o  the required leve l  i n  a r e l a t i v e l y  
short  t ime. How much power i s  needed, how much f resh  a i r ,  and 
how long does t h i s  warm-up take? - These are questions the 
designer must be equipped t o  answer. 

o A f i r e  s t a r t s  i n  a la rge bu i ld ing .  How do hot o r  t o x i c  gases 
spread through the bu i ld ing?  Can the smoke be removed and 
escape routes be cleared o f  t o x i c  gas by the e x i s t i n g  ven- 
t i l a t i o n  system without  feeding the f i r e  w i th  f resh  oxygen? 
These are t y p i c a l  t rans ien t  problems invo lv ing  convection o f  
heat and species, buoyancy, and rad ia t ion.  Some multi-zone 
smoke con t ro l  models are reviewed i n  I .  



o Sudden sunshine through the glazing o f  an atr ium may heat up 
one o f  the ins ide  surfaces and cause a d ras t i c  change o f  the 
i n te rna l  a i r  f low pa t te rn  and temperature d i s t r i b u t i o n .  Also 
a problem f o r  a t rans ien t  natural  convection f low f i e l d  code. 

It i s  hypothesized t h a t  i n  f u t u r e  v e n t l l a t i o n  systems the a i r  f low 
i s  not  j u s t  maintained but dynamically "managed" and adjusted t o  
instantaneous needs i n  the same way as an a i r c r a f t  i s  operated at-d 
p i l o t e d  along an optimum t ra j ec to r y .  

When t rans ien t  s imulat ion codes are appl ied, a number o f  d i f f e r e n t  
t ime scales should be considered. Some are shown i n  Fig. 2 along a 
logar i thmic t ime axis. These t ime constants might a lso be o4 
relevance when the numerical t ime steps i n  a t rans ien t  s~mu la t i on  
are selected. Slow processes should al low la rger  computational 
t ime increments. 

+ pressure wave i n  duct 

+ accelerat ion o f  room a i r  by j e t  

+-----t. a i r  heat up by convection 

+ d a i l y  occupancy and sunshine cycle 

++ thermal i n e r t i a  o f  bu i l d i ng  

+ seasonal outside 
temperature va r i a t i on  

1 1 1 1 1 1 logar i thmic time 
sec m i  n h r  day m. year 

Figure 2 Uni ts  o f  t ime along a logar i thmic scale wixh a ~ p r o x ~ m a t e  
ranges o f  various physical  t ime scales. 

I n  multi-zone a i r  f low i n  bu i ld ings,  a number o f  methods are 
ava i lab le  today t o  simulate the t rans ien t  exchange o f  a i r ,  con- 
taminants, and energy between rooms and w i t h  the outside. The 
i n te rm i t t en t  v e n t i l a t i o n  o f  a room by opening a window a t  i n t e r -  
vals, f o r  instance, i s  invest igated i n  subtask 2 o f  the I E A  
Annex 20. I n i t i a l  measurementsq show tha t  two d i f f e r e n t  t i ~ e  
scales are o f  importance: An i n i t i a l  g rav i t y  wave o f  co ld  a i r  
f i l l s  the lower pa r t  o f  the room w i t b ~ n  the f i r s t  few minutes 
a f t e r  the window i s  opened, then heat i s  t ransfer red from tne 
ins ide wal ls ,  and a slow d r i f t  o f  ins ide a i r  temperature continues 
f o r  approximately 10 hours depending on the heat capac~ ty  o f  the 
bu i l d i ng  s t ruc ture .  



Dynamic simulat ions o f  single-room f low f i e l d s  may a lso be re- 
quired t o  assess the performance o f  v e n t i l a t i n g  systems t h a t  
operate i n  a pulsed, revo lv ing o r  i n t e rm i t t en t  mode. The a b i l i t y  
o f  these systems t o  mix a i r  masses i n  a space i s  discussed i n  the 
next section. 

3. VENTILATION SYSTEMS THAT GENERATE UNSTEADY FLOW FIELDS 

Some novel v e n t i l a t i n g  systems incorporate schemes f o r  int roducing 
f resh  a i r  i n  a per iod ic  o r  i n t e r m i t t e n t i  way. The technical  
designs o f  these systems are not reviewed here, j u s t  one aspect o f  
t h e i r  operation w i l l  be discussed: The ef fect iveness o f  mixing a i r  
i n  the ven t i l a ted  room. 

A fundamental d i f fe rence between steady and unsteady f low was 
demonstrated by J. M. Ot t inoi ' '  f o r  app l ica t ions re la ted  t o  chemi- 
ca l  engineering. He has shown experimental ly t ha t  mixing o f  d i f -  
fe ren t  f l u i d s  i s  much more e f f e c t i v e  i n  an unsteady f low f i e l d  
than i n  a s ta t ionary  flow. 

When a blob o f  i nk  i s  introduced i n  a steady f low o f  a f l u i d ,  i t  
w i l l  s t r e t c h  and move and essen t i a l l y  t race  a p a r t i c l e  path. I f  
the experiment i s  then reversed w i t h  respect t o  time, the f l u i d  
should "unmix" ( i f  molecular d i f f u s i o n  and turbulence are 
disregarded) and the i n i t i a l  blob should reappear. The convection 
o f  a dye i n  a steady-state f low i d e a l l y  i s  a revers ib le  process 
where e r ro rs  grow l i nea r l y ,  and the i n i t i a l  s ta te  can ap- 
proximately be recovered. 

I n  a unsteady f low the s i t u a t i o n  i s  qu i t e  d i f f e r e n t .  This i s  
i 1 lus t ra ted  by the f low v isua l  i z a t i o n  recorded by O t t i no  and 
sketched i n  Fig. 3. The unsteady f low between two r o t a t i n g  ec- 
cen t r i c  cy l inders  t ha t  move pe r i od i ca l l y  i n  opposite senses ef-  
f ec t s  a thorough mixing o f  two f l u i ds .  Here, the e r r o r  i n  
reproducing the  motion i n  reverse grows exponential ly. Already 
a f t e r  a few periods i t  i s  p r a c t i c a l l y  impossible t o  undo the 
mixing. 

The experiments suggest t h a t  t h i s  e f f i c i e n t  mixing i s  accomplished 
by repeated s t re tch ing  and f o l d i n g  o f  f l u i d  f i laments, which i s  
t y p i c a l  f o r  unsteady f low w i t h  per iod ic  kinematic boundary condi- 
t ions.  

Returning t o  the v e n t i l a t i n g  system, we f i r s t  should decide on the 
type o f  ven t i l a t i on .  I s  a uniform mixing desired wi thout  any 
pockets o f  s t a l e  a i r  o r  hot  (cold)  spots? O r  i s  one-hundred-per- 
cent f resh  a i r  required near the occupant as i n  displacement 
ven t i l a t i on ,  where temperature s t r a t i f i c a t i o n  and non-uniform 
contaminant concentrat ions are intended? I n  the l a t t e r  case, 
mixing o f  f resh  a i r  w i th  po l lu ted  a i r  should ce r t a i n l y  be avoided. 



Figure 3 Mixing i n  unsteady f low: Two eccent r ic  cy l inders  r o ta te  
pe r i od i ca l l y  i n  opposite d i rec t ions.  The pa t te rn  o f  the 
mix ing l i q u i d s  a f t e r  about 10 periods i s  sketched a f t e r  a  
f low v i sua l i za t i on  photo taken by P. D. Swanson and J- 

M. Ottinol' ' . 

It can be concluded t h a t  i n t e rm i t t en t  o r  per iod ic  ( i .e. ,  unsteady) 
v e n t i l a t i o n  systems should not  be employed i f  mixing o f  a i r  masses 
i s  not  desired; however, these systems can be bene f i c ia l  i f  high 
ra tes o f  mixing are wanted. 

4. GROWTH RATE OF A VERTICAL ONE-DIMENSIONAL LAMINAR 

NATURAL CONVECTION BOUNDARY LAYEFJ 

Correct s imulat ion o f  f r e e  convection on v e r t i c a l  surfaces i s  o f  
c ruc i a l  importance i n  single-room a i r  f low predict ion.  I n  an 
attempt t o  be t t e r  understand f r ee  convection boundary layers ,  we 
have looked f o r  simple ana l y t i ca l  solut ions.  So f a r  we mainly 
found studies o f  steady f low along f l a t  p lates,  where the boundary 
layer  development, as a  func t ion  o f  the streamwise distance from 
the leading edge, i s  o f  i n te res t .  But the ins ide wal ls  o f  rooms 
s t a r t  a t  the f l o o r  junct ion and do not  have rea l  leading edges. 



Is there a genera1 bu t  simple model f o r  the loca l  behavior o f  a 
f r ee  convection layer  somewhere on a large v e r t i c a l  surface? - Not 
f o r  steady f low, where the shear layer  develops along a streamwise 
distance. But the ve loc i t y  and temperature p r o f i l e s  t h a t  develop 
somewhere on a wal l  i n  an unsteady s i t ua t i on ,  e.g., a f t e r  a sudden 
change o f  surface temperature, can l o c a l l y  be determined. 

I t  i s  t h i s  t rans ien t  bui ldup o f  a boundary layer t h a t  we studied 
i n  order t o  f i n d  ~ t s  re levant t ime scales. The so lu t i on  process o f  
numerical s imulat ion o f ten  s t a r t s  w i t h  the room a i r  a t  r e s t  ad- 
jacent t o  wal ls  o f  d i f f e r e n t  temperatures. I s  i t possible t o  
consider the growth o f  the shear layer as a l o c a l l y  one-dimen- 
s ional  problem? - To f i n d  out ,  we have devised an idea l ized 
problem resembling Stokes' f i r s t  problemii, where a se l f - s im i l a r  
laminar shear layer  i s  d r i ven  by a moving wal l .  I n  the present 
example, the a i r  i s  i n i t i a l l y  a t  r es t  and has a uniform tempera- 
t u r e  To. The v e r t i c a l  wal l  has a constsnt temperature Tw. 

Under the hypothesis o f  a one-dimensional physical process 
( d i r e c t i o n  "y"  normal t o  v e r t i c a l  wa l l )  the governing equations 
f o r  x-momentum and energy were derived under these assumptions: 

- Prand t l ' s  boundary layer  appr-oximations 
- laminar f low, constant v i scos i t y  
- densi ty inde~>endent o f  pressure 
- Soussintsq approximation f o r  density/temperature r e l a t i o n  
- No f r i c t i o n a l  o r  compressive heat ing 

I n  dimensionless form the equation f o r  v e r t i c a l  momentum i s :  

and the energy equation: 

With the i n i t i a l  conditions 
u = O  8 = 0  a t  t = O a n d y > O  

and boundary condi t ions 
u = O  8 =  1 a t  t > O a n d y = O  
u . 0  e + o  a s y - t w j  

The problem lacks natural  length and t ime scales. The only pos- 
s i b l e  combinations o f  physical  parameters w i t h  dimensions [ length ]  
and [ t ime] are L and r ,  expressed i n  terms o f  k i n e t i c  v i scos i t y ,  
u, and g rav i t y ,  g: 

= . / g  2 and r 

Non-dimensional temperature i s  defined by 0 : (T - To)/(T, - To) 



The other var iables are (w i t h  primes on physical  quan t i t i es ) :  

The c o e f f i c i e n t  o f  thermal expansion, 8 ,  i s  kept constant. 

The above system i s  r e l a t i v e l y  simple and can be solved ana ly t i -  
c a l l y .  However, the author i s  not aware o f  a  so lu t ion  i n  t h i s  
context. I n  contrast  t o  Stokes' problem, t h i s  system does not  have 
a se l f - s im i l a r  so lu t ion.  The energy equation can be integrated 
d i r e c t l y  because i t  i s  f r e e  o f  the other dependent var iab le ,  
u (y , t ) .  The temperature development alone can be expressed i n  
s i m i l a r i t y  form and i s  i den t i ca l  t o  the so lu t i on  o f  re la ted heat 
conduction problems: 

The momentum equation i s  dr iven by the temperature term 
(buoyancy). I t s  so lu t ion,  therefore,  a lso depends on the Prandtl  
number and i s  a  funct ion o f  both independent variables: 

Note t h a t  the thermal expansion term, B(T - T ) , has been incor-. 
W 0 

porated i n  the d e f i n i t i o n  o f  u and a f f ec t s  the physical ve l oc i t y  
1  inear ly .  

This der i va t ion  l 2  w i l l  not  be taken any f u r t he r  here. For il- 
lus t ra t i on ,  a  few temper t u r e  p r o f i l e s  are shown i n  Fig. 4 f o r  3 Pr = 0.7 and u = 15E-6 m /s. A f t e r  100 seconds, f o r  instance, the 
a i r  a t  a  distance o f  44 mm from the wal l  i s  heated t o  one-half o f  
the t o t a l  temperature d i f fe rence  Tw - To. 

Fiqure 4 Exact so lu t i on  f o r  non-dimensional temperature i n  f r ee  con- 
vect ion along hot  v e r t i c a l  wal l  as func t ion  of physical  
normal distance y'  [m] and t ime t '  [ s l  i n  a i r .  



5. PREDICTION OF STEADY AND TRANSIENT A I R  FLOW PATTERNS I N  ANNEX 20 

The IEA research drogram on "Energy Conservation i n  Bu i ld ings and 
Community Systems" sponsors a number o f  p ro jec ts  (Annexes) t ha t  
aim a t  reducing energy consumption o f  bu i ld ings  by opt imiz ing the 
a i r  f low and v e n t i l a t i o n  systems. The newest a i r  f low p ro j ec t  i s  
the Annex 20, " A i r  Flow Patterns w i t h i n  Bui ldings." 

The task-sharing Annex 20 s ta r ted  i n  May 1988 f o r  a per iod o f  
3 1/2 years. I t s  main ob jec t i ve  i s  t o  evaluate the performance o f  
s ingle-  and multi-zone a i r  and contaminant f l ow simulat ion tech- 
niques and t o  es tab l i sh  t h e i r  v i a b i l i t y  as design too ls .  

The subtask-1 researchers evaluate f l ow f i e l d  s imulat ion programs 
f o r  the p red ic t ion  o f  ve loc i t y ,  turbulence, temperature, and 
concentrat ion d i s t r i b u t i o n s  i n  spaces. Numerical exercises are 
ca r r ied  out  f o r  c l e a r l y  defined t e s t  cases and the resu l t s  com- 
pared w i t h  measurements obtained i n  i den t i ca l  t e s t  chambers by 
d i f f e r e n t  p a r t i c i p a t i n g  countr ies. 

Five t y p i c a l  t e s t  cases have been selected f o r  t h i s  study: 

b)  Forced convection, isothermal f low w i t h  wal l  d i f fuser ,  
c )  mixed convection, warm-air heating, 
d) f r ee  convection w i t h  rad ia to r  and co ld  window inner surface, 
e) mixed convection, summer cool ing,  warm window surface, and 
f) forced convection, isothermal, as i n  b) ,  w i t h  contaminants. 

I n  subtask 2, the a i r ,  energy, and contaminant f low between rooms 
and i n f i l t r a t i o n  from the outs ide are investigated. New algori thms 
are being developed and evaluated f o r :  

o Flow through large openings 
o Inhabi tant  behavior 
o A i r  f low dr iven contaminants 
o Multi-room v e n t i l a t i o n  e f f i c i ency  

Mathematical descr ip t ions o f  these models w i l l  be produced. But 
the actual  implementation i n  a computerized multi-zone i n f i l t r a -  
t i o n  model i s  not  w i t h i n  the scope o f  t h i s  annex. 

The new algori thms w i l l  be experimental ly ve r i f i ed ,  and some 
advanced measurement techniques w i l l  be necessary. Improved 
methods f o r  

o multi-zone a i r f l o w  measurements and 
o enhanced leakage measurements 

are developed f o r  t h a t  purpose and documented. Va l idat ion data 
sets and physical  parameter data bases w i l l  be made ava i lab le  on a 
data bank f o r  l a t e r  use. 



5.1. Need f o r  unsteady s imulat ion 

I n  the near fu ture,  design methods w i l l  r ou t ine ly  employ i n f i l t r a -  
t i o n  models and f low f i e l d  p red ic t ion  too ls ,  and powerful com- 
puters w i l l  be ava i lab le  i n  the  consultant 's o f f i c e  a t  reasonable 
cost. Complex f low f i e l d  s imulat ion codes w i l l  ca lcu la te  the  a i r  
f low pat tern i n  concert ha l l s ,  but s imp l i f i ed  methods could be 
more e f f i c i e n t  t o  pred ic t  the f low i n  an of f ice.  No doubt, time- 
dependent f lows must a lso be mastered w i t h  confidence. 

Today, the researchers pa r t i c i pa t i ng  i n  Annex 20 s t r i v e  t o  advance 
the s ta te  o f  the a r t  i n  steady-state f low predict ion.  Engineers o f  
many countr ies cooperate t o  learn how t o  apply modern computa- 
t i o n a l  f l u i d  dynamics t o  bu i l d i ng  a i r  f low. They share ideas on 
measurement techniques and, together, i n te rp re t  experimental and 
numerical resu l ts .  

The Annex-20 experts decided ear l y  t o  concentrate on steady-state 
a i r  f low patterns (w i th  a few exceptions i n  subtask-2 algorithms). 
As i l l u s t r a t e d  i n  Fig. 5, complex f low f i e l d  s imulat ion i s  
scrut in ized under s t a t i c  condi t ions only, i .e. ,  i n  the shaded 
space-coordinate plane o f  the f igure.  

Figure 5 Space and time: Annex 20 aims a t  preparing a s o l i d  basis i n  
the  domain o f  steady a i r  f low simulat ion, as indicated by the 
shaded "spaceM-plane. 

New v e n t i l a t i o n  designs and cont ro l  s t ra teg ies make fu tu re  dynami- 
caf s imulat ion expert ise mandatory. The t rend toward t rans ien t  
p red ic t ion  i s  c lear ,  and the  development o f  new methods w i l l  
perhaps b u i l d  on Annex-20 experience. 



6. CONCLUSIONS 

The goals o f  the " A i r  Flow Pattern" Annex are formulated i n  an- 
t i c i p a t i o n  o f  f u tu re  trends i n  a i r  i n f i l t r a t i o n  and ven t i l a t i on .  A 
s o l i d  groundwork i n  numerical and experimental techniques f o r  
steady-state bu i l d i ng  aerodynamics sha l l  be provided. New methods 
f o r  t rans ien t  a i r f l o w  can l a t e r  be based on t h i s  foundation. 

A summary o f  conclusions fo l lows: 

o Steady-state s imulat ion i s  o f ten  less expensive and may be 
adequate f o r  f lows t h a t  undergo changes o f  large t ime scale 
compared t o  the observation per iod o f  i n te res t .  Also, tran- 
s i en t  behavior w i t h  t ime scales much shorter  than t h i s  per iod 
may be neglected. 

o Time scales are sens i t i ve  t o  geometric dimensions and propor- 
t ions.  

o Unsteadiness ? s  observed i n  d i f f e r e n t  s i tuat ions:  
- when the concentrat ion o f  a t r ace r  var ies  along stream- 

l i n e s  o f  a steady f low f i e l d  (clouds o f  t racer  gas), 
- per iod ic  s h i f t i n g  o f  separation po in ts  under s ta t ionary  

boundary condi t ions (Karman vortex t r a i l ) ,  
- o s c i l l a t i o n s  i n  un-converged numerical so lu t ions,  some- 

times r e s u l t i n g  from problems w i t h  the s o l u t i o ~  algori thm, 
- low-frequency f l uc tua t i ons  i n  rea l  f lows w i th  natural  

convection o r  thermal plumes, and 
- f u l l y  time-dependent f lows w i t h  unsteady boundary condi- 

t ions.  

o Low-frequency f luc tua t ions ,  as observed i n  experiments w i t h  
thermal f lows, should be c a r e f u l l y  investigated. 

o Competence i n  accurate p red ic t ion  o f  t rans ien t  f low f i e l d s  i s  
required f o r  a i r  f low management i n  advanced v e n t i l a t ~ o n  
cont ro l  systems, i n  smoke con t ro l ,  o r  i n  large spaces w i th  
changing thermal loads ( a t r i a ,  l ec tu re  theaters) .  

o Two f l u i d s  mix be t t e r  i n  unsteady f low. I f  no m i x i ~ g  i s  
desired, as i n  displacement den t i l a t i on ,  f resh a i r  should be 
suppl ied a t  constant ra te .  

o The growth o f  a one-dimensional laminar f ree  convection 
boundary layer can be estimated by an ana ly t i ca l  formula. 
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Tracer gas techniques have become widely used t o  measure the ventilation rates in 
buildings. The basic principle involved is that  of conservation of mass (of tracer 
gas) as expressed in the continuity equation; by monitoring the injection and con- 
centration of the tracer, one can infer the exchange of air. Although there is only 
one continuity equation, there are many different experimental injection strategies 
and analytical approaches. These different techniques may result in different esti- 
mates of infiltration due to uncertainties and biases of the procedures. This 
report will summarize the techniques and the relevant error analyses. 

As more detailed information is required for both energy and indoor air quality 
purposes, researchers are turning t o  complex, multizone tracer strategies. Both 
single gas and multiple gas techniques are being utilized, but only multigas are 
capable of uniquely determining the entire matrix of air flows. This report will 
also review the current effort in multizone infiltration measurement techniques. 

I<eywords: Ventilation, Infiltration, Tracer Gas, Multizone Measurement Tech- 
niques, Error Analysis, Uncertainty 



3 Instantaneous tracer gas concentration [kg/m ] 
3 Multizone tracer gas concentration matrix [kg/m ] 

3 Target concentration of tracer [kg/m ] 
Instantaneous injection of tracer gas [kg/h] 

Multizone tracer injection matrix [kg/h] 

Air Change rate [he'] 

Air change rate matrix [h-'1 

Number of zones [-] 
3 Ventilation [m /h] 

3 Ventilation matrix [m /h] 

Time [h] 

Length of measurement period [h] 
3 Volume [m ] 

3 Zone volume matrix [m ] 
3 Density of air in a zone [kg/m ] 

Uncertainty in quantity X (e.g. concentration, injection, etc.) 

Time average of quantity X over measurement period T 

Time rate of change of quantity X 

Indicates is a parameter found from a regression. 

Indicates X is found using an integral technique. 



INTRODUCTION 
The purpose of this report is t o  review the approaches t o  the use of tracer 

gasses in the determination of infiltration (i.e. total outside air exchange). A 
decade ago the author presented work on this same topic;' a summary of earlier 
work has been done by others as Although the continuity equation has not 
changed, the tracer techniques now being used have developed in the interim. 
Both this report and the prior one consider both single-zone and multizone solu- 
tions, steady-state and transient methods, and potential sources of bias. 

The issue of mixing (which is a rubric for phenomena such as short-circuiting, 
apparent flow delay, and effective volume,) was stressed heavily in the original 
work. Mixing must always be a serious concern in tracer gas experiments, The 
subject of non-tracer measurement techniques (i.e. modeling) was discussed in the 
original report, but, as modeling has become a topic of extensive effort, i t  is being 
reviewed by others14 but will not be explicitly treated, herein. 

Background 

Tracer asses are used for a wide range of diagnostic techniques including leak 
detection5"and atmospheric tracing.7 One application which has had a resur- 
gence in the last decade is the use of tracer gasses t o  measure ventilation (i.e., air 
flow) in buildings.8 Ventilation is an important process in buildings because of its 
impact on both energy requirements and indoor air quality-both of which are 
topics of concern to  society. Measurement of the tracer gas combined with conser- 
vation laws allows a quantitative determination of the tracer transport mechan- 
ism (i.e., a measurement of the air flow). 

The vast majority of the ventilation measurements made t o  date have 
involved a single-tracer gas deployed in a single zone. This technique has proven 
very useful for building which may treated as a single zone (e.g., houses) and for 
more complex buildings in which there are isolatable sub-sections. However, as 
the need t o  understand more complex buildings has rown, tracer techniques that  5 are able t o  treat  multiple zones have been developed. Multizone techniques recog- 
nize that  not only does air flow between the outside and the test space, but there 
are air flows between different parts (i.e., zones) of the test space and, in the com- 
plete case, they are able to  measure these flows. 

As in any experimental techniques, there are uncertainties associated with the 
fundamental measurements and these errors propagate t o  become uncertainties in 
the determination of air flows. Some work on the optimization of the single zone 
problem has been done. For example, ~ e i d t "  has demonstrated that  optimal 
precision in tracer decay measurement is on the order of the inverse air-change 
rate; and ~ ' O t t a v i o "  has shown a decrease in precision when a two-zone building 
is treated as a single zone. 



Mixing and Ventilation Efficiency 
This report summarizes tracer gas methods for determining air flows between 

zones, but not within them. For our purposes, zones are statistically treated as 
having the same concentration of tracer anywhere within a zone. We call the time 
i t  takes a zone t o  reach this effectively homogeneous state the mixing time. As 
will be discussed in following sections, techniques in which the concentration 
changes quickly compared to  the mixing time, may- be subject to  significant errors. 

The  zonal assumption is necessary when there is no knowledge about the size 
and location of the inlet and exhaust flows t o  each zone. In cases, (e.g. mechani- 
cally ventilated rooms) in which these quantities are known, tracer gasses can be 
used t o  measure the ventilation efficiency within the zone. Age of air concepts are 
often used t o  describe spatial variation of ventilation. sandberg12 summarizes 
the definitions and some of the tracer techniques for determining the efficiency (by 
seeding inlet streams or monitoring exhaust streams). In this language, our mix- 
ing assumption can be stated as "the mean age of air is equal to  the nominal ven- 
tilation time." 

Because they are usually concerned with the highly controlled environment of 
mechanically ventilated buildings, those looking a t  age of air concepts do not nor- 
mally consider the time variation of the ventilation. Conversely, the simple zonal 
approach assumed herein, ignores spatial variations within nominaI zones. There 
is some preliminary modeling work1) on combining these two approaches using 
more complex transfer functions for the zones. Further discussion of intrazonal 
air flows is beyond the scope of this report. 

SINGLE ZONE VENTILATION 

All tracer gas methods rely on the solution of the continuity equation t o  infer 
the ventilation from measurements of the concentrations and injected tracer flow 
rate. The  continuity equation is as follows: 

V*qt )  + Q(t)*C(t) = F ( t )  

which can be directly solved for the ventilation: 

Equivalently, we can solve the continuity equation to  predict the concentration as 
a function of time given all of the other quantities: 

t' 

The common definition of air change rate, A, is used above: 

As ~ o u l e t ' l  points out, the continuity equation is a mass balance equation 
and serious errors can result if i t  is used as a volume balance equation unless 
proper precautions are taken. Accorclingly, the concentrations are expressed in 
mass of tracer per unit volume to  assure correctness even when the density of air 
varies from zone t o  zone (e.g., if the zones are a t  different temperatures). 



If i t  were possible to  solve eq. 1 on an instantaneous basis t o  find the ventila- 
tion, most of the rest of this report would be not be needed. However, because of 
measurement problem including mixing issues, the determination of an instan- 
taneous ventilation value is practically impossible. Therefore i t  becomes neces- 
sary t o  use time-series data  t o  reduce the uncertainties t o  make the analysis possi- 
ble. The rest of this report details some of the approaches being used t o  overcome 
these measurement limitations. 

The  exact analytical technique for inverting the measured da ta  t o  find the 
ventilation depends on both the experimental technique, the assumption made 
about the system, and the quantity of interest. The following sections develop the 
analysis for techniques currently in use. Virtually all of the widely used tech- 
niques assume that  the ventilation is constant over the measurement period. 
Although this assumption is often violated, these techniques will be discussed in 
detail below. 

GENE SOLUTIONS 

The three versions of eq. 1 suggest three different approaches for the determi- 
nation of the infiltration from the data. The  term general here is used to  indi- 
cated that  there are no particular assumptions made about the injections or con- 
centration other than the continuity equation itself. In following sections specific 
solutions which assume a particular control strategy (e.g. constant injection) will 
be considered. 

Regression Techniques 

Regression techniques use eq. 1.3 and assume that  the infiltration is constant 
over the regression period ( 0 5 t s T )  and then find the best set of parameters that  
fit the concentration and injection da ta  to  the following equation: 

The parameters CR and X R  are always treated as unknowns in the regression. 
The effective volume, VR, may be treated as either a known or an unknown. The 
precision of the estimate of infiltration can usually be extracted from the details 
of the regression. 

The regression will result in the best single estimate of infiltration t o  match 
the data. If the air change is constant, the regression estimate will result in an 
unbiased estimate of the true infiltration. If the infiltration is not constant, how- 
ever, the regression will result in a biased estimate of the average air change. 



Integral Techniques 

Integral techniques make use of the fact that  i t  is often easier t o  obtain 
integrals (or, equivalently, averages) of the measured data  (i.e. injection and con- 
centration) than i t  is to  get a complete time history of both. In integral tech- 
niques the flows and concentrations are integrated from the initial time (i.e. t=o) 
t o  the final time (i.e. t=T). Thus, these techniques integrate eq. 1.1, assuming the 
infiltration is constant over the integral period: - 

or, equivalently, in terms of averages: 

where the average concentration is given by 
f inal  

the average accumulation is given by, 

and the average injection is the total volume of injected tracer divided by the 
length of the measurement period: 

The uncertainty in this estimate of the infiltration is as follows: 

where 

In the absence of measurement error one can show, as ~ u l e ~ ' ~  has done for 
the pulse technique, that  the infiltration value calculated with an integral tech- 
nique must have occurred sometime during the measurement period. Such an 
existence proof may be sufficient if it is exogenously determined that  the ventila- 
tion moves within a narrow band. For most other purposes one wishes to  know 
the average ventilation over the measurement period. If the measurement period, 
T, is known to  be smaller than the characteristic time over which the infiltration 
changes, then the integral approach will give a good estimate of the average 
infiltration; otherwise, averaging techniques may be preferable. 



Averaging Techniques 
The techniques discussed so far all have assumed that  the ventilation does not 

vary over the measurement period. The validity of this assumption will depend, 
of course, upon the physical situation being measured and the technique being 
used. If the ventilation is not actually constant over the measurement period it is 
not always clear what the previous techniques are actually calculating. This kind 
of error is qualitatively different from the types of error associated with uncertain- 
ties in the measured concentrations and flows. Average techniques are those 
which yield unbiased estimates of the average infiltration over the measurement 
period. 

Although eq. 1.2 cannot practically be used t o  determine the instantaneous 
ventilation, i t  can be averaged over a measurement period in order t o  get the 
average ventilation: 

P 

This general expression can now be used to  determine the average ventilation and 
its uncertainty for the different experimental approaches previously discussed. 

The uncertainty in the estimate of the average infiltration can be estimated 
the following equations: 

SPECIFIC TECHNIQUES 
The general techniques cited above can be simplified by controlling the injec- 

tion of. tracer gas in certain well-behaved ways. Different groups have used 
different techniques depending on practical limitations. A rather complete listing 
of the groups using various techniques has been compiled by the Air Infiltration 
and Ventilation centre16 and will not be repeated herein. 

Steady-State Techniques 
Specific techniques tend to  fall into two categories: steady-state techniques, 

which measure & and tend to  minimize the effect of the accumulation of tracer in 
the test volume. In all steady-state techniques the experiment is so arranged that  

- P 
c << , (10) 

and the accumulation can be ignored in all the steady-state techniques. which 
implies that  



Since the steady-state techniques measure &, an estimate of X will have an 
increased error. 

Transient Techniques 
Transient techniques tend t o  emphasize the change in tracer gas concentration 

in the room and measure A; inequality 10 is never true. Although & and X are sim- 
ply related by the volume, the building volume the participates in air exchange is 
usually not known very precisely and the precision of the result may depend on 
which of the two types of approaches is used. Because the decay techniques are 
transient techniques and measure X, the error in & is increased by the uncertainty 
in the volume: 

TRACER DECAY 
The  most widely used type of tracer measurement is that  of a tracer decay. 

In a tracer decay test the test space is initially charged up t o  a concentration of 
tracer gas appropriate t o  the instrumentation and then shut-off and allowed t o  
decay. The analysis in all decay techniques is simplified because the terms in both 
the infiltration and uncertainty equations, involving the injection rate vanish. 

The concentration is monitored during the period of zero injection and then 
used t o  infer the infiltration rate, X. There are three different approaches t o  
analyzing a tracer decay, all of which are transient approaches: 

Decay Regression 

If there is no tracer injection and the concentration is allowed t o  decay from 
some initial value, the integral for eq. 3 vanishes and we are left with the decay 
equation: 

~ ( t )  = ~ ~ e - ~ ~ ~  (13) 

This equation can be fit to the measured da ta  using regression methods. The 
parameters of the fit are CR and XR. An estimate of the precision can be made 
from the regression. 

The normal method of analysis uses a linear regression on the log of the con- 
centration. This technique is extremely sensitive t o  zero drift and tends to  over- 
weight the contribution of lowest concentration values t o  the fit. A detailed error 
analysis of this kind of regression is beyond the scope of this report, but the uncer- 
tainty analysis from the other decay techniques can be used t o  give a reasonable 
estimate of the precision of this technique. 



Integral Decay 

If over the measurement period there is no injection of tracer, eq. 4 simplifies 
to  the following: 

or, equivalently, 

The uncertainty in these quantities can be calculated from the uncertainties in 
the concentrations. 

Two-Point Decay 

For a decay test the term involving the flow and concentration becomes ident- 
ically zero and the average ventilation can be determined from the initial and final 
concentrations: 

This anal sis technique has been used in what is known as the container 
1% method. If the air change rate varies over the measurement period, this tech- 

nique assures an unbiased estimate of the average; i t  is, however, a less precise 
technique than the others. 

The uncertainty in the ventilation can be calculated from this expression: 

Assuming the initial and final concentration can be measured equally well, 

6X rn 
T Cinitial 

the uncertainty is minimized by making the measurement time about the same a t  
1 the decay time, To,, = T. Thus 
X 

Note that  this limit is inferior to  the precision possible with the integral decay; 
such is the price of having an unbiased measurement. 



PULSE TECHNIQUE 
The  pulse technique is a steady-state variant on the integral decay tech- 

nique.ls Unlike the decay techniques the measurement period begins before the 
tracer is injected and'then waiting until the concentration decays. Also unlike 
decay techniques, the total volume of tracer gas injected into the space must be 
known. When the concentration has decayed sufficiently that  the inequality of eq. 
10 has been satisfied, the measurement can be terminated and the infiltration can 
be estimates as follows: 

The  uncertainty in this estimate is as follows: 

Since it takes infinitely long t o  decay t o  zero the accumulation term and its uncer- 
tainty must be considered, even though it does not contribute t o  the estimate of 
the infiltration. Because the injection is usually known quite precisely and the 
accumulation term is made small, the last two terms can usually be neglected. 

Care must be taken not t o  wait too long or  the concentration errors could 
increase because of the low average value.* The concentration-term error will 
increase as the square root of the measurement time and the accumulation-term 
error will decrease exponentially as does the instantaneous concentration. The  
optimum time will occur when these two terms are approximately equal. 

-XT << 1 (22) 
Since the total amount of tracer injected can be known quite well, the uncertainty 
only depends on the ability the measure the average concentration well and the 
measurement time: 

Charge Up 

If the pulse is injected quickly and the mixing in the test space if quite good. 
The rise in concentration due t o  the pulse of tracer gas can be used t o  determine 
the effective volume of the test space. However, care must be taken t o  insure that  
good mixing is present and that  the air change rate is not too high, before this 
volume measurement technique should be considered. 

*A possible improvement on this technique would be to  use a non-zero starting and stopping value by pre-injecting a small 
amount of tracer before beginning the experiment; thus allowing the accumulation term to be made smaller without needing 
such a long integration time. Such a technique approaches a modified constant concentration method, which is discussed in 

a later section. 



CONSTANT INJECTION 

If the tracer injection is non-zero, but constant the integral in eq. 3 can be 
simply evaluated: 

Although some have fit this curve directly using non-linear 
methods t o  find the ventilation and the effective volume, most use of this method 
has been t o  wait until steady state has been reached and then the d a t a  is fit t o  
the steady state equation: 

for e-*t << 1 QR = cct, 
Regression techniques in this instance are equivalent to  an average. Multiple 
independent measurements of the ventilation can be used t o  increase the precision 
accordingly. Again, i t  should be noted that  if the infiltration is not constant dur- 
ing the measurement period the result may be biased. The  result will not be 
biased, however, if the following condition is met: 

Often, however, an average concentration is used in the denominator; such an 
approach is actually an integral approach (See the long-term average technique): 

F 
QI = (27) 

This approach will be biased, but not in the same way as above. As long the accu- 
mulation term remains small: 

- 
QI 5 QR Q (28) 

Thus, Q~ is preferable to  QI. 

Charge Up 

As noted above constant injection is usually done after steady-state has been 
achieved. However, if the mixing is good, i t  may be possible t o  use the period of 
tracer accumulation (i.e. A t e l )  t o  determine X (or, alternatively, the effective 
volume). Although tlie mixing constraints are not as severe as in the pulse 
charge-up technique, similar care must be taken. 

LONG-TERM INTEG 

The long-term integral method-sometimes called the long-term (concen- 
tration) average method--is a steady-state approach in which the accumulation 
term is minimized by using a continuous injection and averaging long enough for 
the T in the denominator of the accumulation term t o  make the term arbitrarily 
small. Eq. 4.2 then becomes the following: 



f'orAT>>1 QI = 7 
(29) 

Note tha t  although this technique is usually used with constant injection, any 
injection pattern could be used. (When done with constant injection, this tech- 
nique is sometimes referred to  as the passive ventilation measurement technique 
most typically used with PerFluorocarbon  racer.)^' Non-constant injection is a 
potential source of bias in the determination of the -average infiltration. 

If we assume that  the accumulation term is sufficiently small so that  errors 
attributable t o  the accumulation term are negligible, the uncertainty is this 
steady-state result is simply, 

One potential problem with this technique is that  is requires a measurement 
time very long compared to  the decay time, but  i t  also assumes tha t  ventilation is 
constant over that  time. It has been shown.21 tha t  even if the injection is con- 
stant ,  this technique always leads to  a negative bias in the estimation of the venti- 
lation unless the ventilation is quite constant. This technique is not recommended 
for use in determining the average ventilation in buildings. 

The average ventilation is not always the quantity of interest in making 
tracer gas measurements. I t  has been shown22 that  the quantity of interest for 
determining the amount of pollutant dilution provided by ventilation is not the 
average ventilation, but a quantity called the egective ventilation. The passive 
ventilation technique directly measures the effective ventilation and so  may be the 
technique of choice for determining pollutant dilution. 

CONSTANT CONCENTRATION 

In the constant concentration technique is a steady-state technique in which 
an active control system is used t o  change the amount of injected tracer t o  main- 
tain the concentration of tracer a t  some target level, CT. With that  assumption 
the accumulation term is identically zero and eq. 8 can used t o  calculate the aver- 
age ventilation from the average injection: 

Although i t  does not enter the estimate of the ventilation the accumulation term 
can effect the uncertainty, if the control is not perfect: 

The last term is due to the uncertainty in the accumulation term. The error in 
the second term comes from the difference between the average concentration dur- 
ing the period and the target. 



E LE ERROR ANALYSES 
In this section a few examples of how various techniques might be used in 

specific situations and what kind of uncertainties could be expected. For  the pur- 
poses of these examples, i t  will be assumed that  a single concentration measure- 
ment can be made with a 10% uncertainty scaled t o  the initial concentration. 
Although almost all analyzers have better accuracy than lo%, the vagaries of 
sampling and mixing make 10% a reasonable number. In any ease, the calculated 
uncertainties will scale with this number. It will also be assumed that  it is possi- 
ble to  make 10 measurements/hr. 

3 The  volume of the example zone will be assumed t o  be lOOm . For the decay 
methods only X wiIl be calculated and for the steady-state methods only & will be 
calculated so that  the uncertainty in the volume will not enter. However, 
(effective) i t  should be kept in mind that  zone volumes are rarely known t o  better 
than 20% so that  the additional error could be significant. 

Average Decay 

The last row should never be used in a real experiment, but i t  serves t o  demon- 
strate what can happen t o  the precision if the decay goes on too long. 

UNCERTATNTIES FOR AN AVERAGE DECAY 

Integral Decay 

SX 

T 

20 min 

1 hour 

3 hours 

8 hours 

As can be seen from the average-decay uncertainty analysis, the uncertainties 
begin t o  increase for long measurement times and high air exchange rates. This 
increase is due t o  the fact that  the final concentration begins to  get quite low and, 
hence, quite uncertain. The alternative decay procedures do not suffer from this 
and can give better precision in this range-provided the air change rate can be 
assumed to be constant. 

UNCERTMNTIES FOR AN INTEG DECAY 

- 
X [h-'1 

20 min 0.442 (177%) 0.462 (92%) 0.503 (50%) 0.607 (30%) 

1 hour 0.160 (64%) 0.181 (36%) 0.229 (23%) 0.356 (18%) 

3 hours 0.067 (27%) 0.093 (19%) 0.160 (16%) 0.359 (18%) 

8 hours 0.041 (17%) 0.076 (15%) 0.167 (17%) 0.456 (23%) 

2 

0.657 (33%) 

0.746 (37%) 

13.4 (672%) 

03 

0.25 

0.443 (177%) 

0.163 (65%) 

0.078 (31%) 

0.093 (37%) 

0.5 

0.464 (93%) 

0.193 (39%) 

0.153 (31%) 

0.683 (137%) 

1 

0.515 (52%) 

0.290 (29%) 

0.670 (87%) 

37. (3726%) 



The last row of this table suggests that  good precision can be achieved for longer 
measurement periods with an integral decay. However, an eight hour measure- 
ment period may only be justified if the infiltration were known t o  be constant. I t  
should be noted tha t  this technique is quite sensitive to  errors caused by offsets in 
the concentration measurement. If there is no zero offset (and if the concentration 
measurement is still random a t  low values), the integral method has the potential 
for greater precision than the general decay method; the cost for this is potential 
bias if the infiltration is not constant. 

If the weighting is done correctly, the regression decay has the potential for 
the same level of error as the integral decay. However, if the standard method is 
used, the regression decay will give unreliable results when the concentration is 
allowed t o  decay too far. 

Pulse Method 

For the pulse method i t  is assumed that  the amount of injected tracer is 
known to  better than 1% and can be neglected in the error analysis. 

As in the decay methods, an eight hour measurement period may only be justified 
if the infiltration were known t o  be constant. Also like the decay methods, this 
technique is sensitive to  zero offsets. 

UNCERTAINTIES FOR THE PULSE METHOD 

Because of the trade-off between additional measurement points, accumula- 
tion term, and low average concentration, the pulse technique's precision 
behavior is complex. However, there is an optimal measurement time for any 
given experimental set of conditions, which tends t o  be longer than for the decays. 

SQ 

T 

20 min 

1 hour 

3 hours 

8 hours 

Constant Concentration 
The  constant concentration method will be used as an example of the general 

steady-state method. It is assumed that  the control is unbiased (i.e. that  there is 
no difference between the mean concentration and the target. It is also assumed 
that  the average flow can be determined to  1% precision; not all constant concen- 
tration systems can achieve this, but many can. With these assumptions and for 
the example values chosen, the error is dominated by the uncertainty in the accu- 
mulation term: 

- 
&[?1z3h --I] 

200 

103 (51%) 

30 (15%) 

22 (11%) 

36 (18%) 

25 

23 (92%) 

19 (78%) 

11 (47%) 

3 (14%) 

50 

42 (85%) 

30 (61%) 

11 (23%) 

2 ( 5%) 

100 

72 (72%) 

37 (37%) 

8 ( 8%) 

9 ( 9%) 



The absolute error in the table does not depend much on the infiltration, but on 
the measurement time. (This result is a consequence of the high measurement 
rate and the small injection error.) If the measurement time were extended, this 
trend would change. 

DISCUSSION OF SINGLE-ZONE METHODS 

SUMMAR,Y OF MEASURMENT METHODS 
NAME MEASUREMENT FLOW BIASED 

TYPE CONTROL A VERA GE? 

TRANSIENT METHODS (measure A) 
(Simple) Decay Regression Decay Yes 

Two-Point Decay Average Decay No 
Integral Decay Integral Decay Yes 

Charge Up Regression Const. Inj./Pulse * 
STEADY-STATE METHODS (measure Q) 

Pulse Integral Pulse Yes 
Constant Injection Regression Constant Injection No 

Long-Term Integral Integral Any Yes 
Constant Concentration Average Constant Concentration No 

* Usually used with other methods t o  ascertain effective volume. 

The choice of method t o  use in a given situation will depend on the practical 
details of the experiment as well as the reason for measuring the air change in the 
first place. 

Decay and pulse methods require the least time and usually the least prepara- 
tion. With the exception of the two-point method, all of these give biased esti- 
mates of the average air change rate. In most circumstances, however, the biases 
will be negligible as long as the measurement period is limited t o  times on the 
order of the air change time. Although unbiased, the two-point method may yield 
unacceptably large uncertainties in the air change rate, unless the precision in the 
measurement of those two concentrations can be made quite high. 

Like the pulse technique, the long-term integral technique may yield a biased 
estimate of the average infiltration. Because of the much longer measurement 
period, however, the bias may not be negligible. Although the long-term tech- 
nique may prove unacceptable for determining average infiltration, i t  can 



nevertheless provide an unblased estimate of the effective air change rate. 

The constant concentration technique can be both accurate and precise, but i t  
requires the most equipment as well as sophisticated control systems and real-time 
da ta  acquisition. The constant injecting technique (without charge-up) can be 
considered a somewhat simplier version of the constant concentration technique, 
in that  no active control of the injection rate is needed. Rather segments of da ta  
which meet eq. 26 are used t o  determine the average infiltration. If this condition 
is not met eq. 8 must be used t o  analyze the data. 

MULTIZONE MEASUREMENT TECHNIQUES 
Single-zone (single-gas) measurement techniques have been used extensively in 

a wide variety of situations and by a large number of different people. Field 
experience has yielded a significant amount of practical knowledge about the limi- 
tations of the techniques. For complex buildings (i.e. those whose interiors are not 
a simple, well-mixed zone) cannot be easily described by a single-zone infiltration 
measurement. Thus, one might wish to determine flows to  and from multiple 
zones in the building to  better understand it. Although multizone techniques have 

23124 there has not been the same been utilized and discussed for over a decade , 
level of investigation or use. 

To develop a multizone infiltration measurement technique, a matrix form of 
the continuity equation must be used: 

voe(t) + ~(t).c(t)  = ~ ( t )  (33.1) 

For every zone of the system there will be a row in both the concentration and 
injection matrices. For every unique tracer there will be a column in those 
matrices. If there are N zones, the volume and air flow matrices will be square 
matrices of order N and the continuity equation can be rewritten with explicit 
indices: 

If there are as many tracer species as there are zones, the problem is called com- 
plete and there will be an exact answer. Incomplete techniques, however, may still 
contain useful information and will be discussed a t  the end of the report. 

The  measured data  are the flows and concentrations of each tracer gas in each 
zone. Specifically, cjj, Cji, and Sii a11 represent the respective value of the j th  
tracer gas in the i th zone. The volume matrix can either assumed t o  be indepen- 
dently determined or derived from the measured data. For most practical pur- 
poses the volume matrix can be assumed diagonal with the individual zone 
volumes as the entries. If, however, there is short circuiting of the injected tracer 
from one zone t o  another, i t  can manifest itself as an off-diagonal volume element, 
but the sum of each column must be equal t o  the (effective) physical volume of the 
zone. 

The  interpretation of the air flow matrix requires a bit more explanation. 
The diagonal elements, Qii, represent the total flow out of that  zone t o  all other 
zones and should have positive sign. The off-diagonal elements represent the flows 
between zones; specifically, -Qjj is flow from the j th  zone t o  the i th  zone. Since 



the flow from the j th  zone to  the i th zone can be different from the flow from the 
i th zone to  the j th  zone, this matrix will in general not be symmetric. 

The flow matrix explicitly contains information about flows between measured 
zones and the total flow. If there are flows t o  zones other than those being meas- 
ured (e.g., outside), the sum of some rows and columns of the flow matrix will be 
positive; and system is said t o  be open. If all zones of the building are monitored 
these flows t o  "elsewhere" are attributed to  air exchange with the outside. 

Conceptually, the three types of techniques (integral, regression, and averag- 
ing) can be applied for the multizone case as well as the single-zone case. For each 
approach, there are complications that  arise due to  the multizone nature of the 
problem The integral technique is the most straightforward generalization of the 
three approaches: 

(34) 

Like the single-zone case, there can be significant bias in the estimate-if the 
measurement period is too long. Because of the many air flows involved, the 
requirement is even more stringent in the multizone case. Furthermore, i t  is not 
necessary true that  the result of this technique ever occurred during the measure- 
ment period. 

The single-zone regression and averaging techniques rely on the integration of 
a simple first order differential equation in the concentration t o  get analytic solu-. 
tions. The matrix nature of the multizone problem increases the practical 
difficulty of this significantly to  the point where no general solution can be 
profitably presented. Specific solutions, however, will be presented below 

The uncertainty analysis associated with multizone ventilation is sufficiently 
detailed that  i t  will not be repeated here. The reader is referred t o  the litera- 
ture. 25 

MULTIZONE DECAYS 
For a decay technique the continuity equation becomes a set of coupled homo- 

geneous, linear differential equations, whose solutions are linear combinations of 
decaying exponentials. 

X(t).G(t) = -6(t) (35) 

Thus as the early work by sindenZ6 has demonstrated it can be reduced to  an 
eigenvulue problem. From the eigenvalues and eigenvectors, the infiltration 
matrix can be recomposed. 

Although this technique has been under academic study, 27128 the constraints 
on the mixing time and data  capture rate are so extreme that  i t  may not be gen- 
erally practicable. Because the coupled equations are solved by decoupling them 
into a set of higher order simple differential equations, uncertainties in the concen- 
tration can lead to  very large uncertainties in the eigenvalues and thus in all of 
the terms of the matrix. Thus, the ability of the analysis to  extract the flow rates 
will be limited as the number of zones increased. 



In considering the analysis of their multizone decay data, ~ n a i ~ '  has demon- 
strated that  the optimal analysis period is between the mixing time and the long- 
est time constant of the system. Eigenvalues far from the analysis time will, thus, 
be poorly determined. In this same report, mixed decay and constant injection 
strategies were employed, but no improvement in the analysis were found. 

Integral Decay 

Although i t  may contain an integral bias, the integral decay method is much 
more robust for the multizone decay than is an eigenvalue decomposition, and 
thus is usually superior: 

A, = - 6.c-1 (36) 
If a unique tracer gas is injected into each zone both matrices on the right-hand 
side will tend t o  be well-conditioned. 

MULTIZONE STEADY-§ TATE 

The difficulty of the analysis and the high degree of potential uncertainty 
make transient multizone techniques less attractive. The steady-state techniques, 
however, do not suffer from the same problems. The condition of steady-state can 
be summarized as follows: 

( ~ ( t ) e c ( t ) - ' ]  >> [ ~ * ~ ( t ) o ~ ( t ) - l )  (37.1) 

which is usually equivalent t o  

6 << xoc 
and will always be satisfied if 

F << v-'-F 
where the comparisons are done element-by-element and are independent of sign. 

Thus the average infiltration is as follows: 

Multizone Integral 
In the multizone long-term integral method is analogous to  the single-zone 

method: 

in that  i t  uses the average injections and concentrations and i t  has a t  least the 
same potential for bias. Thus, i t  might be more accurate to  use a multizone pulse 
techni ue15, than t o  use a long-term multizone concentration integral tech- 

$0 nique). 



TITRAGER mASUREMENT SYSTEM 

An intermediate technique current1 in use by the author is called the multi- 
tracer measurement system (MTMS)," in which the concentration of tracer 
gasses are held in reasonably narrow ranges and the analysis is an integral 
analysis over a short time period (i.e. T=%h): 

(40) 

The ostensibly large uncertaint reduced by using a high da ta  rate and physical 
limits on the infiltration values. $2 

MULTIZONE CONSTANT CONCENTRATION 
The MTMS technique does not control the concentrations of all gasses in all 

zones and, hence, could not be a true constant concentration system. There are 
currently no systems that  do control all gasses in all zones, and unless a reason- 
able method exists for effectively injecting negative amounts of tracer gas, there 
will be no comnplete multizone constant concentration system practical. 

Although complete multizone constant concentration systems are not in use, 
there are single-gas multizone ones in operation.33134 Such single-gas systems can- 
not measure any of the zone-to-zone air flows, but they attempt t o  measure the 
infiltration from outside to  each zone. Without some knowledge of the interzonal 
air flows, however, i t  is impossible to  estimate the uncertainty of these 
 infiltration^^^. However, with reasonable controla5 and low interzonal air flows, 
the precision can be acceptable. 

Other Incomplete Approaches 

If there are an insufficient number of tracer gasses available for a complete 
analysis, there are various other approaches for determining the infiltration 
matrix (e.g. in this c o n f e r e n ~ e ) . ~ ~  Almost all of these approaches use multiple sets 
of data  taken a t  different times (e.g. using constant emission24 or multiple decay 
tests) Thus  the columns in the concentration and flow matrices are not different 
tracers taken simultaneously, but some tracer taken a t  different times. Various 
control strategies such as charge-up, decay, rotating injection, etc. can be used in 
these approaches. For example, a general, regression, pulse technique is being 
usedja7 t o  measure both the air flow rates and effective volumes using a single- 
tracer gas. All of these approaches must assume that  the air flows do not change 
over the time of the entire measurements; regardless of the analysis approach used 
the measurement time will be significantly longer than if multiple tracers were 
used. 

Another method of extracting useful information in an incomplete system is 
t o  use a second gas an an erstwhile single-gas constant concentration system .38 In 
such a system one of the interzonal flows (and all of the infiltrations from outside) 
can be measured a t  a time. 



DISCUSSION OF MULTIZONE METHODS 

Single-gas constant-concentration systems are increasing in use and provide a 
bridge between single-zone techniques and a complete multizone technique. This 
technique is ideal for zones that  are not well-connected and for which the outside 
air infiltration is the quantity of interest. As indoor air quality concerns increase, 
multigas systems may become more popular. 

The only multigas technique in common usage is the long-term integral tech- 
nique using PFTs. However, care must be taken in interpreting these numbers as 
averages under varying conditions. 

Incomplete techniques that  require sequential measurements (e.g. repeated 
single-gas decays) like the long-term concentration average method suffer from 
sensitivity t o  variations in the air flows. These techniques should not be used if 
the air flow changes significantly (with respect to  the uncertainty of the estimates) 
over the course of the complete experiment. 

The short-term integral techniques (i.e. decay and pulse) show great promise 
for relatively simple determination of multizone air flows and may be the tech- 
nique of choice for spot measurements. 

Real-time systems such as MTMS offer a complete solution, although they are 
much more complex and cumbersome. Constant injection techniques with 
appropriate (i.e. inverse) concentration averaging is also a technique worth consid- 
ering for continuous operation. 

There are far fewer multizone measurement techniques in use compared with 
the single-zone ones, so i t  is far too early to  do a complete summary, but there 
will undoubtedly be more to  summarize in ten years. 
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Discussion 
Paper 4 

Bjorn Hedin (Lund Institute of Technology, Sweden) 

On page 20, under the subheading "other incomplete approaches" you mention the single gas method in 
paper 5 due to O'Neill and Crawford. But in my opinion this method does indeed look very "complete" 
since both the entire flow matrix and the effective volume can be determined. What is "incomplete" 
referring to? 
Max Sherman (LBL, USA) 
It is not that incomplete systems such as the one suggested by O'Neill and Crawford are absolutely inca- 
pable of determining all of the flows; rather, incomplete systems are incapable of resolving all of the flows 
simultaneously. l?ius some strong assumption is necessary in order to infer the complete system from in- 
complete data. In this case it is necessary to assume that all the airflows are constant over the measure- 
mentperiod. In a real situation the flows may vary significantly, but no estimates are usually given for the 
sensitivity of the results to such variation. 
To get meaningfkl results in afield situation inverse methods and system identification teclzniques must be 
robust. Incomplete techniques are necessananly less robust than complete techniques, but that does not 
necessarily mean they are unusable. Careful analysis of the uncertainties and sensibilities to the assump- 
tions need to be made. From those it can be determined whether or not a specific technique is suitable in a 
specific situation for a specific purpose. 

Rodger Edwards (UMIST, UK) 

My apologies for not forwarding a copy of our conference contribution as requested, but I was extreme- 
ly late in submitting the paper (as witnessed by its absence from the book of proceedings!). 
Your paper was a most informative piece of work. However, I should point out that the UMIST 
multiple tracer gas technique operates (and indeed always has operated) on the basis of one tracer gas 
per zone. 
Max Sherman (LBL, USA) 
Thank you for correcting my misclassification of your system. 

David Harrje (Princeton University) 

Under topic "multizone constant concentration" you state "Such single gas systems cannot measure any 
of the zone-to-zone air flows, but they attempt to measure the infiltration from outside to each zone - - - 
without interzone air flows it is impossible to estimate the uncertainty of these infiltrations ". This 
places a completely false impression in the mind of the reader. Using close control of tracer concentra- 
tion in each zone, accurate infiltration values are provided. Removing tracer gas to individual zones, 
Bohac et a1 in AIVC Conference 8 demonstrated how interzone flows can also be measured with a 
single gas using the constant concentration system under stable ventilation conditions. Low interzonal 
air flows are not necessary for a CCTG system to provide suitable zone ventilation measurements and 
the section should be corrected. 
Max Sherman (LBL, USA) 
The text is correct but may be incomplete. It is of course true that the better the control, the smaller the un- 
certainp, but the suitability of the results for some purpose can only be determined by using an estimate of 
the error in the results. While it is not possible to calculate the uncertainty without an estimate of the inteno- 
nalflows, it may be possible to set upper limits on the uncertainty - i f  bounds on theseflows can be esti- 
mated exogenously. I have found nopublishedprmedure for setting these bounds, but I am aware of ef- 
forts by Richard Grot at the National Institute of Standards and Technology to estimate upper limits for 
constant concentration techniques. 
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The use of passive perfluorocarbon technique for air flow measurements has 
been developed and tested. The building and testing of the system took ap- 
proximately one year. The reproducibility of the analysis was tested during 
the period. The results show that the relative standard deviation of the anal- 
ysis for parallel samples is less than 7 % for each tracer in most of the cases. 
A drift of calibration was noticed, but it can be allowed for by using reference 
samples with known amounts of tracers. 

The accuracy of the method was tested in controlled laboratory condi- 
tions. The results reveal some rather high differences from the reference, 
though the results are distributed evenly on both sides of the zero line. With 
few exceptions, the inaccuracy of the PFT-method can be estimated to be 
approximately f 20 %, when PMCP or PMCH are used. For PDCH the inac- 
curacy is somewhat higher. Improving the calibration procedure and allowing 
for the drift of calibration should improve the accuracy of the method. The 
test in a duct flow implies that the use of the method should be limited to 
room flow conditions until further research has been done. 

The mixing was tested in laboratory and field conditions. The results of 
the laboratory measurements show that the mixing was good, the relative 
standard deviation being generally below No stratification could be 
found. Field measurements were made in 50 typical Finnish homes. When 
the interior doors within the zone were kept open during the measurement, 
the concentration distribution was uniform. The standard deviations of con- 
centration varied from 1% to approximately 25%. 

The technique is best suited for studies concentrating on the health and 
comfort of the people living in the house. If the energy use of ventilation is 
studied, the use of an integrating technique should be limited to cases with 
little temporal variation. The technique is applicable to large field surveys of 
ventilation. Anyhow, the complexity of room ventilation limits the number of 
potential users of the method. It is important to have enough knowledge of 
room ventilation in order to be able to conduct the measurements properly 
and to interpret the results correctly. 



The aim of this study was to develop the use of the passive perfluorocar- 
bon tracer gas method applicable to field measurements in a large number of 
homes. The use of the passive multi-tracer technique solves many of the prob- 
lems normally involved in inexpensive and simple field measurements. There 
are,however, some important problems to be solved. The project was divided 
into two tasks: building and testing of the analysis system and testing of the 
reliability of the method. 

This paper describes the applied ventilation measurement model and the 
research done on the testing of the method. The performance of the sour- 
ces, samplers and the analysis system is discussed. The measurements made 
to test the accuracy of the method are described. The mixing of tracers in 
zones was tested with laboratory tests and field measurements in 50 homes. 
The results are also discussed. 

2 DESCRIPTION OF THE APPLIED PFT-TECHNIQUE 

The passive perfluorocarbon air infiltration measurement technique is based 
on the principles presented by Dr. Dietz at Brookhaven National Laboratory1. 
It is a constant emission technique with passive adsorption sampling of trac- 
ers. Each individual ventilation zone of the building is traced with separate 
gas. The gas emission is achieved with passive permeation sources giving a 
constant tracer flow. The (quasi-) equilibrium concentration is monitored 
with a passive adsorption tube sampler. The typical measurement period can 
vary from few days to several weeks. The samples are andysed in a labo- 
ratory using a gas chromatograph with an electron capture detector. The 
passive tracer sources and adsorption samplers were supplied by Dr. Dietz. 
The analysis system is a copy of the system used by Dr. Harrje at Princeton 
University2. At the moment three different tracer gases are used. 

2.2 The ventilation measurement model 

The model is based on the multi-zone models presented by Sandberg3 and 
Sherman4. A building consists of zones with uniform and instantaneous inter- 
nal mixing such as that in Fig. 1. The air flows within the multi-zone system 
can be presented in matrix form: 

In the flow matrix Q the first index denotes the destination and the second 
index the origin. N is the number of zones in the system. The row sum of 
the flow matrix is equal to the total flow rate of outdoor air direct to zone 



Figure 1: A multi-zone system 

i and the column sum of the flow matrix indicates the total flow rate of air 
transferred outdoors from zone j. In the passive perfluorocarbon method a 
tracer gas is supplied at a constant rate to each zone. The diagonal source 
matrix S is composed of the emission volume rates. Constant emission and 
constant air flows yield a steady-state concentration of tracers in each zone. 
The concentration is monitored with passive adsorption samplers and a gas 
chromatograph. The concentration matrix G is composed analogously to the 
flow matrix. It can be shown3 that the steady-state flow rates in the system 
can be solved from a set of linear differential equations written in matrix form: 

This approach can be used only when measuring relatively constant air flows. 
With temporally varying air flows there will be a bias due to the lower ef- 
ficiency of a varying air flow4. A quantity that better describes the perfor- 
mance of the ventilation system with temporally varying air flows is the age 
of contaminants in the exhaust, the turn-over-time. It can be shown that the 
turn-over-time matrix, which shall be denoted as z, can be calculated from 
the following equation: 

In Eqn. 2 the matrix c! consists of the (time-) average concentrations mea- 
sured with integrating sampling. The turn-over-time is directly related to the 
human respiratory exposure to indoor air pollutants and can thus be used in 
examining the effects of ventilation on the health of the people living in the 
house. If the air flow rates are constant with time and there is uniform and 
instantaneous internal mixing in the system, the turn-over-time is equal to 
the nominal time-const ant. 



Table 1: The calibration of the tracer sources (22.0 "C) 

"Reduced to 5.0 % after excluding 4 outliers differing over 10% fiom the average 
b~alibration temperature 22.6 OC 

3.1 The passive tracer sources 

- 

In the tracer source liquid perfluorocarbon tracer is sealed with a silicone 
rubber cap in an aluminium capsule. The gas flow is determined by the 
differences of the vapour pressure of the tracer over the rubber cap and the 
permeability of the cap material. The emission varies for two main reasons: 
the unreproducibility of manufacturing and the temperature of the liquid. In 
order to estimate the effects of these deviations the sources were calibrated 
individually. The sources were kept in a constant temperature for two weeks. 
After that the sources were weighed using a precision balance twice at a week's 
interval. The volume emission of each tracer was calculated from the change 
of mass over the weighing interval using the ideal gas law. The emissions were 
corrected with the purities of the liquids given by the manufacturer. Three 
main lots of sources were used. The results of the calibrations are presented 
in table 1. 

The effect of temperature on the emission rate was tested by splitting the 
lot of 40 sources into six different calibration temperatures. The weighing 
procedure was as described earlier. The results of these measurements are 
shown in Fig.1. 

The results show that there is no need to use an individual emission rate 
for each source-one rate for each manufacturing lot is enough. Due to the 
existence of outliers (as in Lot 1,PDCH) all sources should be checked at least 
once before use. 

The effect of temperature on the emission rate correlated well with the 
data given by the manufacturer6. A change in temperature of one degree 
changes the emission by 3-5 %. Thus it is very important to know the source 
temperature during the field measurement. 

3.2 The samplers and the analysis system 

Lot 

1 
2 
3b 

PDCH 

The sampling is based on Ficks diffusion in a glass tube. On the open end 
of the tube is the equilibrium concentration produced by the emission and 
air flows. Packed inside the tube is charcoal-like adsorbent, which has, due 

PMCH 
std 
% 

8.ga 
0.8 
2.8 

Man. 
Code 

C 
F 
H 

PMCP 
Emis. 

nl/min 
16.72 
15.07 
12.25 

std 
% 

4.4 
0.6 
1.8 

Man. 
Code 

C 
F 
G 

Man. 
Code 

B 
F 
G 

Emis. 
nllmin 

25.34 
22.20 
22.94 

Emis. 
nllmin 

38.48 
31.44 
31.65 

std 
% 
2.8 
1.2 
1.4 



TEMPERATURE (C) 
PDCH + PMCH 0 PMCP 

Figure 2: The effect of temperature on the emission rate 

to its large surface area, practically zero concentration. The theoretically 
calculated sampling rates for this situation are applied in the measurements. 
In normal measuring conditions (sampling in a room, low concentrations) the 
main causes of deviations are manufacturing tolerances. In the analysis system 
there are several potential causes for deviation. The most important ones to 
overcome have been the desorption of samples in a 23-port rack, desorption 
from the re-concentration trap and the timing of the system. The deviations 
in the sampling and in the analysis were studied with several tests. The 
principle of the tests was to make several parallel samples and to analyse the 
samples with the system. Some of the samples were made in a test room or 
draught cabin using the permeation sources and others were made by loading 
the samplers with the calibration gas. The measured volumes varied from 5 
to 250 pl. The results of these tests are presented in tables 2 and 3. The 
relative standard deviation of the samples represents the errors caused by 
the deviations in the sample rate and in the analysis. It is calculated from 
the peak height (pkhgt) or from the measured volume (vo1.)-or both. The 
differences between these two are caused by the calibration. 

The reproducibility of sampling and normal analysis (splitter on) is for 
PMCP 0.5-2.2 %,for PMCH 0.4-2.8 %, for PDCH:B 0.8-7.3 % and for PDCH:C 
0.9-6.9 %. These results are derived from the latest tests in spring 1989. The 
calibration seems to give a small increase in these values, but in most of the 
cases the relative standard deviation is under 7 % for each tracer. In field 



Table 2: The summary of the reproducibility tests (winter -89) 

'No Splitter 
b ~ e a k  Area Measured with Integrator 

Table 3: The summary of the reproducibility tests (spring -89) 

ONo Splitter 

1 8.5.89 1 10 1 1.0 I - 1 0.5 1 - 1 0.8 1 - 1 0.9 1 - 1 

Num. 
of 

Samp. 
-1 

The Relative Standard Deviation of the Samples (%) Date 
PDCH:d 

pkhgt 1 vol. 
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pkhgt 1 vol. 
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pkhgt 1 vol. 
PDCH:B 

pkhgt 1 vol. 
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Figure 3: The drift of the analysis system 

measurements the effect of poor tracer mixing within a zone must be added 
to this deviation. 

The analysis system is calibrated done by loading samplers with known 
amounts of calibration gas and analysing the samples. The calibration curve 
is composed of measured peak heights plotted versus the amounts of loaded 
gas. A fourth degree polynomial is fitted to this curve. The main problem 
in the calibration was to determine the concentration of the calibration gas 
delivered with the system. This was done in the following manner. The 
permeation sources were used to create equilibrium concentration in a small 
flask. The flask was kept in a constant temperature. Pure nitrogen was 
released through a glass heat- exchanger to the flask. The dilution was led 
to a sample loop in the gas chromatograph. The contents of the loop were 
flushed with carrier gas to the samplers. Five samplers on five different levels 
were made. The samplers were analysed without using the splitter. The 
concentration on the calibration gas cylinder was determined by comparing 
the gas with this calibration. 

The drift of the calibration was studied by making parallel samplers which 
were analysed on different dates. The analysis was done normally. An example 
of the results is shown in figure 3. It can be seen that there is a positive drift. 
The drift seems to be a function of time or the number of analysed samples. 



The temperature of the carrier gas can also have an effect on the drift. The 
effect of this drift can be allowed for by using reference samplers with known 
amounts of tracers in each run. 

4.1 The test procedures 

The accuracy of the applied PFT-technique was studied in controlled labo- 
ratory conditions. Several tests were made during the research project. The 
principle of the test was always the same: the PFT-method was compared to 
(in most cases continuous) air flow measurement. The air flows were kept as 
constant as possible and internal mixing fans were used in all tests except test 
set IV. Individual tests were arranged as follows: 

I The tests were carried out in September 1986 in test chamber 2. The 
air flows and temperatures during the test were recorded using a data- 
logger. The air flow rates were checked with the tracer gas decay method 
before and after the tests. The samplers were analysed by Brookhaven 
National Laboratory. 

I1 The tests were carried out in September 1987 in test chamber 1. The air 
flows were set before the measurements and the situation was checked 
regularly. The air flows were measured after the test set with the tracer 
gas decay method.The temperatures were measured using a recorder. 
This test set consists of one situation with five different measurement 
periods. 

I11 The tests were made in December 1987 in test chamber 1. The air flows 
and temperatures were measured as in test set 11. Differents tests had 
different combinations of tracer sources and concentration levels. 

IV This set was carried out in February 1989 in a test apartment with two 
rooms and a hall between the rooms. The temperatures and air flows 
were recorded using a data-logger. The air flow measurement was made 
with an orifice tube and precision manometer. The first test was a single 
zone case with the samplers in one place in the middle of the hall. The 
other tests were two zone cases with samplers placed at 23 points in the 
apartment. The air flows are calculated from the third tracer emitted 
in both zones. 

V The purpose of this test was to study the method in measuring air flows 
in a duct. The sources were places in a mixing chamber from which the 
air was exhausted to the duct. The samplers were placed perpendicular 
to the flow on two sides of an orifice plate. The caps on one end of the 
sampler caused the samplers to tilt approximately four degrees. The air 
flow was measured with a vortex meter and recorded with a data-logger. 
The test took place in February 1989. 



Table 4: The summary of the accuracy tests 

aThe parallel samplers at the 23 points in the flat were analysed in two runs (2a and 2b). 
The system was calibrated between the runs. 

b~arnplers before the orifice plate 
cSamplers after the orifice plate 

Set 

I 

VI This test was made in May 1989 in the test apartment. The sources 
were placed in the rooms and the samplers in one place in the hall. The 
air flows were measured as in Set V. 20 samplers were split into two lots 
after three days, otherwise tests 1 and 2 are similar. 

The samples were analysed during the building and testing period of the 
analysis system. The concentration of the calibration gas was allowed for 
afterwards for sets I-V. The drift of calibration was not taken into account. 

Test 

1 
2 

The results of the accuracy tests are presented in table 4 and figure 4. 
As Fig.4 reveals. there are some rather high differences from the refer- 

ence.In particular PDCH seems to give a few unreliable results. While study- 
ing the results one should bear in mind that the analyses were made during 

r~ 

VI 
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2 
1 

1 
2 
1 
2 
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Air Flow 

6b 
5" 
5 
15 

Measured Air Flow 

11s 
19.5 
19.5 

27.9 
27.9 
18.4 
18.6 

std% 

10.0 
10.0 

2.70 
8.70 
9.40 
2.70 

PMCP 

3.0 
3.0 
2.50 
2.50 

11s 
19.7 
20.8 

7.80 
6.10 
18.3 
21.1 

5.40 
3.80 
21.7 
20.8 

std% 

5.90 
- 

PMCH 
11s 
- 
- 

PDCB 

5.30 
15.0 
1.40 
4.60 

std% 
- 
- 

11s 
- 
- 

std% 
- 
- 

16.1 
11.9 

21.3 
19.9 

3.80 
16.8 
3.40 
3.60 
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Figure 4: Summary of the accuracy tests in chambers 

the building and testing of the system. The best results are gained with the 
BNL-system, but the system of our laboratory also gives betters results to- 
wards the end of the testing. It should also be noticed that the air flow rates 
were quite low, which easily increases the relative differences. Considering 
also the confidence limits for both PFT- and reference measurement, the rel- 
ative errors become more acceptable. The results are distributed evenly on 
both sides of the zero line. Thus, with few exceptions, the inaccuracy of the 
PFT-method can be estimated to be approximately f 20 %, when PMCP or 
PMCB are used. For PDCH the inaccuracy is somewhat higher. Improving 
the calibration procedure and allowing for the drift of calibration should im- 
prove the accuracy of the method. This was indicated by the last test set 
(VI), where the inaccuracies vary from -0,5 % to +17,9%. 

Test '6r is markedly different from the other measurements. It seems that 
the sampling rate in a duct increases. This gives higher concentrations and 
lower air flow rates. The increase in the sampling rate can be due to the 
dynamic pressure of the flow. The difference between simultaneous tests 1 
and 2 is explained by the tilting of the samplers. The samplers in test 1 were 
tilted so that their opening was on the leeward side of the flow, while the 
openings of the other samplers were on the windward side. The samplers in 
test 1 had a lower dynamic pressure on their opening than the other samplers, 
which gave lower concentrations and thus higher air flow rates. This test 
implies that the use of the method should be limited to room flow conditions 



Table 5: The mixing of tracers in test 1 

Table 6: The mixing of tracers in test 2 

until further research has been done. 

Tracer 
in: 

Room 1 
Room 2 

Both 

5 THE MIXING OF TRACERS WITHIN ZONES 

5.1 The measurements in the laboratory 

Measured volume in: 

The measurement model assumes that there is instantaneous uniform mixing 
within each zone. In field measurements this assumption is almost never full- 
Wed. Poor mixing will cause high deviations in the concentrations, which can 
yield an ill-conditioned system with unacceptably high errors6. The best avail- 
able estimate of the room concentration is the room average concentration. 
Sandberg and Stymne7 have shown that the use of the average concentration 
can also cause severe errors in the results, but the errors can be minimized 
with correct placement of sources and samplers. 

The mixing within zones was studied with field and laboratory measure- 
ments. The laboratory measurements were carried out in February and March 
1989 in the test flat of Helsinki University of Technology. Two different tests 
were made. In the first test there was only mechanical exhaust from the hall 
and room 2. In the second test the air was supplied to room 1 and exhausted 
from room 2. There was one-directional air flow between the rooms. In both 
tests three tracers were used, one in each room and the third in both rooms. 
The door between room 1 and the hall was closed but had a 60 em2 opening at  
the top. Other interior doors were open. The concentrations were measured 
at 23 points in the apartment. The supply and exhaust air flows, pressure 
differences and temperatures were recorded using a data-logger system. The 
results of these tests are presented in tables 5 and 6 and figures 5 and 6. 

The results show that the mixing was good, the relative standard deviation 

Room 1 
pl 

173.2 
2.9 
254.4 

Hall 
std-% 
20.4 
8.1 
10.4 

pl 
153.6 
294.4 
482.9 

Room 2 
std-% 
8.6 
11.1 
3.2 

pl 
169.3 
574.5 
346.8 

std-% 
11.8 
7.4 
7.1 



Figure 5: An example of mixing in test 1 

Figure 6:: An example of Ixl-iicing in test 2 



Table 7: The distribution of measured homes 

n I natural I mechanical 1 balanced I 1 

being generally below 10%. The higher values are caused by samplers placed 
too close (less than 1 m) to the source. Regardless of the fact that the samples 
were taken from extreme points in the room, no stratification could be found. 
The location of the samplers in respect to the sources and the air flows gives 
a reasonable explanation for the deviations. 

Field measurements were made in typical Finnish homes during the heating 
season of 1987-1988. The study included 50 homes, the distribution of which 
is shown in table 7. Ventilation measurements using the passive perfluoro- 
carbon technique were carried out twice during the spring of 1988. The first 
measurement was in January and the second was in April, the measurement 
period being two weeks. The buildings were divided into one to three venti- 
lation zones according to the following main principles: 

e different floors are different zones 

e the sauna section, the door of which is closed most of the time, is one 
zone 

CB the master bedroom, the door of which is closed during the night, is one 
zone 

The instructions given by Brookhaven National Laboratorys were applied in 
the placement of sources and samplers. In the second field measurement pe- 
riod several samplers were placed in zones larger than one room. The standard 
deviations of the concentrations were calculated in order to see how well the 
assumption of uniform internal mixing was fdfilled.The results of these mea- 
surements are shown in figure 7. 

When the interior doors within the zone were kept open during the mea- 
surement, the concentration distribution was uniform. The standard devia- 
tions of concentration varied from 1% to approximately 25%. The deviations 
caused by the adsorption rate of samplers and the reproducibility of the anal- 
ysis system are included. The estimated deviation of 10% gives a fairly good 
estimate of the errors due to non-homogeneous mixing. The case was more 
complicated when some of the interior doors within the zone were closed. 
When a sampler was placed in the same room as the source and the door 



sources and samplers of the same zone 
110 , 1 

Figure 7: The relative standard deviation of concentration 

was closed, the concentration in that sampler was, of course, higher than in 
other samplers in the same zone.The same problem occurred when a sampler 
was placed in a small closed space. In these cases the standard deviations of 
concentration varied from 25% to 100%. The solution to these problems is 
usually found by modifying the measurement model, but each dwelling is an 
individual case,so it is difficult to give general instructions. 

DISCUSSION 

The use of passive perfluorocarbon technique for air flow measurements has 
been developed and tested. The project was divided into two tasks: building 
and testing of the analysis system and testing of the reliability of the method. 
Building the system demanded quite lot of work, because complete, working 
systems were not commonly available. Each system is an individual, which 
has its own demands. Building and testing the system took approximately 
one year. The most difficult problems were the desorption of samples in the 
rack, desorption from the re-concentration trap and the timing of the sys- 
tem. Once these problems had been overcome and the system calibrated the 
reproducibility of the analysis was tested. The results show that the relative 
standard deviation of the analysis for parallel samples is less than 7 % for 
each tracer in most of the cases. The calibration procedure of the system was 
found to be sensitive to errors, because determination of the curve was based 



on only one sample per hoint. In future the number of samples per point 
will be increased in order to decrease the uncertainties. A drift of calibration 
was noticed, but the drift can be allowed for by using reference samples with 
known amounts of tracers. 

The accuracy of the method was tested in controlled laboratory conditions. 
The results reveal some rather high differences from the reference. Some 
explanation can be made. It should be noted that most .of the analyses were 
made during the building and testing of the system. If the confidence limits 
for both PFT- and reference measurement are considered, the relative errors 
are more acceptable. The results are distributed evenly on both sides of the 
zero line. Thus, with few exceptions, the inaccuracy of the PFT-method can 
be estimated to be approximately f 20 %, when PMCP or PMCH are used. 
For PDCH the inaccuracy is somewhat higher. Improving the calibration 
procedure and allowing for the drift of calibration should improve the accuracy 
of the method. 

The test made in a duct flow is markedly different from the other mea- 
surements. It seems that the sampling rate in a duct increases. The increase 
in the sampling rate can be due to the dynamic pressure of the flow. This test 
implies that the use of the method should be limited to room flow conditions 
until further research has been done. 

The mixing of tracer within %ones is crucial to the accuracy of the model. 
The mixing was tested in laboratory and field conditions. The results of 
the laboratory measurements show that the mixing was good, the relative 
standard deviation being generally below 10%. The higher values are caused 
by samplers placed too close (less than 1 m) to the source. Regardless of 
the fact that the samples were taken from extreme points in the room, no 
stratification could be found. 

Field measurements were made in typical Finnish homes during the heating 
season of 1987-1988. The study included 50 homes. The instructions given 
by Brookhaven National Laboratory were applied in the placement of sources 
and samplers. When the interior doors within the zone were kept open during 
the measurement, the concentration distribution was uniform. The standard 
deviations of concentration varied from 1% to approximately 25%. The case 
was more complicated when some of the interior doors within the zone were 
closed. In these cases the standard deviations of concentration varied from 
25% to 100%. The solution to these problems is usually found by modifying 
the measurement model. 

In spite of the problems, the PFT-technique can be used to study the 
ventilation of dwellings. The technique is best suited to studies concentrating 
on the health and comfort of the people living in the house. If the energy 
use of ventilation is studied, the use of an integrating technique should be 
limited to cases with little temporal variation. Further research is needed on 
the temporal efficiency of air flows before the PFT-technique can reliably be 
applied in all cases. 

The technique is applicable to large field surveys of ventilation. The re- 
strictions mentioned above should be noticed. Anyhow, the complexity of 



room ventilation limits the number of potential users of the method. It is 
imporant to have enough knowledge of room ventilation in order to be able 
to conduct the measurements properly and to interpret the results correctly. 
This holds true for any ventilation measurement method, of course. 
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Discussion 
Paper 5 

N. Bergsoe (Danish Building Research Inst.) 

How often do you calibrate your instrument? 
J. Sateri (Helsinki Univenity of Technology) 
The system is calibrated for every new lot of samples, andlor every two weeks. 

N. Bergsoe (Danish Building Research Inst.) 

The rubber cap on the sampler may collect tracer gas during a measurement and release it to the ad- 
sorption material in the tube later - i.e. if the tube is stored for some time before analysis. This effect 
may contribute to the positive drift of the calibration. 
J. Sateri (Helsinki Univenity of Technology) 
Yes, this requires further research. 

Saffa Riffat (Loughborough University, UR) 

Did you have any problems with the use of PFT's as tracer gases? 
J. Sateri (Helsinki University of Technology) 
The problems caused by small amounts of analysed tracers and thus danger of contamination were mini- 
mised by taking appropriate precautions in the transport and handling of the equipment. The most dificult 
problems evisted with the calibration gases and the determination of the concentration of the gas standard. 
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ABSTRACT -- 

This paper describes a set of experiments conducted in a three 
bedroom house in order to identify the leakage distribution of the 
building and the air flow rate through the on-purpose designed 
opening of the interior doors. Starting from the depressurization 
test in every zone, we were unable to track all the flow equation 
of every specific identified connection. We therefore propose to 
characterize the leakage between two zones by a unique general 
connection. Its flow behavior (K,n) is determined by an 
optmization under constraints of the results of the various tests. 
In the second phase, we study the aeraulic behavior of a slot, 
usually included in French doors and then we replace the existing 
interior doors by tight doors with a calibrated duct having a 
similar areaulic behavior f(Q,AP)=O. In the absence of wind and 
temperature difference, we measure the air flow rate through the 
interior doors for differents mechanical extraction rates and 
compare them to the results of a pressure model simulation. 

INTRODUCTION 

In order to reduce the energy losses in buildings due to 
ventilation, innovative HVAC systems have been designed to satisfy 
the minimum air change rate at every instant according to weather 
and indoor conditions (humidity, temperature, concentration). A 
global ACH of 0.1-0.2 can be encountered. However, if we do not 
want to face some disorders such as air quality, condensation 
meldew problems, the optimum theoritical air flow path between the 
different rooms in the apartment should be respected. Our main 
question is to know if we can control the air pattern at such low 
air extraction rate. The answer to this question is conditionned by 
the building overall permeability and the leakage distribution 
between the various components including interior partitions. The 
first part of our study is devoted to identify the flow behavior of 
the air paths. Many studies have focused on enveloppe components 
but almost no research refers to interior ones. Unfortunately, the 
air flow pattern within the building can be largely modified in 
presence of leaky interior components. In the second phase of our 
study, we compare the experimental air flow rate through on purpose 
designed connections with the numerical air flow rate. 



2. BUILDING PERMEABILITY 

2.1 Experiment 

Experiments are conducted on a new semi-detached house which 
respects the French building regulations. The reference building is 
a three bedroom house of 100 square meters, located in the suburbs 
of Lyon, France, on a well sheltered site. It has never been 
occupied and is equipped with a mechanical ventilation system. 
Automatic air inlets are casted in the frame of windows of the 
living room and bedrooms,. Air Extraction takes place in the 
toilets, bathrooms and kitchen with a proportion of 1/5, 1/5, 3/5. 
The total mechanical extraction rate can be varied from 50 to 300 
m3/h. 

In order to characterize the leakage distribution of the house, a 
series of depressurization tests in the entiere building and in 
every aeraulic zone are realized. During the experiments, the wind 
speed is lower than 2 m/s and no temperature difference is notified 
between the outside and inside and within the interior zones. 
Otherwise, the test is rejected. 

Some of the air connections : air inlet, shutter chest, window 
frame, light switch, wall-floor link, pipes, ... are identified. 
Af ter sealing of some of these detectable air paths, we reconduct 
some tests in order to analyse their specific behavior and their 
role. 

2.2 Analysis 

The results of the experiments are presented in Figure 1. We notice 
the major contribution of undectectable connections on the 
infiltration. The tighness of the house could have been drastically 
improved with a good quality of construction and adequate choice of 
building components. For example, the high quality window frame is 
associated with a poor shutter chest. No sealing joint between the 
interior partition and the floor of the bedroom has been installed. 
Some care seems to have been brought to the kitcken. At the 
opposite, the bathroom, the toilets and the hall present large 
undetectable infiltration in comparison with their volume. Running 
waterpipes and electrical wiring may represent some privilegeous 
air paths. Bedrooms have a similar behavior, bedroom # 2 has a 
reduced surface of exterior enveloppe and is less leaky. The living 
room with the stairwell represents a large volume with important 
infiltration. However, the air flow rate per unit of volume is in 
the average of the building. 
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The leakage characteristic of this house is representative of new 
built houses in France. At 1 Pascal, the air flow rate per unit of 
volume is equal to 0.24 in the 0.24-0.48 range (table 2) which is 
the result of an extensive survey on 70 houses in France . 
On purpose designed air inlet do not represent the major source of 
incoming air. 

1 Table 1 : Permeability per unit of volume at 1 Pascal 

3. Leakage distribution 

Many of the pressure models require a precise description of the 
air connections between the different zones. For example, in 
ESPAIR, the geometry of the connection (width, length, area) should 
be mentionned as well as its type : crack, opening or large 
opening. The methodology adopted in the experiment was conceived to 
identify the behavior of detectable air paths by making the 
connection inactive and then active. Let us identify the aeraulic 
behavior of some components. 

3.1 Power Law 

In the same buiding configuration, let us take two depressurization 
tests : one with the connection A sealed and the other unsealed. 

From test 1 (resp 2), we get a series of couples (AP1,Ql) (resp 
(AP2,Q2)). 



If we suppose that the connection A follows a power law, we have 
different possible methods to identify it : 

. Look for tests at same depression AP and fit a power curve 
through the points (AP,Q1-Q2) 

. Suppose the test 1 and 2 follow a power e w  : Q1 = K1 APnl and 02 
= K2 APn2 then identify Q = Q1 - Q2 = K AP 

. Suppose that the zone withnall detectable connections sealed 
follows a law of type Q = K AP . Then, suppose that the unsealing 
of a connection adds a new power law. For a specific building 
configuration, the depressurization test can be expressed in the 
following way : 

Qold = C Ki APni 

If we unseal a new connection j , Qnew = Qola + Kj bpnj. 

(Kj ,nj) are determined by a curve fit of the data 
(Qnew-Qold, &new). 

Due to the limited number of tests at the same depression, method 1 
has limited applications and the results are really sensible to the 
quality of the few measurements. Methods 2 and 3 give better 
results because of the higher number of measured points. 

Table 2 : Behavior law of some connections determined by: 
- Method 1 - Method 3 

We note that the results are not convergent. It appears such a 
large discrepancy between the impact of the various connections 
that determining the behavior of small connections is almost 
impossible. We can also point out that the shutter chest are really 
leaky. Their theoritical value suggested by the French standard is 
ten times less that the measured one. The identical air inlets do 
not present the same behavior. Moreover, many laws for specific 
components are unrealistic : 
- n is lower than .5 
- the unsealing of a connection decreases the flow rate at the same 
AP . 



The couple (K,n) is so sensitive to the measurements that any 
perturbation (a sudden wind, a solar spot,. . .) may induce an 
unrealistic (K,n). Moreover, the accuracy of the equipment is 
limited in the low AP range. It is surprising to note that the 
depressurization test facility is not well appropriate at low 
depression which is the usual situation in buildings. Some 
improvements should be brought in the selection of the equipment 
such as accurate flow meter, precise manometer, stable extraction 
rate, ..... Then, instead of verifying that the wind speed is lower 
that 2 m/s, it would be preferable to measure the pressure 
difference between two facades. 

Then, the progressive unsealing of components is not an appropriate 
methodology because a poor intermediate test implies poor following 
tests. The influence of any connection should be evaluated with a 
reference test even at the cost of a lengthly procedure. 

However, an identification of each component behavior does not seem 
to be promoted to a large success: air paths are difficult to 
identify, control of experimental conditions is limited, the 
behavior of minor connections is really sensitive to perturbations 
and obscured by the finite accuracy of the equipment. We propose a 
more global approach to take benefit of depressurization tests. 

3.2 Optimization under constraints 

We divide the building in zones where the pressure and temperature 
are uniform as it is common in pressure models. Then, we suppose 
that the air paths between two adjacenb zones can be gathered and 
modeled in a unique law of type Q = AP . The physical connections 
between two zones may be of different types : small or large 
cracks, small openings, smouth or rough surfaces, .... Moreover, 
they are usually difficult to identify. This method represents a 
global approach that may simplify the building description. 

Now, the problem is to identify the couple (K,n) for every global 
connection. 

Let us take the building configuration when a11 the detectable 
connections are sealed. 

For every zone i, we have made k(i) tests which should respect the 
following equation. 

nzones AP ni j 
C m i j (Kij ik - Qik) = 0 

j = l  

with m = 1 if zones i and j are adjacent 
i j 

= 0 otherwise 
(APik,Qik) results of the depressurization test k in zone i 



K permeability coefficient of the connection between 
zbiies i and j 
nij exponent coefficient between zones i and j 
nzones total number of zones 

nzones 
Therefore, we get M = C k(j) equations with N = C m 

ij unknowns. j - 1  i > j  

i= 1,nzones 

For our specific configuration, M = 200 and N = 60. The non linear 
system is overdetermined. Moreover, the unknowns should respect 
some constraints such as: 

K > 0 and 0.5 <nij < 1. 
i j 

The problem can be reformulated as a minimization problem with 
constraint and Kuhn and Tucker theorem is usually aqplied to solve 
it. However, the programming is quite lenghtly. Lau has suggested 
a new approach to solve this kind of problem. The principle is 
based on the Monte Carlo method : a simple random search technique. 
(See appendex 1) 

This method is straightforward programming but is time consuming 
and has been applied to our problem. A reduced and confident 
interval for the constraints improve the convergence speed and the 
quality of the results. A more detailed study is necessary to 
access the pertinence of this method. However, it looks promising. 

Figure 2 shows the perfect matching between the pressurization test 
and the numerical results. Figure 3 illustrates the flow rate under 
a 10 Pascals pressure difference in every connection. As mentionned 
before, we notice interconnection between toilets, hall and 
bathroom due mainly to ducts. The living room presents an important 
leakage area. 

In a second stage, we use the Lau's method to determine the 
behavior law of the air path when no connection are sealed. We get 
the same good matching than in the first stage. 

We therefore conclude to the feasibility of the proposed method. 
From individual depressurization tests, we can identify the flow 
behavior of global components separating two zones. According to 
the values of (K,n), we can comment on the permeabilty of the 
connections and the type of the defaults. Now, we should be able to 
visualize the air flow pattern within the house under various 
conditions. 
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3.  Interior doors 

In the previous tests, interior doors are substituted by tight door 
with a mounted fan that creates the depression. Therefore, the 
influence of this element is not included in the general laws and 
should be evaluated. 

Even when closed, interior doors should be designed to facilate the 
air transfer between the various zones of a house. They can be 
equipped with a grille, a shaft or a void at the lower level. At 
the extreme, we trust on the poor tightness of this building 
component to represent the least air resistance path. Usually, 
these origins combine each other to offer a priveligeous track for 
the air. 

In the second phase of our study, our objective is to identify 
under real conditions how much air transit through the doors at 
various extraction flow rates. Unfortunately, it is almost 
impossible to measure the flow rate through a typical door. So, we 
propose to substitute the existing door by an airtight door with a 
calibrated pipe which has the same aeraulic behavior, Moreover, it 
is easier to evaluate the volume flow rate in a pipe. Our approach 
can be divided in three phases : 

- identifying the behavior of a slot of various depths and width 
encountered under interior French doors 

- selecting the diameter of the pipe to be representative of an 
interior door 

- measuring the flow rate through the pipe. 

3 . 1  Behavior of a slot 

In am airtigth box (figure 4 ) ,  we have tested cracks of 200 mm 
length with various width, 3  mm to 10 mm, and various depth, 4.7 mm 
to 34.7 mm. Our results are presented in term of a power law as it 
is usual (figure 5). We note that the permeability, K, at 1  Pa 
increases linearly with the width (figure 6) bus it almost constant 
with the depth (figure 7 ) .  The flow exponent is almost constant 
with the depth and a width superior to 3  mm (figure 8 and 9). 

Figure 4:  lart Facility to churmteriee t h  fh 6ehvior qfypicaleCements 
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3.2 Behavior of a pipe 

The depression through a closed door in a house is often around 10 
Pa. So, we compare the behavior of a 104 mm diameter pipe and an 
800 mm length crack of 10 mm width in the range of 0 to 10 Pa. We 
notice that the flow exponent and the permeability are quasi 
identical. The curves of the pipe and the crack are situated 
between the curves of an interior door without .an opening at the 
bottom and an interior door with an 10 mm opening (figure 10). We 
conclude that the suggested pipe is representative of French 
interior doors. All interior doors are substituded by an airtight 
door with the calibrated pipe. 

Determination of the flow rate through a pipe 

In the laboratory, we verify that the velocity distribution is 
uniform over the outlet section of the pipe. Thus, the flow rate is 
equal to the product of the velocity by the section area. The 
measured and the calculated flowrate are in a good agreement 
(figure 11). 
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4. MULTIZONE AIR MOVEMENT 

4.1 Experiment 

For different total extraction rates and building configurations, 
we measure the flow rate through interior doors in the absence of 
wind and temperature differences. This gives us an image of the 
flow pattern within the house. In an ideal flow diagram, all the 
air should transit through the on purpose designed opening in the 
interior door. Figure 12 illustrates that when the infiltrations of 
a room are high, controlling the air flow pattern become tricky. 
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Fgure 12: Evolution of tfk. flow rate through tfk. dbor / extracted fh rate in th room 

4.2 Comparisons with numerical results 

Using a modified version of ESPAIR, we calculate the air flow 
pattern with the house for various extraction rate, supposing the 
behavior laws of the connections determined by Lau's method. For 
every experiment, we compare the measured and the simulated flow 
rate through the interior doors. We get a good agreement for the 
interior doors located at the ground floor even for the toilets 
that are really leaky. For the first floor, the results are in a 
poor agreement. Limited air flow rates and air moving downward the 
stairs may explain it. Moreover, any temperature difference may 
induce a strong convective flow that is not taken in account in our 
numerical approach. 

Figure 13 represents the air flow pattern for a total extraction 
rate of 250 m3/h. We note that the ideal flow diagram for a 
ventilation system is quite well respected. However, this is a 
strong short circuiting in the bathroom and in the toilets. 
Permeability of interior components has a limited effect on the 
flow paterns because of a reduced pressure difference between 
interior zones in comparaison with the pression difference between 
inside and outside. 
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CONCLUSIONS 

This study allows us to characterize the permeability of global 
components from depressurization tests by using an innovative 
numerical approach. After identification of the flow behavior of a 
typical interior door and their substitution by an equivalent pipe, 
we study the air flow pattern within the building under various 
extraction rates. The initial flow diagram is respected but less 
air than expected transits through the interior doors because of 
the poor level of tightness of the exterior enveloppe. A reduced 
ventilation rate results in the living room and in the bedrooms. 
More work is needed to take benefit of all the experiments and to 
fully characterize the building from a ventilation point of view. 

6. APPENDIX 

Reformulated Problem : 

nzones k( i ) nzones 
minimize C C I C mijc Kij APik 

ni j 
-Qi k ) 1 

i = 1 k=l j = 1 

Subject to : Sij 5 Kij < Tij 
Qij < nij < Rij 

Lau's method: 

Step 1 

- For each variable Kij, nij, generate a random number in a 
given interval of constraints.Evaluate the objective function. 

Step 2 

- Repeat step 1 il times and memorize the best random vector 
that minimizes the objective function. 

Step 3 

- Shrink the constraint interval around the best random vector. 
- Go to step 2 until step 3 has been applied i2 times. Then, the 
final solutionis the best random vector. 
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Discussion 
Paper 6 

Peter Wouters, (Belgian Building Research Institute, Belgium) 

I agree with you. But our objective was to measure the flow rate through on purpose openings (grille of 
the interior doors). On the second point of your question, a compensated flow meter would have been 
more appropriate. However, simultaneous measurements would require seven of them, and I suppose 
you know the price of each of them? 
B. Fleury (ENTPE LASH, France) 
The measurement of internal leakages with yourpipe technique doesn't allow to estimate the leakages 
through the walls or between walls and doors. A compensatedflow meter might be more accurate and 
quicker. 
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A = discrete-time system matrix 
B = discrete-time input matrix 
c = vector of tracer gas concentrations 
D =output matrix 
F = matrix of interzonal flows 
G = matrix used to represent V-1F during discrete to continuous inversion 
g = vector of applied inputs 
I = identity matrix 
L = least-squares gain matrix 
M = matrix whose columns are the eigenvectors of A 
P = matrix used during recursive least-squares algorithm 
R = matrix used to calculate V-- formed from infinite series 
v = vector containing unmeasured system disturbances 
V = matrix containing effective volumes of zones 
W = transfer function matrix 

= least-squares output vector 3 = least-squares regression vector 
9 = least-squares parameter matrix 
&N) = least-squares estimate of 0 based upon N observations 
aij = parameter appearing in input-output system formulation 

b v  = parameter appearing in input-output system formulation 
c i = tracer concentration in zone i 
k' = time derivative of tracer concentration in zone i 
Ci = (concentration of tracer in zone i) - (outdoor tracer concentration) 
& = concentration difference in two-zone system after impulse is applied 

Fij = flow from zone i to j 
F = interzonal airflows of equal magnitude in a two zone system 
g i = tracer input in zone i 
h,i j,k,q = indices used for sequences or series 
n = total number of zones 
N = number of data points 
Pij = parameter appearing in input-output system formulation 
Q, = total flow into or out of zone i 
S(8) = total sum of the squared error using the indicated parameter matrix 
s = complex frequency variable defined in context of Laplace transform 
T = sampling interval 
t = time 
T* = T/(V/F,); Fo defined as total flow into a reduced order model 
t* = tl(V/Fo); Fo defined as total flow into a reduced order model 
Vi = effective volume of zone i 
yi,,t = ith actual measured output 
yni,gred= ith output predicted by an ARMA model of order n 
z = complex frequency variable defined in context of z transform 
a = constant used to set initial condition of P 

= used during least-squares analysis to apply varying weights to the data 
i j  = Dirac delta function (6ij = 0 for i+j; 6ij = 1 for i=j) 
A = constant used to bound maximum sampling interval 
E = Ac(t)/Ac(O) 
h = forgetting factor 
P = eigenvalue of V-1F 
Vi = eigenvector of A 
02 = variance 
z = time constant for tracer decay 
q = eigenvalue of A 



This paper presents and evaluates a new method, based upon tracer gas 
techniques, for determining interzonal airflows and effective volumes in a multizone 
enclosure. Presently used tracer gas techniques have a number of drawbacks 
including the need for multiple tracers when analyzing a multizone structure. Also, 
traditional techniques cannot be used to independently determine flows and volumes 
in the multizone case. The method described in this paper eliminates some of the 
problems introduced by multiple tracers and allows the independent determination of 
both flows and volumes. 

The proposed method uses a single tracer gas to disturb the zones. A state-space 
formulation is used to model the multizone system. The concentration data are used 
in combination with a recursive least-squares identification algorithm to determine all 
of the interzonal airflows and effective volumes. A number of simulations are then 
used to validate the method The simulations show that there are important 
considerations to keep in mind when selecting the type of input applied to each zone. 
They also indicate that the proper choice of sampling interval is critical for accurate 
identification. 

The recursive least-squares formulation is readily adapted to the case where the 
system parameters are varying. A number of simulations show that this method can 
be used to track varying interzonal flows and effective volumes provided they are 
changing slowly with time. 

Finally, a method for determining the number of interconnected zones in a system 
is introduced. The method uses a single impulse applied to one of the zones. The 
tracer concentration in that zone is then monitored. The data are fit to an auto- 
regressive moving-average model and the residuals are analyzed using Akaike's AIC 
criterion which provides an indication of the order of the system. 

In recent years, increasing emphasis has been placed upon reducing overall 
building energy usage, while still maintaining acceptable levels of indoor air quality. 
As a tool in analyzing potential indoor air quality problem areas, tracer gas techniques 
have been employed with varying degrees of success (~ar r je l ,  ~ f o n s o ~ ,  ~ensen3, 
Axley4, CharlesworthS). Proper application of these techniques, whether based 
upon single or multiple tracers, can yield quantitative knowledge of the internal air 
circulation patterns. 

If an accurate dynamic model of a building with respect to energy or mass 
transport is desired, the airflow measurement technique must determine the airflow 
rates, F, between zones and the effective volumes, V, of the zones as shown in 
Figure 1. 



Figure 1. Three-Zone Airflow and Volume Model 

The flows between zones can be the result of either mechanical (forced ventilation 
system) or natural convection (open doors or windows). Many buildings contain 
some combination of these two and most tracer gas techniques do not differentiate 
between them. 

The effective volume is the volume of the interior of a zone in which complete 
mixing occurs (Allen6). In order to determine interzonal airflows, most tracer 
techniques assume that the effective volume is known a priori. For example, the 
effective volume might be assumed to be nearly equal to the unfilled volume of a 
room. However, if dead zones or ventilation system short circuiting occurs, the 
results of these techniques may be completely erroneous. Accurate determination of 
the effective volume will ensure not only robust control of indoor air quality and 
human comfort but will also indicate areas where improvements are needed. 

This paper further evaluates a new method (O'~eill7), based upon tracer gas 
techniques, for determining interzonal airflows and effective volumes in a multizone 
enclosure. The method uses inputs of a single tracer gas to disturb each of the zones. 
A state-space formulation is used to model the multizone system and the 
concentration data were used in combination with a least-squares identification 
algorithm to determine all of the interzonal airflows and effective volumes. 

Several issues which arise during the implementation of this and other tracer gas 
techniques are also addressed. These include: 

required length of test 
sampling period based upon: 

numerical stability of identification algorithm 
system dynamics 

input requirements 
identifying the number differentiable zones 
varying flows andfor effective volumes 

For a multizone system as shown in Figure 1, conservation of mass for the tracer 
gas in a single zone, i, can be written as (~inden8) 



where 
gi(t) = tracer input into zone i (mass/time) 
Vi(t) = effective volume of zone i 
cti(t) = tracer concentration in zone i (mass/volume) 
c ';(t) = time derivative of tracer concentration in zone i (mass/volume*time) 
Fij(t) = flow from zone i to j (volume/time) 
6ij = Dirac delta function (&j = O for i#j; &j = 1 for i=j) 
n = total number of zones 

The subscript "Ow represents outdoor air. For the remaining theoretical analysis and 
simulations to follow, units will be omitted from the numerical results. These 
numbers may either be considered dimensionless or have units consistent with those 
defined in Equation (3.1). Also, for the remainder of the analysis, the concentration 
of tracer in the outdoors will be considered constant or relatively slowly changing. If 
this approximation is made, the outdoor concentration, c'o, can be eliminated from 
Equation (3.1) by defining the other concentration terms to be the difference between 
the actual zone concentration and the outdoor value 

Equation (3.1) represents n first-order simultaneous differential equations for the 
mltizone system. For the case where n = 3, Equation (3.1) could be written in state- 
space form as 

where 

In Equation (3.3) the term Q(t) represents the total flow into or out of zone i. 

Equation (3.3) can be represented more compactly in matrix form as 

or multiplying through by V-l(t) 

Equation (3.5) is known as the time varying state-space representation of the system 
of linear differential equations described by Equation (3.1). At this point, it is not 



necessary to assume that the matrices V(t) and F(t) are constant for the entire 
duration of the tracer gas test. 

The least-squares algorithm described below requires that the system be 
represented in discrete form. If it is assumed that the flows, F(t), volumes, V(t), 
and input, g(t), are held constant during the sampling interval, T, Equation (3.5) can 
be written as (K id)  

where A and B are defined as 

T 
1 ~ ~ 2  ( v - ~ F ) ~ T ~  +*. -  B = ex~[(~-1F)tlv-lcIt = [IT + + 

0 2! 3! 

with V-1 and F defined as the values of V-l(t) and F(t) on the interval (kT, B+l]T). 
Equation (3.6) is the linear discrete-time state-space formulation of the system 
described in Equation (3.1) with k = t/T. 

The problem of parameter identification has been studied extensively in many fields 
as a necessary first step in any type of system analysis (~ junglo ,  ~ ~ k h o f f l l ,  
Kudval2, Ossmanl3). One well known procedure used in parameter estimation is 
known as the method of least-squares. In this method, a model form containing one 
or more unknown parameters is assumed to describe the system. One or more tests 
are then run in which known inputs are applied and the outputs of the system are 
measured. These data are then used to select the best combination of parameters with 
respect to minimizing the sum of the squared error between the actual data and the 
predicted value. 

To formulate the least-squares estimate of the system parameters, Equation (3.6) is 
rewritten in a slightly different form 

where y[k] is a vector containing the measured tracer concentrations in each zone at 
time step k. The symbol, 8, is used to denote the parameter matrix, 

and contains the unknown parameters of interest. The variable, $(k-1), is the 
regression vector whose components are comprised of past observations of the 
inputs and outputs of the system (regression variables) 



The vector, v(k-1), contains unknown and unmeasurable disturbances to the system 
(eg. measurement noise). 

The method of least-squares is described by the criterion function 

assuming v(k) is a sequence of random variables with zero mean (white noise). In 
Equation (4.4), the term, N, is the number of data points collected and P(k) is a 
sequence which can be used to give varying weights to different data. The optimal 
choice of the parameter vector is that vector which minimizes S(8)-producing the 
smallest summation of the squared errors. Since Equation (4.4) is quadratic in 8, it 
is straightforward to solve analytically. This gives 

&N) is the least-squares estimate, based upon N observations, of the actual 
parameter matrix 8. 

The method of determining the unknown system parameters by fust collecting all 
of the data and then calculating b ( ~ )  using Equation (4.5) is known as the batch 
method. The batch method is useful for systems which are well understood and 
prior knowledge about when to apply the inputs is known. However, it is often 
more useful to represent Equation (4.5) in a recursive fashion. With a recursive 
identification algorithm, the unknown parameters can be calculated as each new data 
point is recorded. 

While the derivation of the recursive form of Equation (4.5) is straightforward, it 
is somewhat algebraically involved (See ~ j u n ~ l o  or Eykhoffll). Therefore, just the 
results will be presented here. The recursive least-squares algorithm is simple in 
concept. Using this procedure, the new estimate of the parameter matrix, b(k), is 
equal to the old estimate, b(k-1), plus some gain matrix, L(k), times the error 
between the predicted and actual values of the output(s). The algorithm is thus, 

b (k) =b(k- 1) + L ( k ) [ y ~ ~ ] - $ ~ ( k -  l)b(k- 1)] (4.6a) 

where 



Therefore, the most computationally involved part of the algorithm comes in 
computing the gain matrix, L(k). 

Examination of Equation (4.6) leaves the question of initial conditions of the 
matrices &kg) and P(kg) as yet unresolved. As N+ m the effect of the initial values 
disappears. In practice however, even for a small number of data points, the effect 
of initial conditions is negligible. Thus, common choices for the initial values of 
P(k0) and b(ko) are P(k0) = aI and b(kO) = 0, where a is some large constant. 
However, if an 'exact' initial guess is desired or only a few data points are available, 
the following values of P(kg) and b(kg) should be used 

The value of kg in Equations (4.7a) and (4.7b) should be chosen such that the 
required matrix inversion is possible. 

The recursive least-squares method allows one to examine, in real time, the 
response of the system parameters to the applied inputs and determine when (and 
possibly where) new inputs should be applied. For example, if one or more inputs 
have been applied in the past and the parameters of interest are no longer changing 
appreciably with each new data point collected, then it is appropriate to apply an 
additional input or terminate the test. 

Before evaluating the least-squares algorithm described above, some discussion is 
necessary on how to interpret the values of the flows, F, and effective volumes, V, 
from the matrices A and B. In the development of Equation (3.6), it was not 
necessary to approximate the differentials appearing in Equation (3.5). Thus, the 
values of A and B obtained during the least-squares analysis are not affected by any 
such approximations. However, when going in the opposite direction, that is, 
calculating F and V from A and B it is not as simple. 

Depending upon the length of the sampling interval, different approaches may be 
necessary. If the sampling period is short, relative to the system eigenvalues, then an 
Euler approximation (forward differencing) may be adequate. For example, if the 
Euler approximation is made, the differential is written as 



and Equation (3.6) becomes 

thus, 

Examination of Equations (3.7) and (3.8) show that the Euler approximation is 
equivalent to using the first two terms of the infinite series for A and the first term in 
the infinite series for B. Tustin's and other higher order approximations are obtained 
in a similar manner. In practice, it has been found that using the first several terms 
from each series is adequate in most cases. 

When larger sampling intervals are used however, the higher order terms in the 
series remain significant. Here, the simple approximations described above may not 
prove adequate. One method for circumventing difficulties associated with larger 
sampling intervals uses properties of eigenvalues and eigenvectors in the calculation 
of the exponential of a matrix (~inhal4). 

If the eigenvalues, 01, 02, ...,an are distinct the eigenvectors v~ ,v~ , . . . , v~  of the 
matrix A can be calculated (In case of multiple eigenvalues, the eigenspace must have 
equal multiplicity) then it is possible to form the matrix M 

which will diagonalize A. The quantity V-IF is given by forming the following 
equality 

If A has negative eigenvalues, the logarithms in Equation (5.5) become undefined. 
This problem is eliminated by proper selection of sampling interval and will be 
discussed in a following section. Finally, the matrix V is given by 

where the matrix R is defined as 

The algorithm described by Equation (4.6) was tested on various multizone 
systems using computer generated data, P(k)=l. The interzonal flows and volumes 
were picked arbitrarily and chosen so that the system was asymmetric. The algorithm 



was tested for systems with'one, two, and three-zones. Table 1 shows the results of 
these simulations for the case of clean data (no noise) and also for cases of data with 
low and moderate measurement noise. The noise added to the simulation data were 
random variables with a maximum value equal to a fixed percentage of the zones 
initial concentration. The maximum values of the noise used in the simulations were 
5 and 10% and resulted in variances of 02 = 0.002 and 0.008. 

Table 1. Identification of Flows and Effective Volumes using Least-Squares 
Algorithm 

The total time for all the identification runs listed in Table 1 was 10,000. The 
sampling interval was 10-a total of 100 samples each. The table shows that in most 
cases, the identification procedure was able to estimate all the flows and volumes to 
within + 20%. As the amplitude of the noise increases, the system parameters are 
identified less accurately. If the noise is increased significantly beyond that shown 
(02 > 0.008) , the algorithm is unable to adequately identify any of the parameters 
and becomes unstable. For the case of no noise, the identification algorithm was able 
to predict the system parameters to within + 10% in all cases and usually much 
closer. For all of the simulations, the inputs were assumed to be impulses which 
mixed instantaneously with all of the air within the zone. 

Figures 2 thru 7 show the 'real time' estimation of the parameters for the three- 
zone case. Figures 2 thru 4 indicate that when there is little noise in the data, the 
estimated parameters converge to steady-state values shortly after the impulses. 
Also, the parameters converge to their final, correct values, only after all of the zones 
have been pulsed. This is because all of the modes of the system are not suitably 
excited by the impulses unless they are applied to all of the zones. 

Figures 5 thru 7 indicate that when there is significant noise (02 = 0.002) 
associated with the data, the character of the least-squares solution changes 
considerably. The noise has the effect of slowing the convergence of the solution. 
Between the impulses, there is a considerable amount of random oscillation before 
the parameters settle down and approach steady values. Figure 7 indicates that the 
calculation of the effective volumes of the zones is much less sensitive to noise than 
that of the flows. The figure also indicates that the effective volume of each zone is 
determined immediately after the pulse and varies little thereafter. 

All the figures show that the identified parameters steady-out sometime shortly 
after the previous pulse. Thus, when all of the parameters are changing only slightly 
with each new sample, then it is appropriate to apply an input to another zone. Also, 



Figure 2. Tracer Concentrations for Three-Zone Simulation (No Noise) 
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Figure 3. Interzonal Airflows Calculated using Recursive Least-Squares (No Noise) 
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Figure 4. Effective Volumes Calculated using Recursive Least-Squares (No Noise) 



Figure 5. Tracer Concentrations for Three-Zone Simulation (02 = 0.002) 
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Figure 6. Interzonal Airflows Calculated using Recursive Least-Squares (02 =0.002) 
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Figure 7. Effective Volumes Calculated using Recursive Least-Squares (02 = 0.002) 



as described above, a sampling interval of 100 was used in all of the identification 
runs listed in Table 1. This interval proved adequate for the cases shown. However, 
as the unmeasured disturbances to the system and the number of zones increases, the 
selection of the sampling interval becomes more important. Choosing a sampling 
interval which is either too small or too large can result in incorrect parameter 
estimation or instability of the identification algorithm 

The identification of a dynamic system using the least-squares technique requires that 
the input which is applied to the system provide sufficient excitation. Another way 
of stating this is that the input must independently activate all of the modes of the 
system. In most control systems literature, an input which is often used to ensure 
that this condition is satisfied is a pseudorandom binary sequence (~ensen3) 
Unfortunately, to apply this type of input requires well regulated and calibrated 
equipment capable of providing real time readings of the flow rate of tracer into each 
zone at each sampling interval. 

The identification runs described in the preceding section used inputs which were 
rapid injections (impulses). This type of input proved to be adequate for complete 
identification of the systems in question. It is also believed that an impulse type 
injection is practical to implement. A near impulse injection could be achieved by the 
sapid discharge of a pressurized cylinder or bursting a balloon filled with a known 
amount of tracer. 

The simulations indicate that as each additional pulse is applied to the system, more 
parameters are identified. The simulations also reveal that all of the unknown flows 
and effective volumes are not determined until after an impulse has been applied to 
each zone. Thus, the conclusion can be drawn that for the impulse type input, 
sufficient excitation for complete system identifiability is achieved only by applying 
an impulse to all of the zones. Also, as will be discussed in the next section, if 
system parameters are varying, multiple impulses over time are required to track the 
parameters. 

It was mentioned in the previous section that a new input should be applied as 
soon as possible after the preceding one. The natural question to ask is how close 
the inputs can be applied to one another and still result in satisfactory identification of 
the system parameters. To test this, the identification algorithm was run for the two- 
zone system examined in the previous section (02  = 0.002) . Two different input 
intervals were examined. In the first case, the impulse inputs were applied 
simultaneously (Figure 8). Both of the inputs were applied at t = 2000. 

figure 9 shows how the least-squares algorithm responded to the applied inputs. 
The figure indicates that the calculated flows take a considerable amount of time to 
approach their correct values4oing so only after an additional 100+ time steps 
following the applied inputs. Figure 8 also indicates that the tracer concentration in 
Zones one and two was considerably different after the two were pulsed with tracer. 
Further simulations have shown that as this difference is reduced, the identification 
algorithm becomes ill conditioned. It was also noticed that noise affects the 
identification procedure more significantly for the case of simultaneously applied 
inputs. 



Figures 10 and 11 show the results of a nearly identical simulation. The only 
difference is that the inputs applied to the two zones are separated by 10 sample 
periods. Examination of Figure 11 indicates that the effect of this slight separation is 
to significantly improve the conditioning of the identification procedure. The inputs 
are applied to the zones at time steps 20 and 30. The figure also indicates that the 
identification is essentially complete by time step 40. This is a significant 
improvement over the simultaneous pulse results. Thus, while it appears possible to 
apply simultaneous inputs to each zone and still identify the parameters of interest, 

Time Time Step (k) 

Figure 8. Data for Simultaneous Figure 9. Calculated Flows for 
Impulse Injection Input Simultaneous Impulse Injection Input 
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Impulse Injection Input Separated Impulse Injection Input 



the recursive least-squares algorithm is much more robust if the inputs are separated 
by several sample periods. 

It should be noted that as the level of noise associated with the data is reduced 
toward zero (ie. the system becomes deterministic), the least-squares algorithm is 
able to identify the parameters much more rapidly. For simultaneous impulse inputs 
and clean data, the system is completely identified within 20 time steps following the 
inputs. However, even for clean data, separation of the inputs by a few time steps 
speeds the convergence of the least-squares algorithm. 

The flows and effective volumes calculated using Equation (4.6) with P(k) = 1 are 
assumed to be constant for the duration of the test. If this assumption is not valid, 
the system parameters calculated by the least-squares analysis will be those which 
give the best overall fit of the data to the assumed system model and not necessarily 
the true values. If the system parameters are varying, then a slightly different 
approach must be followed when using the identification algorithm. 

One of the primary purposes of obtaining the recursive formulation of the least- 
squares algorithm is for tracking the parameters in a system which is varying slowly 
with time. It should be noted that the approach presented below is not suited for 
identification of a system with high frequency parameter fluctuations. The variation 
in the parameters must be slow enough to allow the algorithm to 'catch' up with the 
new values before they change again significantly. If this condition is not satisfied, 
then the procedure will not work. 

Equation (4.4) included the parameters, P(k), and it was indicated that these 
parameters were a sequence which could give different weighting to the data during 
the recursive calculations. For example, proper selection of this sequence can reduce 
start-up transients which may pose problems if the data were very noisy. However, 
if P(k) is assumed to have the form (~junglo, ~oodwinl5) 

where 0<h<l then the algorithm is said to employ exponential forgetting of the data. 
ter, h, is referred to as the forgetting factor. W l e  in general, h may also 

vary in time, in the following discussion, it is assumed a constant. The addition of 
this term effectively reduces the importance of data which were collected in the past 
and gives increasing weight to new data as they are recorded. Hence, if the flows 
and volumes are varying slowly, then this method can be used to track that variation 
in time. 

This form of P(k) also results in a slight modification of Equation (4.6). The 
recursive least-squares algorithm becomes 

d(k) = d(k- 1) + ~ ( k ) [ ~ ~ [ k ]  -$~(k- l)d(k- 1)] 



Examination of Equation (8.2~) shows that the addition of exponential forgetting 
effectively keeps P(k) from approaching zero, thus keeping the algorithm robust with 
respect to tracking. 

The selection of the forgetting factor will have a substantial influence on the 
identification algorithm. Using a relatively small value of h (he 0.9) will have the 
effect of discounting all but the last few data points. However, if substantial noise is 
associated with the data, the identification procedure will perform poorly and may 
become unstable. As h approaches 1, the algorithm approaches that of the standard 
least-squares and all data are weighted equally. Thus, there exists a trade-off 
between noise considerations and the ability of the procedure to track varying 
parameters. 

The use of the forgetting factor is shown in Figures 12 and 13 for the two-zone 
system described previously. Initially, the system is identical to that described in 
Table 1. However, at t = 5000, several of the system parameters associated with the 
second zone change: V2 increases from 2000 to 3000, F drops from 0.5 to 0.3 and 
F ~ o  decreases from 0.3 to 0.0. The data were noisy (ay= 0.002) and a forgetting 
factor of 0.97 was used during the identification. 

The inputs are applied to Zone 1 at t = 1000 and 6000 and applied to Zone 2 at t = 
2500 and 7500. Figure 12 shows that the algorithm is able to follow the flow 
parameters reasonably well with some fluctuation occurring around the times of the 
impulses. Figure 13 indicates that the algorithm is able to follow the effective 
volumes but only after the zone in which the volume changed is pulsed a second 
time. 

In simulations using clean data, the algorithm was able to respond in a manner 
similar to that shown in Figure 3. The new values of the system parameters were all 
accurately identified (with little fluctuation) a few time steps after the conclusion of 
the second round of impulses. As might be expected, a more exciting input is 
required for identification of the time varying system parameters. If an impulse type 
input is being used as the excitation, it has been found that each zone must receive 
mulriple inputs. 

One final note on the selection of the value of the forgetting factor, h. If the 
system is noisy, a value of h less than 0.95 is usually not satisfactory for the cases 
studied. The algorithm becomes too sensitive to the random fluctuations induced by 
the unmeasured disturbances and does a poor job in tracking the system parameters. 
However, if very clean data are available, it is possible to use forgetting factors of 
0.95 or slightly less. 



Time Step (k) 

Figure 12. Interzonal Airflows Calculated using a Forgetting Factor (h = 0.97) 

In the past several sections little mention was made as to how the sampling interval 
was chosen. However, selecting the correct sampling interval can make the 
difference between successful identification of the unknown system parameters or 
complete failure, Either the least-squares algorithm produces erroneous results or 
becomes unstable, 

In choosing some 'optimal' (optimal in the sense that the system is accurately 
identified) sampling interval, there are two different though related considerations 
which must be addressed. First, the sampling interval must be rapid enough to 
capture the fastest dynamics of importance within the system. Sampling too slowly, 
with respect to the fastest system eigenvalue, will result in poor identification of the 
overall system. Second, the sampling interval must be slow enough to allow 

ing of the inputs between the injection and the first sample following it. 



The question of selecting an optimal sampling interval with respect to capturin 8 important system d namics has been studied by several researchers (Sinhal , 
Sinhal', Puthenpurah ). A rule of thumb which is often mentioned by these authors 
is that the sampling interval should be chosen such that 

where p is the eigenvalue with the largest magnitude (fastest) in the continous-time 
system. The value of A is usually in the range 0 < A I 0.5. In examining the 
criterion presented in Eq~ation~(9.1) two questions come to mind. First, since an 
unknown system is being identified and the fastest eigenvalue is not a priori 
information, how can an appropriate sampling period be chosen? Second, why not 
sample as fast as possible to ensure that the criterion will be satisfied? The answer to 
both of these questions can be found by examining the transformation of the system 
eigenvalues when mapped from continuous-time to discrete-time. 

Since the flow systems under study must be stable, (no unmeasured tracer is 
injected) all of the eigenvalues are located on the left side of the Im ST axis as shown 
in Figure (14). If it is further assumed that the sampling criterion of Equation (9.1) 
is satisfied, then the eigenvalues of the continuous-time system must lie within the 
shaded regions in the ST-plane. Recall from Equation (3.7) that in going fiom the 
continuous time system to its discrete equivalent, the system matrix becomes 

If p is an eigenvalue of V-1F then o = exp(pT) is an eigenvalue of A. The figure 
also indicates that the consequence of this mapping is that the region in the ST-plane 
containing the eigenvalues of V-IF are compressed into the lens shaped region in the 
z-plane when the system is discretized. 

The z-plane figure reveals a problem which can arise if the sampling interval is 
chosen to be too small. As smaller values of T are chosen, the region in which &l of 
the discrete-time ei envalues are located becomes smaller and moves closer to the 
point 1 + jO (j = ?- -1 ). The eigenvalues found outside of the circle with radius 
r = 1 are unstable. If there is appreciable noise associated with the data then the 
identification algorithm may calculate values of the A matrix which have unstable 
eigenvalues. This will result in poor conditioning of the least-squares identification 
algorithm. 

A number of identification runs were conducted to determine the best value of A 
for an impulse type input. Table 2 shows the results for the one, two, and three-zone 
systems described in Section 6. The table indicates that the sampling interval has a 
significant impact upon the accuracy of the identification algorithm. With no noise in 
the data, it is possible to use very small values of the sampling interval. This results 
in a very accurate estimate of the unknown flows and volumes. However, the 
accuracy appears to deteriorate as the sampling interval is raised past pT = 0.1. 

As noise is added to the data (c2 = 0.002), the behavior of the least-squares 
algorithm changes. Table 2 shows that selection of a sampling interval which is too 
small decreases the accuracy of the identification procedure and can, in some cases, 
result in numerical instability. However, if the 'correct' sampling interval is chosen, 



the accuracy of the identified parameters for the case of noisy data is similar to the 
corresponding case without noise. 

Table 2. Accuracy of Identification Algorithm with Different Sampling Intervals 

Thus, proper selection of the sampling interval is critical for accurate identification 
of system parameters. A criterion for this selection can be established by examining 
the second, third, and fourth columns of Table 2. For very small values of the 
sampling interval, the eigenvalues of the discrete-time system are close to one another 
and to the point 1 + j0. This is a point of potential instability in the algorithm. 
Fortunately, as the sampling interval is increased, the eigenvalues of the discrete-time 
system spread out and shift toward the left. As these eigenvalues change, the 
accuracy of the identified parameters improves up to the point where the smallest 
eigenvalue is in the range 0.88 < o < 0.92. This corresponds to selection of the 



value of pT such that 0.083 < I pT I < 0.13. Therefore, for the simulations shown, 
a value of A = 0.1 should be used when following the criterion for sampling interval 
selection described by Equation (9.1). 

The effective volume that the analysis predicts for each zone also depends upon 
how well the impulse is dispersed between the time that it is injected into the zone 
and the first sampling of the concentration in that zone after the impulse (O'~eill7). 
In an attempt to better understand this relationship, it is useful to determine the 
conditions for which a two-zone system can be adequately represented as a single 
zone as shown in Figure 15. In the two-zone model shown on the left, if the 
interzonal flows (F ') are sufficiently high relative to the external flows a), then an 
impulse of tracer gas into either zone should be quickly dispersed throughout both 
zones and the concentrations in each should approach each other rapidly. 

Figure 15. Twcdone versus One-Zone Model for Least-Squares Analysis 

The response of both zones to a single impulse of tracer gas (gl) to Zone 1 can 
be determined by analytically solving Equation (3.3) for two zones to give an 
expression for the difference in zone concentrations (Ac) as a function of time, 
volume, and airflow rates as shown below. 

The term, Ac(O), is the difference between the zone concentrations immediately after 
Zone 1 is pulsed. This equation shows that the concentration difference decays 
exponentially with time as the two zones mix. If the definitions, E = Ac(t)/Ac(O) and 
t* = t/(V/F,), are made, Equation (9.3) can be rewritten as 

F ' lne - = -0.25 (- -1) 
Fo 

The term, E ,  indicates the difference in zone concentrations relative to the pulse 
disturbance and the term, t*, is a nondimensional time based on the external air 
exchange rate of the zones. A criteria for uniform mixing can be def~ned by requiring 
that the concentration difference due to an impulse input ( E )  must decay to certain 
value within a prescribed period of time (t*). By specifying values for E and t*, 
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Equation (9.4) can be used to determine the required relative interzonal airflow rate 
(F'/Fo) to assure uniform mixing. Figure 16 graphically relates the relationship 
given by Equation (9.4). 

This figure indicates, for example, that a flow ratio of F'&= 5 is required to 
reduce E to 0.1 within time t* = 0.1. The simulation model was applied to a case 
where V=1000, Fo= 0.1, and F'= 0.5 (F'/F,= 5) with an impulse of tracer gas 
injected into Zone 1. Figure 17 shows how the concentration varies within the two 
zones as a function of t* = t/(10000) for a single impulse in Zone 1. The figure 
shows that, as expected, the difference in concentrations between the two zones 
decays to within 10% of the maximum value at t* = 0.1. 

Figure 16. Ratio of F'/Fo as a Function of t* and E 
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Figure 17. Tracer Concentration versus t* For a Two-Zone System 

The two-zone simulation model was used to generate data for several additional 
cases where Zone 1 is pulsed with a tracer gas and the recursive least-squares 
identification algorithm was used to determine the total effective volume, V, and 
external airflow rate, Fo, for a corresponding single zone system based on the 
concentration data for Zone 1. The results are shown in Table 3 for various airflow 
rates and sampling intervals, T* = T/(V&). For FIFO less than 5, a single zone 



approximation is unsatisfactory. However, as F/F, is increased to 5, a single zone 
approximation produces a flow and volume within 20% of the correct values of 0.1 
and 1000 provided the appropriate sampling interval is chosen (T* = 0.1). 
Numerous tests of the algorithm have indicated an approximate relationship between 
T*, t*, and E. Using Equation (94 ,  for a given F/Fo, if one assumes t*= E, the 
sampling period, T* should be in the interval 0.1 c T* 5 0.2. 

Table 3. Single Zone Predictions for a Simulated Two-Zone System 

Once it has been established that a single zone approximation of an actual two-zone 
system is possible under appropriate flow conditions, it is natural to wonder whether 
an extension to a three-zone system is possible. Here, the question considered is 
when can an actual three-zone system be modeled by a simplified two-zone 
approximation. In this case, the interzonal flows between zone 2 and 3 are varied 
relative to the outdoor flows (Figure 1). In the simulated three-zone system, F02 = 
F03 = F20 = F30 = F21 = F31 = F12 = F13 = 0.5Fo (Fo = 0.1), F01 = F10 = 0.1, V1 = 
2V2 = 2V3 = 500, and F' = F23=F32. The results of various simulations are 
summarized in Table 4. If the three-zone system is perfectly modeled as a two-zone 
system with Zones 2 and 3 behaving as a single zone (2), the following parameters 
would be predicted: V1= V2 = 500 and F12 = F21 = F01 = F10 = F02 = F20 = 0.10. 
The table indicates that a two-zone approximation is valid provided the interzonal 
flows F23 and F32 are approximately ten times larger than F,. The simulations also 
indicate that the guidelines for sampling period described above have changed 
slightly. For the two-zone case, the sampling period should be based upon the 
characteristic time of the faster of the two zones. Then, using Equation (9.4), for a 
given F'&, if one assumes t*= E, then the sampling period, T*, should be in the 
interval 0.1 c T* 5 0.2. 

Table 4. Two-Zone Modeling of an Actual Three-Zone System 



At first glance, it may appear that we have developed two separate criteria for 
determination of sampling interval which may not be compatible. However, it turns 
out that satisfying the criterion established in Section 9.1 usually results in an 
acceptable 'mixing interval' for the input between the impulse and the first sample 
following it. For example, the continuous-time eigenvalue of interest for the two- 
zone system (with high interzonal airflows) described in Table 3 is p = -(FO/V) = - 
0.0001. Satisfying the criterion established in Equation (9.1) requires that the 
sampling interval be T = 1000 (I pT I = 0.1). This results in a value of T* = 0.1. 
For the purpose of system identification, Section 9.2 indicates that these two zones 
will be adequately described by a single zone if the concentration ratio between them 
is reduced to 0.1 within t* = 0.1 (t = 1000). 

Before a successful tracer gas experiment can be undertaken, one of the most 
important parameters which must be determined is the total number of zones. Often, 
the physical characteristics of a building aid in this process. For example, individual 
rooms separated by doorways or corridors are often obvious choices for separate 
zones. However, there are other situations in which determining the number of 
zones is not as easy. For example, deciding whether a very large room is best 
modeled as one, two, or even three zones is often not a simple matter. Another 
difficulty might be in determining whether to combine a series of small well 
connected rooms into a fewer number of larger zones. 

Thus, a method for determining the number of zones in a system would be useful 
to the analyst conducting tracer gas studies. Such information would be of particular 
interest in determining whether to break a larger zone up into smaller zones or 
combine a series of smaller zones into fewer larger ones. This would greatly 
increase the accuracy of the identification process which is, the goal of most tracer 
gas studies. 

Consider again the system of discrete-time difference equations represented by 
Equation (3.6) 

If an output equation is defined as 

then the system of equations can be transformed from the state-space system of 
equations to an input-output formulation ( ~ ~ 0 9 ) .  Taking the z-transforms of 
Equations (10.1) and (10.2) and combining them produces 

assuming D, A, and B are constant. The matrix W(z) is known as the transfer 
function matrix and is the complex frequency matrix which 'filters' the inputs as they 
travel through the system. If D is assumed to be the identity matrix-that is, each 
output, yi(k) is simply equal to the concentration of tracer in that zone at time step k, 



then Equation (10.3) can be inverted back into the discrete-time domain. This results 
in the formation of n discrete-time input-output equations 

If a single input is applied to the zones, the double summation drops out and 
Equation (10.4) takes the form of the well known auto-regressive moving-average 
system (ARMA). ARMA systems appear often in control system theory and signal 
processing. A great deal of study has gone into methods for determining the order of 
an ARMA process by simply observin the input-output sequence (Akaikelg, f Bhansali20, Soderstrom21, and Chen2 ). Many of these methods rely upon a 
statistical test of the residuals of the least-squares fit of the parameters to the data. 

A method known as the AIC criterion (Information Criterion-A), first introduced 
by Akaikelg, has been found to produce consistent estimates of the order of 
multizone airflow systems using a single impulse input into one of the zones as the 
excitation. Let S[n] be the sum of the squared error between the actual output and the 
output predicted by an A model of order n 

The AIC criterion for selection of model 'order is based upon maximizing the 
following function 

AIC = 2 In ( L(S[n]) ) - 2p ( n = l... max. order) (10.6) 

where p is the number of parameters associated with the chosen model order (p=2n). 
The term L(S[n]) is the maximum likelihood function. For the case where the noise 
superimposed upon the data is white the first term in Equation (10.6) is given by 

Thus, the appropriate order of the system is given by the n which maximizes the AIC 
function. 

Before describing the results of a number of computer simulations to verify the 
performance of the AIC criterion, it is necessary to describe the fundamental concepts 
of controllability and observability of a system from a prescribed input-output pair. 
In simplified terms, a multizone system which is completely controllable from an 
input gi(k) is one in which the concentration of tracer in any-zone can be raised or 
lowered to any prescribed level by a judicious choice of gi(k) within a finite time 
interval. In a similar manner, a multizone system which is completely observable 
from an output yi(k) is one in which a change in tracer concentration in any of the 
zones will have some effect upon the value of the output, yi(k). Figure 18 illustrates 
the concepts of controllability and observability for a simple two-zone system. A 
number of tests exist for determining controllability and observability of a system 
from an input-output pair. However, these tests require a priori knowledge of the A 
matrix which is not available in the identification procedure. 



The results of simulations conducted to test the AIC criterion are shown in Table 5. 
Simulations of actual one, two, and three-zone systems were run. In each case, the 
input was applied to Zone 1 a few time steps into the simulation and the output was 
the tracer concentration of Zone 1. and The data were then fit to Equation (10.4) for 
models up to fourth order and the resulting sums of the squared error were computed 
for each. Equation (10.6) was then used to calculate the AIC. For the two-zone 
case, the flows were varied to determine the effect that interzonal flows have upon 
the predicted model order. The results shown indicate that decreasing the flows 
between the two zones relative to the total flow reduces the likelihood of correctly 
predicting the order of the system. 

For the three-zone case, the effective volumes of the zones were varied. Table 5 
indicates that if all interzonal flows are equal, the effective volumes of all three zones 
must be substantially different before the AIC criterion is able to discern the presence 
of three different zones. It should also be noted that changing some or all of the 
interzonal airflows and/or initial tracer concentrations can have a similar effect. 

Both zones Controllable and Observable Zone 2 Not Controllable 

Zone 2 Not Observable Zone 2 Not Controllable or Observable 

Figure 18. Examples Showing Conditions Under Which a Two-Zone is Controllable 
and Observable from Input-Output Pair [gl(k) yl(k)] 

Table 5. Determination of W e 1  Order Using AIC Criterion 

all = 0.1 unless 

Table 5 shows that under certain conditions, the AIC criterion will result in a 
correct prediction of the number of zones, n, in a multizone flow system. However, 
this number should be interpreted as only the minimum possible number of zones 



which are required to adequately model the system. There may be more zones within 
the system which the procedure was not able to identify. There are two possible 
reasons for this. First, some of the zones may not be controllable or observable (or 
only weakly controllable and observable) from the input-output pair selected. In 
such a case, the dynamics of the system will not be completely captured using that 
choice of input-output pair. Second, as the number of actual zones is increased past 
2, symmetries within the system make it difficult to separate the effect that different 
zones have upon the output. Thus, the more asymmetric a system is, with respect to 
effective volumes and interzonal flows, the more likely that 'the AIC criterion will 
identify a larger number of zones. If it is suspected that more zones may exist, it 
may be advisable to change locations of the input (impulse) and/or output (sensor), 
and repeat the test. 

The AIC criterion is also sensitive to the sampling rate. As the sampling interval is 
decreased, the number of data points increases. This results in a larger sum of the 
squared error. When the number of data points becomes large, even with low noise, 
increasing the order of the model has only a slight effect upon the sum of the squared 
error and the AIC criterion predicts a lower number of zones. In the case of an 
extremely small sampling interval, increasing the model order will have little or no 
effect upon the sum of the squared error. 

Conversely, using only a small number of data points (a large sampling interval) in 
conjunction with the AIC criterion will also produce erroneous results. In this case, 
increasing the order of the system will have a disproportionate effect upon the sum of 
the squared error. The AIC criterion will predict a larger number of zones than exist 
in the actual system. In the extreme case where the number of data points equals the 
number of model parameters, the sum of the squared error will be zero and the AIC 
criterion blows up. 

Simulations have shown that the AIC criterion performs most accurately when a 
sampling interval of T = 0.1% is used. The time constant, = (t2 - ti), is the time it 
takes for the zone tracer concentration to decay from the initial concentration 
following the impulse input, c(tl), to a concentration c(t2) = c(tl)e-1. The total test 
time, tbt should be approximately 22. 

Once again, a guideline has been established for selection of the proper sampling 
interval. While this criterion may seem new, it is closely related to that established in 
Section 9.1 where the discrete-time eigenvalues were used to select an appropriate 
sampling interval. Unfortunately, when the system is transformed to an input-output 
representation, the eigenvalues become less accessible. In this case, it becomes 
necessary to look at the actual tracer decay curve to obtain an indication of the system 
eigenvalues and thus, obtain the sampling interval. 

The recursive least-squares identification algorithm presented in this paper 
provides a method for accurate prediction all of the interzonal airflow rates and 
effective volumes of a multizone system. The algorithm requires that an input of 
tracer gas be applied to each zone of interest and uses the concentration data for each 
to calculate the unknown system parameters. In addition, this method shows 
potential for tracking flows and effective volumes in time varying systems. 



The sampling period has also been shown to greatly affect the accuracy of the 
results. Careful selection of the sampling period is important both to the stability of 
the identification algorithm and to ensure proper mixing of the inputs between 
samples. 

A method has also been introduced for determining the order of the system to be 
identified. This method, which uses the residuals of least-squares parameter fits of 
various model orders, can accurately predict the true system order under the 
appropriate conditions. 

Work is underway on the construction of an experimental facility to verify some of 
these results. It should be noted that the conclusions and results reported above are 
limited to the specific cases examined in this paper and are not necessarily general. 
More work is needed to prove their applicability to more general cases and make 
refinements as necessary. 
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Discussion 
Paper 7 

Mike Nolmes (Ove Arup, London UK) 

Can the method be used to look at the general mixing in a single zone? For example the distribution of 
pollutants? 
Patrick O'Neil, Roy R. Crawfod (University of Illinois, USA) 
Yes, we believe that a zone's response to the im&g type input is closely related to the internal miwing char- 
acteristics of that zone. An integralpart of our ongoing research effort is to analyze systems in which it 
takes a significant amount of time for the inputs to mix within the wne(s). By simply analyzing the im- 
pulse response of a zone, we hope to be able to characterize, in some sense, the miwing characteristics of 
that zone. 

Bjorn Hedin (Lund Institute of Technology, Sweden) 

There are some advantages of using the PRBS input: by theory, the discrete time description (3.6) re- 
quires that the input is constant during the sample period. The PRBS fulfii this demand, but a short 
impulse injection doesn't, i.e. such impulses will violate the sampling theorem. This can lead to extra 
estimation errors. The PRBS input will neither violate the assumption of ideal mixing as obviously as 
the short impulse. Do you want to comment on these things? 
Patrick O'Neil, Roy R. Crawfod (University of Illinois, USA) 
Certainly. As you mentioned the impulse type input, as described in this paper, may not satis& the crite- 
rion of constant inputs between sample periods. However, the simulations which we have run indicate that 
this should not be a significantproblem. Ifnecessay, you could assume that the impulse was evenly dis- 
tributed over a single sample interval. In addition to the fact that an impulse input is easier to apply to a 
zone, we also believe that it gives you additional information on the mixing characteristics of the zone. 

Bjorn Hedin (Lund Institute of Technology, Sweden) 

Why do you use the recursive least-square (LS) method? You don't have use of the advantage which is 
a short execution time, but suffer from the disadvantage of higher sensitivity to noise (or even break- 
down at higher noise levels). The common or batch LS method can never be unstable, it's fast enough, 
and it's easy to use "forgetting factors" in this method as well. 
Patrick O'Neil, Roy R. Crawfod (University of Illinois, USA) 
If the recursive method causes difficulty during the data analysis, then one can certainly fall back upon the 
batch method which I have described. However, depending upon the computingpower available, there 
may be utility in using the recursive method when analyzing very 'Ifast" systems. 

Bjorn Wedin (Lund Institute of Technology, Sweden) 

The volume matrix V is calculated as V = B"R (eg. 5.6,page 9). 
But the chance to receive a diagonal volume matrix from multiplication of two filled matrices doesn't 
seem to be very big, especially not when the estimations of B and R are disturbed by noise. How do 
you interpret the non-zero off-diagonal elements in V = B-'R? Can they be ignored? 
Patrick 0 'Neil, Roy R. Crawford (University of Illinois, USA) 
In most of the simulations, the off-diagonal elements have been 1 or 2 orders of magnitude smaller than 
the diagonal elements. Consequently, these elements were ignored. However, ifnoise andfor miwingprob- 
lems result in volume matices with significant off-diagonal elements, then using methods which constrain 
them may become necessary. 

Max Sherman (LBL, California, USA) 

The linear least squares technique used - which is a standard control theory approach - has some 
severe limitations as presented. You have linearized the exponential solution which requires a short 
time step in the analysis, however, at a small time step the concentration is highly autocorrelated and 
cannot be simply regressed. You must take into account the (non-diagonal) covariance matrix. Since 
this is a physical system (cf a control system), a chi-squared analysis system with the real covariance ma- 
trix is a more appropriate approach. 



Patrick O'Neil, Roy R. Crawford (University of Illinois, USA) 
Our n& step is to validate the proposed method using a three-zone qerimental facility which we are de- 
veloping. We will look at these types of issues as they arise. 

Max Sherman (LBL, California, USA) 

The multizone, single gas technique you propose is biased unless one has a constant flow rate over the 
analysis. Thus it is not well suited for time vary systems unless you use a series of pulses and analyze dif- 
ferent sets of pulses separately. The relaxation model you propose is not appropriate for this kind of 
system. 
Patrick O'Neil, Roy R. Crword (University of Illinois, USA) 
No indirect method (as all tracer techniques are) for analyzingflows within buildings is well suited for 
tracking rapidly varyingflows. However, if theflows are varying slowly, we believe this method is as appro- 
priate as any. 

Max Sherman (LBL, California, USA) 

When using real data (as opposed to simulated) you will find that the noise in the concentration is far 
from "white". One's analysis technique must be quite robust to handle this. Furthermore, all of the par- 
ameters are intrinsically and experimentally correlated. It is, therefore, quite important to do a com- 
plete error analysis. I look forward to seeing this next year with measured data. 
Patrick O'Neil, Roy R. Crawfod (University of Illinois, USA) 
Again, as we collect experimental data, we will look more closely at these issues. 
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1. SYNOPSIS 
It is particularly important to be aware of the air flow pattern in a building when 
determining indoor air quality problems or calculating space conditioning loads 
for energy consumption. Correct sizing of space conditioning equipment is also 
dependent upon accurate air flow information. A number of infiltration models 
have been developed to calculate infiltration-related energy losses and the result- 
ing air flow distribution in both, single-zone and multizone buildings. Interna- 
tional infiltration research has been conducted since the early twenties -- 
infiltration modeling, however, is a relatively new task. Most of the modeling 
effort has taken place during the last 15 years, during part of which time the Air 
Infiltration and Ventilation Centre has been in operation. This paper gives an 
overview of the development of infiltration models. 

2. INTRODUCTION 

The annual heat loss due to infiltration, unlike the equivalent for conduction, is 
dependent not only on the temperature difference between the inside and the out- 
side of the building, but also upon shielding, terrain, wind speed and direction and 
on the design of the building. High wind speeds often occur at higher outdoor 
temperatures and may result in higher infiltration rates than those calculated for 
in the design. 

Awareness of infiltration as a major factor in the overall conditioning load of a 
building has led to tighter construction of both, building components and the 
overall building shell. This has decreased the infiltration rate and its related ven- 
tilation heat loss but has sometimes created another problem with regard to indoor 
air quality. 

The air-mass flow distribution in a given building is caused by pressure differ- 
ences evoked by wind, thermal buoyancy, mechanical ventilation systems or a 
combination of these. Air flow is also influenced by the distribution of openings 
in the building shell and by the inner pathways. Actions by the occupants can 
also lead to significant differences in pressure distribution inside a building. Fig- 
ure 1 shows various influences on air-mass flow distribution. 

Wind pressure distribution depends on the velocity and direction of the wind, the 
terrain surrounding of the building and its shape. Differences in air density, due 
to differences between outside and inside air temperatures, cause further vertical 
pressures which, in turn, influence the air-mass flow. Mechanical ventilation also 
introduces a pressure field on the building. 

There are two fundamental approaches in determining the infiltration rate in 
buildings. The most straightforward method is to measure infiltration directly, 
e.g., by using the tracer gas technique. Multizone tracer gas techniques can be 
used to determine either the air flows between the inside and the outside of the 
building only, or in addition, the interzonal air flows. It is necessary to under- 
stand the latter so as to determine the impact of infiltration on indoor air quality. 
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Fig. 1: Influences on Air Flow Distribution in Buildings 

Tracer gas measurements give a value for infiltration only under prevailing leak- 
age and weather conditions, but a second technique can be used to determine 
values of infiltration for all leakage and weather combinations. This method uses 
mathematical models (see Fig. 2). 

The Air Infiltration and Ventilation Centre (AIVC) has published a comprehen- 
sive handbook, Air Infiltration Calculation Techniques - an Applications Guide 
[I]. This, and a second AIVC publication [2] are valuable tools for obtaining an 
overview of available techniques in calculating air infiltration. 

Infiltration models can be divided into two main categories, single-zone models 
and multizone models (see Fig. 3). Single-zone models assume that the structure 
can be described by a single, well-mixed zone. The major application for this 
model type is the single-story, single-family house with no internal partitions 
(e.g., all internal doors are open). As a large number of buildings, however, have 
floor plans that would characterize them more accurately as multizone structures, 
more detailed models, taking internal partitions into account, have been 
developed. 

Besides the static models described in this paper some models have been 
developed to determine ventilation rates under dynamic conditions. As these 
become more important when large openings are present the IEA Annex VIII 
"Inhabitants9 behaviour with regard to ventilation" has investigated these patterns. 
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Fig. 2: Alternative Ways of Determining Infiltrarion [ I ]  

A report giving some rules of thumb for estimating air flow rates through open 
windows has been published by AWC 133. 

3. SINGLE-ZONE MODELS 
3.1 General 
Single zone models are usually used in detemrining infiltration rates for single- 
family buildings. A zone is defined as a fully mixed volume with a constant con- 
centration level of the enclosed gas ture. Thenefore, single-zone buildings do 
not exist in reality. However, smaller buildings without internal partitions or at 
least with open internal doors can be simulated with reasonable accuraey by 
single-zone models (see Fig. 4). Often, however, the limits of the single-zone 
models are obviously violated by using them for multizonal applications. 

Single-zone models can be characterized as either empirical or physical models. 

3.2 Empirical Models 
Empirical infiltration models are the simplest infiltration models available being 
based solely on the knowledge obtained from infiltration measurements. Models 
can be as simple as assuming a constant infiltration rate based on no flow proper- 
ties of the building; or dividing the leakage obtained by pressurization tests by a 



Fig. 3: Categorizing Infiltration Models 

Fig. 4: Example of a Single-Zone Building [ I ]  



constant number. Other models must take into account information about wind 
speed &d temperature differences between the inside and the outside of the build- 
ing. 

The constant rate model assumes a constant infiltration rate for the whole build- 
ing irrespective of the factors influencing the amount of air movement between 
the inside and outside of the building. This kind of model is still included in some 
of the building simulation programs used to calculate energy requirements for 
space conditioning but it is an abuse to use it for multizone applications. A more 
advanced version of the constant rate model determines infiltration as a function 
of the air flow obtained by pressurization tests. This method gives some indica- 
tion of the magnitude of average infiltration and so provides some "rule of 
thumb" for the practitioner. 

The regression method has been used for some time in order to fit in the enor- 
mous amounts of data obtained from tracer gas measurements. The modeling 
procedure utilizes two weather parameters as the sole weather-related potential 
for infiltration --the indoor/outdoor dry-bulb temperature difference and wind 
velocity. Because the regression coefficients reflect structural characteristics as 
well as shielding effects and occupant behaviour, variances of 20:l have been 
found in individual regression coefficients when comparing similar structures 141. 

Q = A  + B  AT"+C V Y  (1) 
with: 

Q infiltration rate 
A,B ,C regression coefficients 
AT temperature difference 
v wind speed 
a, 'Y exponents (usually 1.0 I a 5 2.0 ; 0.5 5 y S 1.0) 

Based on statistical analysis of field data and the assumption that the air permea- 
bility of the envelope is uniformly distributed, wind direction is usually not taken 
into account. 

3.3 Physical Models 
Once pressurization measurement techniques for building components or whole 
buildings existed, physical models became possible. The crack model, which 
uses the flow characteristics of building components, was probably the first phy- 
sical model for single zone applications. A second group of models uses informa- 
tion from whole building pressurization tests. 

The air permeability of the building's envelope depends on the number and size 
of cracks, windows, doors and gaps between building components. In addition to 
these visually observable flow paths leakage is caused by the porosity of building 
material. 



The crack model is the first real attempt to estimate leakage of the building's 
envelope. This method assumes that infiltration is proportional to the product of 
crack coefficient and crack length and can be expressed by the empirically power 
law function. 

Q = a 1 A p n = C A p n  (2) 

with: 
Q infiltration rate 
a crack flow coefficient 
1 crack length 
C flow coefficient 
& design pressure drop 
n flow exponent 

Values for the exponent range between n = 0.5 for fully turbulent jets or turbulent 
flow and n = 1.0 for fully laminar flow. However, due to the head losses which 
are directly dependent on the square of the velocity, n = 1.0 cannot be reached in 
reality. The exponent for calculating infiltration by the crack method is usually 
set at n = 213. A comparison of air leakage measurements conducted by means of 
the blower door technique in 196 houses showed, in respect of the whole house, a 
mean value for the exponent of 0.66 [5].  This is in good agreement with the meas- 
ured flow characteristics of building components. 

The flow coefficient is determined by the measured crack length of each building 
component and its specific crack flow coefficient. The latter are published in 
various handbooks and infiltration standards [6,7]. 

Single-zone network models are based on the mass balance equation taking any 
number of flow paths between the outside and the internal zone into account. 
Essential input data are flow path distribution, flow path characteristics, weather 
data, shielding and terrain roughness conditions, and the characteristics of the 
mechanical ventilation system. For a structure with k flow paths the mass flow 
balance is given by: 

with: 

P density of air 
C j  flow coefficient for flow path j 

Poj external pressure for flow path j 

Pi internal pressure 
n flow exponent 



The latter term determines the flow direction which would otherwise have been 
lost in the previous term. 

Examples of models based on the network idea are ENCORE [8] from the 
Norwegian Building Research Institute and I [9] from GRI. 

The principal disadvantage of the single-zone network approach is its data 
requirements. This has led to the development of simplified single-zone models. 
These models usually work on the basis of an assumption, which can be obtained 
from pressurization tests about the distribution of whole house leakage. Wind- 
induced infiitration and stack-induced infiltration are calculated separately and 
superimposed later. 

The most widely used simplified single-zone model is probably the LBL-model 
[lo]. Airport weather data is converted into local wind conditions with shielding 
and local terrain also taken into account. The height of the building and the 
assumed distribution of leakage over its envelope are sufficient, along with the 
weather data, to calculate the air flow. The LBL-model assumes infiltration to be 
proportional to the square root of the applied pressure. 

with: 
A effective leakage area 

Infiltration due to wind and stack action is calculated separately and later com- 
bined. The wind-induced infiltration calculates to: 

Q w i d  = f w i d  A v 
and the stack-induced infiltration can be expressed by: 

Qstack = f stack A 

with 
f~ function describing the wind influence 

f stack function describing the stack effect 

As a consequence of the flow assumption the flows due to wind and stack driven 
pressures are combined by summing the results in quadrature. 

As the BL-model is an easy to use tool further work has been done to improve 
its performance (mainly when wind and stack effect have the same magnitude) 
and to adjust the model to the more realistic flow characteristics found in field 
measurements [ l  11. 



Based on the results of a detailed multizone infiltration noode1 the NRCC model 
[12] uses the following equation for the superimposition of flows: 

with: 
Q-11 smaller of Qwid and Qsmk 

Q h g e  larger of Q w i d  and Qamk 

Fig. 5: Superimposition of Flows [curve a) Eq. 8; curve b) Eq. 7 based on jlow 
exponent n = 213; curve c) Eq. 7 based on jlow exponent n = 1/21 

In order to calculate the infiltration rate for one zone the BRE-model [13] relates 
to the air flow determined at a pressurization test Air movement under ambient 
conditions is described by the power law equation. 

with: 

Qref air flow at pressurization mode 

&ref reference pressure difference (1 0 Pa 1 4prd I 60 Pa ) 

FV infiltration rate function, including the effects 
of weather dependent parameters 

v wind speed at ridge height 



This equation can be reduced to wind only and stack effect only action. 

As with the LBL-model the BRE model assumes that the air leakage is uniformly 
distributed across each face and that the exponent n applies to all flow paths. 

Several models have been developed to calculate the natural ventilation when 
ventilation shafts are present. Ertl et al. [14] not only developed and validated an 
algorithm which allows the performance of ventilation shafts to be evaluated but 
also published a review of the algorithms used for this purpose. 

4. MULTIZONE MODELS 
4.1 General 
Multizone models are required when there are internal partitions in a building, or 
in the case of inhomogeneous concentration in the space. Multizone buildings can 
be either single-room structures (e.g., airplane hangars) single family houses or 
large building complexes. Fig. 6 shows an example of a very simple multizone 
building. 

Fig. 6: Example of a simple Multizone Structure [ I ]  

A number of infiltration pro have been developed to calculate air flows 
penetrating the building's envelope and travelling through the different zones of a 
multizone structure. Besides being able to simulate infiltration in larger buildings 
these models are able to calculate mass flow interactions between the different 
zones. 



Knowing about the air-mass flow in buildings is important for several reasons: 

- exchanging of outside air with the air inside the building 
is necessary for its ventilation 

- energy is consumed to heat or cool incoming air to 
inside comfort temperature 

- air is needed in different zones for combustion in open 
fireplaces and the exhaust of gasses 

- airborne particles and germs are transported by air flow in 
buildings. 

- air flow determines smoke distribution in case of fire. 

The necessary information can be obtained either by multizone infiltration net- 
work models or by simplified multizone models. 

In terms of air-mass flow buildings represent complicated interlacing systems of 
flow paths. In this grid-system the joints represent the rooms of the building and 
the connections between the joints simulate flow paths. These include the flow 
resistances caused by open or closed doors and windows and air leakage through 
the walls. The boundary conditions for the pressure can be described by grid 
points outside the building. Wind pressure distribution depends on the velocity 
and the direction of the wind, the surrounding terrain of the building and the 
shape of the building. If the physical interrelationship between flow resistance 
and the air flow is known for all flow paths the air flow distribution for the build- 
ing can be calculated --as long as there is no temperature difference between out- 
side and inside air. Differences in density of the air due to differences between 
outside and inside air temperatures, cause further vertical pressures while also 
influence the air-mass flow. 

Mechanical ventilation can be included in this network, the duct system being 
treated like the other flow paths in the building. The advantage for calculating 
the air flow distribution effects of mechanical ventilation systems is that the duct 
pathways, as well as their connections with the building, are known. In the case 
of mechanical ventilation systems the fan can be described as the source of pres- 
sure differences, lifting the pressure level between two joints according to the 
characteristic curve of the fan. 

4.2 Multizone Infiltration Network Models 

Multizone infiltration network models deal with the complexity of flows in a 
building by recognizing the effects of internal flow restrictions. They require 
extensive information about flow characteristics and pressure distributions and, in 
many cases, are too complex to justify their use in predicting flow for simple 
structures such as single-family residences [15]. 



As for their single-zone counterparts these models are based on the mass balanced 
equation: 

with: 
P density of air 
cj .I flow coefficient for flow path j of zone 1 

P0j.l 
external pressure for flow path j of zone 1 

Pi internal pressure 
,I flow exponent for flow path j of zone 1 

Unlike the single-zone approach, where there is only one internal pressure to be 
determined, in the case of the multizone model one pressure for each of the zones 
must be determined. This adds considerably to the complexity of the numerical 
solving algorithm, but by the same token, the multizone approach offers wide 
potential in analyzing infiltration and ventilation air flow distribution. 

A literature review undertaken in 1984 [I61 revealed 26 papers describing 15 dif: 
ferent multizone infiltration models which had been developed in eight separate 
countries. A review currently under way is producing additional information 
about the status of network models. One of the first we found was Jackman's 
model "LEAK" [17] which was published in 1970. In 1974 it was followed by 
the NRCC model [18], which was the first one available for use by interested par- 
ties. Indeed, this numerical tool is probably still the most widely used multizone 
infiltration model. 

Several multizone models were developed in the aftermath of the oil price crises. 
Between 1975 and 1977 a series of steps were taken at TU Berlin to develop such 
a model. This resulted in the program STROM [19] which was later extended to 
handle HVAC-systems and has recently been rewritten to improve the solver and 
to be combined with a thermal model [20]. Concurrent with STROM, ELA 4 [21] 
has been developed. The models VENT 1 and VENT 2 [22] as well as BREEZE 
[23] were developed in the late 70s by researchers from British Gas and the 
Building Research Establishment. In the early 80s, first versions of Nantka9s 
INFILTRATION & VENTILATION 1241, Walton's AIRNET [25] and Herrlin's 
MOVECOMP [26] appeared. The latter two programs were the first to address 
the mathematical problem of solving the set of non-linear equations for zones 
with very different leakage characteristics. Open doorways in otherwise tight con- 
structions are the main cause of significant problems in convergence. This has 
been solved in both cases by introducing under-relaxation factors to the well 
known Newton method. 



By focusing on the work done in AIVC-member countries, we have neglected 
extensive program developments undertaken in Japan, France and Brazil. 
KGVCP from Hayakawa dates back to 1979 [27]. More recent work done in 
Japan has been published by Ishida and Udagowo [28] as well as Hayashi and 
Urano [29], Sasaki [30], Okuyama [31] and Matsumoto et al. [32]. 

France, as a possible future AIVC member, has also developed several multizone 
models; the recent review unveiled models from CSTB, INSA [33] and EDF. 
From Brazil, Melo's model FLOW2 [34] has been detected. 

The latest development in infiltration modeling is the COMIS model [35]. In a 
twelve month period ten scientists from nine countries developed a reliable, 
well-running multizone model on a modular base. Because of its modular struc- 
ture COMIS is designed to expand its capability to simulate buildings. To 
accomplish a "user-friendly" program special emphasis was given to the input 
routines. Support of the international group, working together at Lawrence Berke- 
ley Laboratory, by IEA's Air Infiltration and Ventilation Centre will be likely to 
help the wide distribution of this model to all interested parties. COMIS can be 
used as a stand-alone infiltration model with input and output features or as an 
infiltration module for thermal building simulation programs. It also serves as a 
module library. 

We discovered from the two reviews of the literature above that most of the 
models described by program authors use the FORTRAN (75%) programming 
language, followed in order of use, by BASIC, HPL and in one case each by PAS- 
CAL and C. As most of the programs represent research tools developed at 
universities they run on main frame or work station type computers (56%). 

Because of the nonlinear dependency of the volume flow rate on the pressure 
difference, the pressure distribution for a building can only be calculated by using 
a method of iterations. Multizone network models were developed to deal either 
with simple structures of only a few zones or with buildings, having arbitrary 
floor plans, allowing an unlimited number of zones (limited only by the computer 
to be used). Many models have been developed which simulate a specific struc- 
ture only, so allowing for the use of simple solving routines. Models which deal 
with arbitrarily chosen building types use either a great deal of CPU-space or are 
equipped with very sophisticated mathematical routines to reduce the storage 
need. 

Large computer storage was necessary in the past, when calculating the air flow 
distribution of more complicated buildings. Nowadays, however, most programs 
use solver modules which reduce the space requirement, e.g., by band matrices or 
the skyline method. The Newton method is the most common tool used to solve 
the set of non-linear equations. 

Although most models have been developed in FORTRAN on main frame com- 
puters, many use interactive mode to input the necessary data. Only one of the 
models, however, allows CAD-input. Three-dimensional building description and 
schedules for climatic data and occupants are more common today than they were 



five years ago but a comprehensive way of designing the output seems still to be a 
problem. Most of the models use the file of arrays to present the calculated result 
--not really a user-friendly method. Few models use the capabilities of personal 
computers to show the air flow distribution in two-dimensional graphs. 

Twelve of the infiltration models are combined with a thermal model and eight 
feature a further combination with a pollutant transport model. For seven out of 
twenty-nine models the authors specify their product as "available to third par- 
ties". Eleven authors believe that, lacking user-friendliness, their models would 
be of no use for third parties. The remainder do not wish to make their tools avail- 
able to others. 

The multizone models investigated were, in regard to the equations used, very 
similar to each other. The flow equation used to describe the air flow characteris- 
tics of the buildings is similar to the one describing measured results for air flow 
through building components (see Eq. 2). Most programs use an empirical 
power-law expression type of equation, even though the pressure exponent may 
differ from 0.5 to 1.0, depending on the nature of flow. Only few models consider 

Table 1: Review of Multizone Infiltration Network Models 

Program Language: 

Computer Type: 

Solver: 

FORTRAN 
BASIC 
PASCAL 
c 
HPL 

Main Frame Computer 
Personal Computer 

New ton 
others 

33 
6 
1 
1 
3 

23 
18 

22 
8 



wind dynamics. 

The programs still differ markedly in their ability to simulate mechanical ventila- 
tion systems. Twenty of them are able to simulate forced ventilation systems by 
means of fan and duct characteristics. This is a tremendous change from the last 
review. 

The diEculty of measuring infiltration in buildiogs under controlled boundary 
conditions means that none of the models has been validated properly, if at all. 
The possibility of doing piecemeal validations of certain algorithms hai been con- 
sidered; e.g., the algorithms for air flow through open doorways or air flow 
through cracks have been tested separately [36]. Measuring a few cells of the 
whole structure could still provide a severe test for existing models. 

These data are important not only for validation purposes but also as a means of 
further understanding air movement in large multizoned buildings. We need to 
identify the critical variables in different building types in order to develop more 
accurate input data and, ultimately, more accurate models. Wind pressure coeffi- 
cients, for example, represent a factor that needs further study, and the collating 
of existing data should help our efforts in simplifying data requirements. 

4.3 Simplified Multizone Xnfiltration Models 
Most multicellular models in use at present are not available to the public or are 
written as research tools, rather than for professional engineers or architects. 
There is an obvious need for a simplified multichamber infiltration model capable 
of providing the same accuracy as the established single-cell models. 

The extended crack model is the simplest multizone model. It is used to design 
conditioning loads and size the conditioning equipment [37]. The method is based 
on the single-zone crack model and has been refined to multizone applications by 
also taking into consideration the crack flow through internal partitions. Buildings 
are characterized according to their cross flow and stack flow capabilities. 

The stack pressures of the core zones for multistory structures are pre-calculated 
for design weather conditions and published in look-up tables. Together with 
pressures due to the effect of wind and permeability distribution this enables a 
user to calculate the infiltration for each of the outside zones. 



with: 

Q.h.ft 

Qsory 

(a 1 )wind 

(a 1 )lee 
& 

infiltration heat loss for a zone in a shaft-type building 
infiltration heat loss for a zone in a story-type building 
crack permeability windward side 
crack permeability leeward side 
coefficient, depending on wind speed and vertical location 
of the zone in the building 
coefficient, depending on building type 
coefficient, depending on permeability distribution of the zone 

The Simplified lMultizone Infiltration Model [38] developed at LBL is able to 
calculate the air flow distribution for arbitrary structures in any given weather 
conditions. The basic idea is to determine the flow network and to calculate the 
effective air permeability of a zone from the combination of flow paths arranged 
in series andor parallel. The use of these equations assumes that all permeabili- 
ties have the same flow characteristics and, therefore, the same exponent, n (see 
Eq. 2). 

Air flows caused by separate mechanisms (such as wind and thermal buoyancy) 
are not able to be added because the flow rates are not linearly proportional to the 
pressure differences. To superimpose the flows, it is necessary to add the pres- 
sures. 

To describe the air flow distribution inside a building we introduced several 
lumped parameters reflecting the different permeability distributions of the 
building's envelope and the flow resistances inside the building; the envelope 
permeability ratio (epr) which describes the cross-ventilation of the building, the 
vertical permeability ratio (vpr) to determine the stack influence and the resultant 
permeability ratio (rpr). The latter describes the removal of the incoming air 
flow for each zone. 

vpr = 
Dsh@ 

Dtota~ ,enve~ope + Dshaj~ 



with: 
ePr envelope permeability ratio 
VPr vertical permeability ratio 
rPr resultant permeability ratio 
D e e , e e o p e  permeability of the leeward side of the building 
Drotal ,emrelope permeability of the whole envelope 
&haft permeability from the shaft to the story 
D r s Z o m e e  leeward resultant permeability of the zone 
D ,  ,to,l resultant permeability of the zone 

The resultant permeability ratio (rpr) is the ratio of the resultant permeability of 
the downstream side to all resultant permeabilities of this particular zone. To 
keep the model simple no mass balance equation is used to predict the air flows. 
Because of the pre-calculation of the simplified network the model gives a 
comprehensive understanding of the flow characteristics of the structure under 
investigation. The model is simple to use and requires only simple mathematical 
tools, e.g., pocket calculator. 

5. SUMMARY 

Traditionally, models of residential buildings were based on the regression 
analysis of measured data for infiltration and the driving weather forces. As the 
regression coefficients for these empirical models reflected structural characteris- 
tics as well as shielding effects and occupant behaviour, the regression coeffi- 
cients between similar residences have varied tremendously. These models may 
therefore not be appropriate for use as a design tool for building energy analysis. 

The next step in residential infiltration modeling was the development of physical 
single-zone models. The amount of information required for single-zone network 
models led to the development of simplified models. Their development has been 
justified by their widespread use. These models are based on the physical 
phenomena of air flow through the building envelope by assuming a certain dis- 
tribution of air permeability. Shielding effects and local vertical wind profiles are 
taken into account for calculating the infiltration rate. Measured data for a large 
number of houses are used to fine-tune, still further, especially the effects of 
shielding. 

Following the analysis of an enormous number of measured ventilation rates in 
the case of houses for which the leakage characteristics have been determined by 
pressurization tests, a very simple model has been introduced --in which the air 
change rate measured at a given pressure differential, is divided by a constant 
number. This model does not take weather influence or leakage distribution into 
account. 



Even before the development of physical single-zone models took place a number 
of computer models had been developed to calculate the air flow distribution in 
multizone buildings. The building is described by a set of zones interconnected 
by flow paths. Each node represents a space with uniform pressure conditions 
inside or outside the building and the interconnections correspond to impediments 
to air flow. The network models are usually based on the conservation of mass in 
each of the zones in the building. The first of these models to be developed was 
probably the BSRIA-model "LEAKS" which was published in 1970. Since that 
time, many more models have been developed but most of them have been writ- 
ten as research tools and are not available to third parties. As a consequence they 
are difficult to use and are, at the best, "user-tolerant" rather than "user-friendly". 

The first very simple multizone model for equipment design calculation for low- 
rise buildings was introduced with the crack model. This model was later refined 
to cover high-rise buildings. A simplified approach was followed in the develop- 
ment of LBL's infiltration model, which allows the calculation of all interzonal 
air flows by means of a pocket calculator. 

While multizone infiltration models have existed for the last two decades some of 
the thermal building simulation models are still working with constant rate 
models. Now that energy conservation and indoor air quality have become impor- 
tant issues this type of model is inadequate. 

6. FUTURE OUTLOOK 
Except for the fine-tuning of existing models, the development of single-zone 
models seems to be completed. As multizone models offer much more potential 
for further investigation, work will probably go on for some time to suit models to 
specific needs. 

The development of multizone infiltration and ventilation models shows a rela- 
tively slow evolution. Lack of exchange of information, restricted distribution of 
models and the lack of a flexible structure are probably the reasons why models 
developed in the early seventies are not very different from those developed in 
the late eighties. 

Although several of the models discovered during this review serve a particular 
purpose they could have been developed using existing models. The COMIS 
workshop is trying to overcome these problems by creating a multizone infiltra- 
tion model with a modular structure which will allow modules to be changed 
easily. The availability of the program together with the international authorship 
should help to establish COMIS as an infiltration standard on which specific 
applications can be built. 

Along with stand-alone infiltration models, network models will also now finally 
find their way into thermal building simulation models. With the expected 
advances in the development of the next generation of building simulation pro- 
grams infiltration modules will be needed for implementation in the program 



libraries. 

Future tasks include the development of methods to determine the required input 
parameters, especially the wind pressure distribution. Further work must be done 
through sensitivity studies to reduce the input requirement and to increase user- 
friendliness by using the output features of the PC's. 

Validation of the models is another essential task. In order to understand physical 
phenomena related to transport mechanism in buildings and to develop numerical 
descriptions, measurements must first be performed under steady state conditions. 
It is necessary, in order to measure mass flow transport mechanism accurately, to 
be able to control the pressure level and its fluctuation for each of the outside 
walls. This is only possible if the building is itself located in a building. Such a 
test facility would not only validate air flow models as a whole but would also 
help to validate the tracer gas techniques to be used to validate infiltration models 
in field experiments. 

This work was supported by the Assistant Secretary for Conservation and Renew- 
able Energy, Office of Building and Community Systems, Building Systems 
Division of the U.S. Department of Energy under Contract No. DE-AC03- 
76SF00098. 
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ABSTRACT 

The validation process of FLOW, a multizone air infiltration program, has given 
plenty of information on which we report in this paper. 

The methodology of validation is exposed and we describe specific problems which 
have been met and solutions which are proposed for most of them. The three first 
stages of a validation process are discussed : analytical verification, inter-model 
comparison and empirical validation. 

A simple situation for a single cell has been calculated analytically and compared 
with the numerical FLOW simulation. A sensitivity test was applied for some 
parameters as wind speed, temperature, pressure for both FLOW and another 
program ESP-AIR, the results showing a very similar behavior. 

The confrontation with full scale measurements has just started. But even if it is not 
yet possible to draw conclusions about the validity of FLOW, the work has learned 
us a lot to care of in future validations. It is shown that a new method should be 
used to log the wind data and that the Cp-values found in the litterature are not 
always suitable for the air infiltration calculation programs. 

INTRODUCTION 

In order to validate computer programs simulating air flows in multizone buildings 
we have collected data which are being organized in a data set [I]. 

We have tried to validate the program FLOW [2] which computes the air flows for a 
static situation in a multizone building modelled with a cubic network. This work 
has demonstrated all the complexity of the validation process in this domain. 

In this paper, we present the many kinds of problems we have met and the 
solutions we propose. 

We have not pushed the validation of FLOW to its end because this program is 
today obsolete and we prefer to validate the new program COMIS, now under 
development at the LBL [3]. 

THE VALIDATION PROCESS 

2.1 Methodology 

Following the ideas developed for the validation of thermal models by Judkoff and 
al. [4] in the USA as well as by Bowman and Lomas [5] in the UK a coherent 
validation methodology can be structured as it appears in figure 1. 



Figure 1 : Validation methodology for network models and simplified theoretical 
models [6].  

The validation steps addressed in this work are : 

1) the analytical verification 
2) the inter-model comparison 
3) the empirical validation. 

In the analytical verification the calculation of a simple case is compared with 
program results. 

The inter-model comparison is used to compare the advantages of various models 
or to appreciate the precision of a simplified model with respect to a more 
sophisticated one. 

In the empirical validation measurements made "in situ" are compared to the 
computed results. On this level, many errors may influence the results and only a 
right error analysis can guarantee that the conclusion of the validation is reliable and 
not a piece of luck. 

2.2 Error analysis in a validation process 

The errors occurring in a validation process can be of two types : 

1) internal errors 
2) external errors 



The internal errors issue from inaccuracies occurring in modelling the physical 
phenomena, writing the code, or in the numerical technique. The aim of the 
validation is to find these internal errors and to correct them. The external errors are 
contained in the data or coming from a bad use of the program and are to be avoided 
during the process of finding the internal errors. 

Table 2 presents a comprehensive list of external error sources. It is an adaptation 
for the air flow model of the study of Bowman et al. [5]. 

zones not defined 
0 Limited accuracy of measured values 

Blunders when entering data 
Interpretation of poorly documented input data 

0 Assuming values to replace missing data 
Interface 0 Modification to the building description so 

0 Frequency of measurement insufficient to define variable 
Logging 0 Finite accuracy of probes and recording system 

Interference 0 Internal features of structures altered by 

0 Transcription of measured data fiom charts, etc. 
0 Differences between measured and predicted parameters 

Table 2 : External sources of errors occurring in a validation process. 



2.3 Problems met and solutions 

2.3.1 Frequency of wind data measurements 

In the following we assume that wind data are available on site, either by a 
procedure of transferring meteo data from the remote station [18] or by 
measurements on site. 

The air infiltration model calculates the air change rates averaged over fixed time 
intervals (here 15 minutes). In order to do so, wind data must be converted into 
pressures. The averaging of wind pressures over a particular time interval, is a 
problem. 

Indeed, weather data measurement installation set up for building thermal auditing 
are often not able to collect measurements in a time interval shorter than 15 minutes. 

Under these conditions the wind measurements are often of poor quality. On one 
hand, instantaneous measurements every 15 minutes are insufficient to model the 
air flows in buildings and on the other hand mean values have no physical meaning. 
As an example, we imagine the situation where the wind blows half of the time 
interval from the south and half from the north, then the following situations are 
possible : 

1. The averaging process handling separately the wind speed, V(t) and its 
direction, 8(t), results in an average direction which is east or west, and an 
average speed which is non zero. 

2 .  The averaging process computing the vectorial sum gives an average vectorial 
wind close to zero. 

In each case the average wind is of no use to calculate the surface pressures and to 
simulate air flows reliably. To avoid this problem, an appropriate technique has 
been developed at the LESO. 

But before explaining it, it is necessary to define the two kinds of time intervals 
occumng in a weather data logging process. 

1. The sampling period is the time between two measurements of the same 
variable (typically 1 minute or equal to the recording period). 

2 .  The recording period is the time after which the averaged, integrated or 
instantaneous measurement is recorded on the data logger tape (typically 15 to 
30 minutes). 

Usually the sampling period is equal to the recording period for the slowly varying 
observables (e.g. temperature) and the sampling period is shorter than the recording 
period for the quickly varying variables as wind speed or wind direction. 



In such conditions, the appropriate technique to have satisfactory wind data consists 
of : 

e Measuring the wind speed V(t) and direction 8(t) at the highest possible 
sampling frequency. 

* Summing the wind speed V(t) sorted on the wind direction sectors 
(commonly eight sectors of 45'). As shown in the Annex 1, we shall 
compute : 

with 

J = 1 2 ,  8 (sectors) 
k = 1 2, . , K (recording time) 
i = 1 2 . . I (sampling time) 

and 

V jk : geometrical average wind speed in the sector J for the recording 
period k, [ms-l] 

8~ : limit angle between the sector J-1 and J 

V (tlk) : instantaneous wind speed at the sampling time i of the recording 
period k, [ms-l] 

8 (tik) : instantaneous wind direction at the sampling time i of the recording 
period k. 

The geometrical average is justifiable by the fact that the pressure on the 
fa~ade  is proportional to the square of the wind speed and the flow to the 
power n of the pressure difference (n = -65 is taken). Therefore : 

then 
1 < Q > = C ( C p 7 p ) "  < v 2 " >  (3) 

e recording the Vjk every recording  me 
modelling the flows in accordance with the measurements 



Qm : the flow between the nodes 1 and m, [m3 h-l] 
elm : the permeability coefficient between the nodes 1 and m, 

[m3 h-1 Pa-"] 
Cp (8j) : the pressure coefficient for the sector J representing the pressure 

difference between 1 and m, [-I 

2.3.2 The pressure coefficients 

Getting satisfactory pressure coefficients (shape factors) is a very complex 
problem. The authors do not have the pretension to solve it, but summarize the 
specific problems for air infiltration codes validation. 

Figure 3 gives the air flows, for the eight wind directions, in a room of the LESO 
building for two sets of Cp-values. The first set was measured in a wind tunnel at 
the LBL and the second is the default set of the K O W  program. Qin is the flow 
entering the room from the inside of the building while Qout is the flow entering 
from the outside. The dramatic discrepancy between the two sets of computed air 
flows is obvious. This example gives all its importance to the following discussion. 

t Cp measured default Cp + 

45" Angle Sectors 

Figure 3 : Calculated air flows entering a room of the LESO building for a wind 
of 10 [m s-l] for eight wind directions and two sets (right - left) of 
Cp-values, 



The items to be discussed are definitions of the Cp-values, sources of Cp-values, 
representative location of the Cp-values and representativity of the Cp-values 
themselves. 

The definitions of the Cp - values 

Several definitions exist for the pressure coefficients depending on their use, the 
geometry of the building and the habits of the professionals in a given country. 

The Cp is always the ratio of a local pressure p to a dynamic pressure q : 
q = 0.5 p ~2 (5) 
P = c p q  (6) 

where p is the air density, [kg m-31, and V is the wind speed, [m s-l]. 

The definitions differ by the use of different extreme or average values for p and q 
[7] and, because the high sensitivity of the nodal air flow simulation program to 
them, it is a very critical point in the validation process. The two most common 
definitions are presented and commented below. 

Cp used with one reference dynamic pressure 

The dynamic pressure q is taken at a reference point 

P(X, Y 7  2) = c p  q(x0, yo, zo) 

where y) : the reference height. 

Definition (7) is better adapted to low rise buildings simulated with a constant wind 
profile. This profile can be used when the wind flow is driven down by the 
building. In this case (fig. 4) it is possible to observe, at low level, winds as fast as 
at roof level. 

Figure 4 : The wind flow driven down by the building. 

The reference point may be placed in various locations, each having advantages and 
disadvantages as discussed in reference [19]. Various positions on the roof or 
upstream are possible choices. 



Cp used with dynamic measure profile 

The dynamic pressure q is considered at the same height as the pressure p (fig. 5). 

p(x9 Y 9  z) = c p  q(z) (8) 

Figure 5 : Dynamic pressure q profile for a high-rise chimney [12]. 

The wind at the height z is calculated from the exponential law (9) 

with the exponent a depending on the terrain roughness [8] so that 

0.18 in flat open land 
0.23 in country 
0.36 in urban centers 

These exponents are taken from reference [9], but it seems that every author has his 
own values. 

Definition (8) is adapted to high rise buildings when the difference in the wind 
speed between the basement and the roof is important [lo]. But aerodynamicians 
know a lot of details, which can have their weight in the choice of the appropriate 
Cp [ l  11. It would be a gain of time to have a decision tree (an algorithm) to choose 
the right definition and to avoid subjective screening. 



Sources of Cp-values 

As sources of Cp-values it is possible to use handbooks [12], simulation codes and 
wind tunnel measurements. Usually the handbook values are measured in wind 
tunnels, and sometime on site (full-scale measurements). The numerical codes 
which simulate tri-dimensional flows are still in development. 

When picking Cp-values from a handbook care shall then be taken of which 
definition, which reference point and which safety margin have been used to obtain 
those results. In addition the buildings presented in handbooks are measured in 
open land situation and the influences of adjacent obstructions present in the real 
situation have to be estimated. 

The adaptations of the values from handbooks to those expected by the computer 
program are theoretically possible if the information is precise enough, but it is 
better to ask help from a specialist, since for some locations in a building, the Cp 
values are calculated using special methods which are not explicitly mentioned in 
handbooks. 

Without taking these precautions, every effort to obtain high quality results can be 
ruined by one or two badly estimated pressure coefficients [7]. 

For the wind tunnel measurements care should be taken of the correct simulation of 
the wind as a turbulent boundary layer. Because of the non-stationarity of the wind, 
its simulation should reproduce carefully the speed and direction profile, the 
turbulence intensity and the turbulence spectrum. 

Representative location of a Cp-value 

When a faqade is submitted to a pressure field the resulting air flows depend on the 
permeability distribution. 

To illustrate this problem, figure 6 presents different zones on a far;ade of a cube 
with respect to Cp-values. 

Many typical situations are possible as a portion of the untight element may belong 
to one zone or another. This point emphasizes the advantage of programs which 
model the facades element by element. 

In addition, the areal average shall be studied in agreement with the pressure 
distribution on the faqade. For example the interpolation of Cp-values between two 
points is not possible because the pressure field on the building is  not monotonic. 
Indeed, Cp-values vary more strongly horizontally than vertically, especially for 
high-rise buildings. Moreover, values given in handbooks are often calculated for 
civil engineering purpose. Therefore they are not representative of an average but 
more often only valid at a particular location [ l l ] .  In order to obtain Cp-values 
which serve as areal coefficients it is better to measure them as such. Reference [9] 
gives an example of a scale model built to perform areal and pneumatic averages. 



Figure 6 : Areal partition of the leeward side of a cube for wind pressure 
distribution. The numbers correspond to the probes 191. 

Representativity of the Cp for the airflow simulation of buildings 

The decisive proof of the quality of a theory is the confrontation with the reality. 
And here is the critical point for the CP-values. Full scale and wind tunnel 
measurements agree onlyAfor windy and open, flat, situations for simply shaped 
buildings [13]. 

Usually the results for full scale measurements have so large confidence intervals 
(they can reach the magnitude of the value itself) that any conclusion can be taken 
[14]. Some specialists doubt the possibility to represent the pressure on a fagade by 
a single value [15]. 

The reason for such a situation comes from the problem of the pressure 
measurement and also from the fact that in the low wind situation, which is most 
frequent in Switzerland, buoyancy induced airflow around the building can be 
similar to the wind effect. 

Annex 2 presents a simplified calculation where it is demonstrated that in a middle 
sized building (three floors) a temperature difference of 3' C between two fasades, 
caused by radiation from the sun, induces a convective flow of about 1 m/s. 

In conclusion the Cp-values, if they are the right ones, probably allow the 
calculation of the wind effect on the building but not the effective pressure in the 
most frequent situation when the wind velocity is low and the sun shines. 

3. THE PROGRAM FLOW 

The program FLOW was developed by H.E. Feustel at the LBL [2] and was 
available to us when COMIS [3] started. FLOW is constituted by a FORTRAN 
code and data files as shown in figure 7. 



Weather - file 

Volumes - file 

Fimre 7 : The file structure of FLOW. 

The main program computes the flows by a Newton algorithm for a cubic network 
of permeabilities connecting the nodes which correspond to the rooms and the 
outside. 

The weather file contains outside temperature, wind speed and wind direction at the 
reference point for every time step. These values are taken into account as boundary 
conditions by the program which computes these static situations one after the 
other. 

The output file contains basically the flows between every node and its six 
neighbors. 

4. THE VALIDATION OF THE PROGRAM "FLOW" 

The first three levels specified in figure 1 have been taken into account. 

4.1 The analytical verification 

For this level, the results of the code are compared with an analytical solution for a 
few simple cases. The test cases have to be chosen in order to be able to test all the 
algorithms in the code both separately and interacting with one another. Every case 
which can be handled by the program should be investigated. 



For this study the two air flow driving processes were investigated separately : 

1. The infiltration due to wind 
2. The infiltration due to the stack effect 

Each can be investigated in different situations, where different parts of the code are 
used. This method has allowed us to find many programming bugs. It is very 
important to begin with these very simple cases because it is easier to find the 
problematic points that way. 

Annex 3 presents the calculation of a simple case of wind induced infiltration. 

In table 8 analytical results are compared with computed ones, after correction of 
the program. 

Table 8 : Comparisons between analytical solution and the computed results for 
wind induced infiltration. 

The principal remark concerns the air density calculation. The program runs with 
two air densities : 

Outside the building : Pext (T) = 1.27 - 0.05 T 
and inside : Pint (TI = 1.2 

It is very important to give this kind of information in the instructions for use, 
otherwise there is a huge loss of time in debugging the program and finding clues to 
interpret the differences between the computed and the analytical results. 



At first it was not obvious that the difference in volume flows was only due to the 
differences in assumed densities. Such a detail cannot be found in an empirical 
validation process, because it is hidden under the large amount of possible causes. 

4.2 Inter-model comparison 

The inter-model comparison was made between the programs FLOW and ESP-AIR 
[16]. The simulated building is a cube. Its parameters are presented in the table 9 
and the table 10 gives the weather data. 

Table 9 : Building parameters for the inter-model comparison. 

Table 10 : Weather data parameters for the inter-model comparison and sensitivity 
study. 

The weather data parameters have been chosen to explore regularly the experimental 
space and perform an optimum sensitivity test with a minimum of runs. The 
parameter p is artificial and serves to modify the magnitude of the pressure 
coefficients. Table 1 1 presents the results. 

These results are similar and follow the same variations. A more detailed study 
would be necessary to explain the differences and define a confidence interval for 
each result. 



Table 11 : Results from FLOW and ESP-AIR. 

The parametric study has shown that the two programs are most sensitive to the 
wind speed. Fitting a polynomial on the four first runs, the following relative 
coefficients were found : 

Constant 1 

Windspeed 1 

Temperature 0.44 

P (CP) 0.44 

In the constant are hidden non-studied parameters including the permeability 
distribution and the pressure distribution 

The influence of the wind speed is very large and this is an argument to take into 
account when considering the quality of the wind measurements (see chapter 2.3). 

This inter-model comparison should be continued further, with other situations. We 
intend to do it with the COMIS program [3]. However, this level of the validation 
allows us anyway to study the sensitivities of the programs to several variables. 

CONCLUSIONS 

The validation process of the multizone air infiltration programs FLQW and ESP- 
AIR has shown a high sensitivity of this kind of nodal model to the wind and hence 
to the pressure coefficients Cp. Available wind data are in general not adapted to the 
requirements of air infiltration modelling. A new scheme for the measurement and 
simulation of wind data is proposed suggesting that considerable progress in wind 
simulation is possible. 



Cp-values available in the literature are not adapted to the purpose of air infiltration 
calculation. They generally do not give an areal average pressure coefficient in a 
realistic situation, including boundary layer flow, natural convection flow and 
surroundings. 

Before comparing full scale measurements and computed results, we submitted the 
code to analytical validation in many very simple situations. It was found an easy 
way to debug the code. 

Future research should include the coupling effects of wind and buoyancy on air 
infiltration. 

A few remarks. It is felt that time can be gained by joining the authors of the 
program, the measuring staff and the validators in a same place during the program 
validation. 

It seems to be scientifically advantageous that the program author and the validator 
are two different persons. The review will be more censorious that way and the 
result will be better. 

Finally and obviously, it is very important to remember that the validation of a 
program is a hard and very time consuming work. 

6. APPENDICES 

ANNEX 1 - A SATISFACTORY AVERAGING METHOD FOR WIND DATA 

The mean flow Qk between two nodes at the limit of the network during the period 
k is modelled by a sum on 8 sectors of the mean flows Qn, 

J = l  
The demonstration is done by showing that this model is equal to the sum (A7) of 
the instantaneous flows Q (tik). The flow QTk is defined so that : 

J = l  
where 
Qk : average flow during the period k, [m3 h-11 
I : number of measurements during the period k (recording period) 
C : permeability coefficient, [m3 h-1 Pa-n] 
n : exponent, [-I 
Cp (85) : pressure coefficient for the sector J, [-] 
P air density, [kg m-31 
Vjk : integrated wind speed for the sector J  during the period k 
QTk : integrated flow during the period k for the sector J. 



Let us define 

which is the averaging method compatible with the model (A2), as shown below. 
Placing (A3) in (A2) we obtain : 

recomposing the two sums 

i = l  
The precision between the real flow and the modelled one depends on the number 
of measurements. The greater is I, the more accurate will be the simulation. 

ANNEX 2 - THERMAL WIND AROUND A BUILDING 

The scope of this calculation is to estimate the magnitude of the air flow between 
two faqades at different temperatures. 

This difference can be caused by the radiation on one faqade (front faqade subscript 
F) and the shadow on the other (back faqade subscript B). We imagine the building 
in the form of a parallelepiped of height h. From the Bernoulli equation, it is 
possible to write : 

to simplify the problem let us assume that VB is close to zero. Then 

and for two colums of air at different temperatures the maximum 
pressure difference is : 



then it is possible to estimate the velocity V so that : 

As a numerical example, AT is 3 [OC] and h = 10 [m] would give 

that means that for a wind velocity of 5 m/s, a value of Cp = 1 can be affected by up 
to 20 % and a Cp = 0.2 by up to 100 %. 

It is interesting to recall that the same characteristic velocity is found by recognizing 
that the internal Froude number must be close to unity (i.e. buoyancy forces are in 
equilibrium with the inertial forces) [17]; this is a restatement of equation (A10). 

ANNEX 3 - CALCULATION OF THE SIMPLE CASE OF WIND INDUCED 
INFILTRATION FOR THE ANALYTICAL VALIDATION 

The monozone building is described as follows : 
cw windward exfiltration coefficient [m3 h-l Pa-"] 
CL : leeward exfiltration coefficient [m3 h-l Pa-"] 
Cp : windward pressure coefficient 
Cp : leeward pressure coefficient 
n : exponent coefficient 
V : wind speed [m s-11 
pw : windward pressure, [Pa] 
PL : leeward pressure, [Pa] 
PI : internal pressure, [Pa] 

Figure 12 gives a schematic view of the building-test 1 

Figure 12 : A schematic view of the building-test 1. 



A 3.2 Analvtical solution 

The wind induced infiltration process is represented by the following equations : 

Exfiltration law 
& = c w  (Pw - PI) with 0.5 < n < 1 (A 12) 
& = CL (PI- PL) n (A1 3) 

0 Wind induced pressure 
pw = C P W ~  
PL = CPL q 
Static pressure 

* Mass conservation 

from 6 it is trivial to obtain by (A 12) and (A13) 

1 by raising (A 18) to the power ;; 

and we get 

Cpw (cw)'/" + CPL (cv)l/n 
PI = q  Cwl/" + CLl/n 

and finally we get 

A 3.3 Numerical results 

The following data are used : 



CpL = 0.2 + PL = - 10 [Pa] 
V = 8.8 [rn/s] 
P = 1.2929 (T = 0 [OC]) (kg / m3) 
9 = 112 p ~ 2 = 5 O [ P a ]  

The use of equation (A21) gives : 

PinL = 50 0.8 (20)1/.65 - 0.2 (40)1/-65 ( 201/.65 + 401/.65 ) = 2.8 [Pa] 

The flows are now obtained from equation (A22) 

7. ACKNOWLEDGEMENTS 

The authors will express their thankfulness to B. Fleury (LASH-ENTPE), J. van 
der Maas (LESO-EPFL) and J.-A. Hertig (LASEN-EPFL) for their comments and 
their help. 

The National Energy Research Fondation (NEW supports this validation study as 
a task of the ERL-Project (Energierelevanteluftstrijrnungen in Gebauden), (credit 
No 339.1). 

8. BIBLIOGRAPHY 

[I] J.-M. Furbringer, R. Compagnon 
"Weather and aeraulic data set for validation - The LESO Building, Part. 1 Content 
of the data set" internal report, LESO, EPFL, Lausanne, Switzerland (1989). 

[21 H.E. Feustel 
"Beitrag zur theoretischen Beschreibung der Druck und Luftrnassen stromverteilung 
in naturlisch und maschinell gelufteten Gebauden". Forschritt-Berichte der VDI- 
Zeitschriften, 1984, Reihe 6, Nr 151. 

[31 International Workshop COMIS. 1988, 1989 
Conjunction of Multizone Infiltration Specialists at Lawrence Berkeley Laboratory. 

I41 R. Judkoff and al. 
"A methodology for validating building energy analysis simulations", draft report, 
SERI / TR-254-1508 Golden, CO, USA (1983). 

[51 N.T. Bowman and K.J. Lomas 
"Empirical validation of dynamic thermal computer models of buildings", Building 
Services Engineering Research and Technology, Vol. 6 (4). pp. 153 - 162, 
London, UK (1985). 





PROGRESS &MD T"REI1SS IN AIR JWILTRKTZON AND 
VERTHZATION RESEARCH 

L O t h  AEVC c~oaEerm~ce, Dlp~l i , Fin1,and 
25-28 September, 1989 

P a p e r  60 

AIRFLOM SYiMULATIOM TEGBNHQUES - PROGRESS AND TBEmS 

PETER V. NIELS'EB 

University of Aalborg 
Sohngar,ds$olmswe j 57 
DK-90,OO ,AaLboiqg 
Denmark 





SYNOPSIS 

The paper describes the development in airflow simula- 
tions in rooms. The research is, as other areas of flow 
research, influenced by the decreasing cost of computa- 
tion which seems to indicate an increased use of air- 
flow simulation in the coming years. 

It is shown that velocity and temperature distribution 
can be predicted in small rooms of simple geometry as 
well as in large areas with a complicated geometry, 
such as theatres, atriums and covered shopping centres. 
It is also possible to predict variables which are 
rather difficult to measure as contaminant and humidity 
concentration, local age and purging flow rate, heat 
transfer coefficients, etc. 

Airflow simulation has been used for the prediction of 
air movement in mixing ventilation, and new research 
shows that it might also be used for predicting air dis- 
tribution in displacement ventilation. 

The paper shows that some development work is necessary 
to give practical descriptions of air terminal devices. 
It also shows that it may be necessary to develop a 
turbulent model which deals with low turbulent flow. 

LIST OF SYMBOLS 

Ar Archimedes' number 

C o ~  Mean concentration in the occupied zone 

C~ Concentration in return opening 

h Slot height of air terminal device 

H Height of room 

k Turbulent kinetic energy 

L Length of room 

n Air change rate 

Re Reynolds number 

T Air temperature 

To Supply temperature 

rdean temperature in the occupied zone 



Y Vexfical coordinate 

~t" D5menslonIess t i m e  step 

E Ventilat ion ef  f 5riemcy 

The vernti~akion of r o a m s  may be a ~ h ~ i e v e d  by d i f fe ren t  
types of air di~stri3szptI(orn systans, A cammoaly us& sys- 
kam 5s ;a m i x k g  sys l t ce ;m wheme i n l e t  aiu i s  suppEed f m a m  
dTfEusesrs i n  the wall or i n  the c(eilin.g, ''The supplied 
air E o m s  wall jets belaw . i&k c e i l i n g  w ' c h  easy 
k o  describe in rtcerms ioif veBr0tcity di,sftributi~oni, enrt-rain- 
men&, &kc, 'The jcets deZPect a t  the wail1 facing f ie  
supply openings, and tbe  ~resulitant E l o w  i n  th(e l j O s e r  
park (Ob the ~ m m  - the  mmpi& xoince - has a xatber corn- 
p11cated sitructure, It  is passible to predict  the  a i r  
dis&ribution i n  the w h o l e  r t m m  including the occupied 
zome by solwing d i f f ( e~ ien t l a l  equati<on.s f o r  the  f liow 
using a c(ornpnite~-hsed numeri/cal wetihod, ?Fhe method has 
heen (esxp1aiined i a  a number of pbl i~ca t i 'ons  during Che 
l a s t  15 years, as sbiown e .g, by Ni(eIsenx in an {early 
papen, bu t  i+ i:s no& gtenerally w s d  by the ventilatiion 
indins kJqf<. 

Ventilat ion with w e r k i c a l  displacement flow is anoither 
air ~srs t r ibut lom m e t h a d .  The air i,s :supplied d i r e c t l y  
into !the occupied zone at l o w  veloci ty  fiz:(om wallmuunted 
ox S l m r  ~mounked &f dusiers, The f l i m  is i n  general 
drieen by ib-uaymcy forfoe, and Davi&son3 has skown t h a t  
a i r f l a w  ~irnlill~ation can a l s o  be usend fiox predicting the  
a i ~  distri!bati~on in khis case. 

The aiz d i s t r ibu t ion  in radiator  beaked roams may a l so  
be analys(er3 by a i r  flaw simulation as shown f o r  example 
by Rhein12inder3. 



T h i s  paper w i k l  review tJhe reseaarch om airflow simXa- 
t2aw in rooms using computelr-bas miumericah m a d s  
and further it w i l k  show so- &rends and new dewelap- 
m e a t s  .? 

FUl-scale e r b e n t s  willli prduce meas=-ts wMch 

ing, The cast of a single expe is i n  the range 
3,8QO US$ ta 20,OQO US$, E%are ive fmll-..scaillte ex- 
periments may imwalwe actua3. decaratimg, fmisWb.~g am. 
h t e r i o r  f i t t i n g s  so tha t  the amer, architect and cam- 
sal tants  c a m  r E e n ~  the envira-t a t  a wexp ea~l iy  
stage as discussed b~y li~lerEeldt41w This is o,f course an 
extra advantage af EuLX-scale expe~beats. a& fwrkher- 
mare, it w i l l  also, ensure an acccnuracte dete~minatian of 
the fLaw i n  tlze wcupi& zane and give i m f a ~ t l a m  af 
the influence from different  sEtt.apes in  the in ter ior  
such a s  Imps, technical 2~~stalLattian~1,, etc, F l U X L - s c a l e  
experiments in the cheaper end of t h e  price scale are  
made i n  raoma which can be bui l t  i n  a mdule system 
with moveafbiLe walls and eeilirng, 

Am alternative pasailjiilPty a re  mn.&eL. experimenks wWch 
are  necessaxy far very lamge instal lat iansm Model ezxperi- 
m n t s  are  d i f f i cu l t  t o  perfom, dbe to\ problems ~ 5 t h  
similarity, They are aHsa expermiwe because they re- 
quire muck e1aboratio)n of such de ta i l s  a s  supply a n -  
ings, etc, 

The practical w e  af Ek.0,~ simnlatim f a r  roam air disq- 
tribution? is a questiam ah the price level a s  w e 1 1  as 
the quality of predictilam, The co,sk of d simulation moiwi 
wfrespa~! to  that  of a ful~-scal!e experfmat. Chen" 
has shown that  80 CPW minutes an an PBN 3083: - JXh are  
used faJr predicting different f l a w  situatio,ns,, and 
DavFdsan2 has, to u s e  up t o  $30 CPU B a t ~ r s  o>n a VAE 20010; 
to  simulate the dli;slp;lacemerkt wentilatian created by 
buoyancy drf wen flow. 

Airflaw simulations will! incsease in importance in  the 
coming years due t o  the ecanamuics- C$apman6 shaws how 
the relative computation cast is diczcreasi~lcg every year, 
and this, trend w i l l  continue i n  tEne c:orrwing years., The 
reason is that  computer speed and sto~rage h v r e .  increased 
much mre raplidly than computer cas;ts, and figure E 
shows tha t  t h e  cost of performing a gitvem calculation 
has been reduced bjy a facterr of 2 0  every 8 years- 

A i r r o t h e r  trend is the rno,vement from large m a i m  frame 
computers i n  computer cen t~es ,  t o  w a d  s tat ions Saeatedr 
d o s e  tol the user- This change i n  the use of a computer 
w i l l  make more people familiar w i t h  skandard software 
packets as programs for airflow simulation. 
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Figure 1. Trend of relative computation 
cost for a given flow and algorithm. 

The increasing internal storage capacity is another im- 
portant trend. Multi-equations turbulence models, LES- 
models and other new developments necessitates large 
computers. Large computer capacity will in general make 
it possible to make predictions of a high quality in 
complex situations as for example complicated supply 
arrangements, complicated room geometry or buoyancy 
driven flow with more plumes. 

3. AIRFLOW SIMULATIONS IN ROOMS WITH DIFFERENT VENTILATION 

SYSTEMS 

This chapter will show some results and discuss the po- 
tentials of the numerical method. It is divided into 
mixing ventilation in small rooms, displacement venti- 
lation, and air movement in large areas. 

3.1 Mixinq ventilation 

Figure 2 shows the results for a room with two-dimen- 
sional flow and mixing ventilation. The results are typi- 
cal for the flow in a room with a heat source at the 
floor simulating e.g. solar radiator. The supply velocity 
uo is 2.2 m/s and the velocity in the wall jet decreases 
to 0.15 m/s in the area where the cold jet leaves the 
ceiling, and the recirculating flow is accelerated to 
0.2 m/s in a larger part of the occupied zone. It is 
seen that there is a fairly good agreement between 



measurements and calculations for the general flow and 
for the maximum air velocity in the occupied zone. 

Veloc~ t y  d ~ s t r ~ b u  hon (cm/s) 

Predlct~ons - -- - - Measurements 

Temperature distribution ("C) 

Figure 2. Isovels and isotherms in a room 
with two-dimensional thermal flow. The tests 
are made by Hestad7 and the calculations are 
made by Nielsen et a1.8. h/H = 0.003, L/H = 
1.9 and Ar = 5 - 5  = lom4. 

The air distribution in a small room of simple geometry, 
as the one shown in figure 2 is well ucderstood, and it 
is fairly easy to make a full-scale test for the study 
of velocity and temperature distribution. If other par- 
ameters as for example the humidity distribution are to 
be examined much more complicated measurements are 
necessary. Schmitz and Renzg have studied the airflow 
and humidity transport in a swimming bath, and it is 
demonstrated that airflow simulation is an effective 
means to optimize an air distribution system compared 
to a large number of full-scale or model scale tests with 
humidity experiments. This situation is also obvious when 



we want to work with parameters as the age distributicn 
and local purging flow rate, quantities which are diffi- 
cult to measure, but which are interesting in connection 
with calculation of air exchange efficiency. Davidson and 
Olsson10 have shown some numerical predictions of these 
quantities in a room with mixing ventilation. 

Figure 3. Ventilation efficiency versus 
Archimedes' number in a room with two- 
dimensional flow. 

Figure 3 shows the ventilation efficiency E in a room 
with two-dimensional flow at different Archimedes' num- 
bers Ar. The ventilation efficiency is defined as cR/c, 
where cR is the concentration in the return opening, an2 
c is the mean concentration in the occupied zone. (In 
tRls case co is the mean value of concentrations at the 
height 0.35 fi above the floor). The contaminant source 
and heat source are evenly distributed along the floor. 
The figure shows a high ventilation efficiency in the 
case when the jet penetrates half of the room length, 
and this may also be the flow pattern which is optimum 
for thermal comfort, taking into account that the heat 
load had to be removed from the room. The results in 
figure 3 are calculated by airflow simulation, and it 
is obvious that it would be a time consuming job to per- 
form the necessary concentration measurings although the 
geometry involved is rather simple. 



Chen .and Kooill have shown a very interesting combina- 
tion of airflow simulations in rooms and cooling load 
calculations for buildings. Cooling load computer pro- 
grams are normally based on an one-air-point model which 
means that the values of the whole temperature field in 
a room are assumed to be uniform, see figure 4. If this 
model applies to an air-conditioned room with a low ven- 
tilation rate or with natural convection or to large in- 
dustrial halls or theatres it will result in a signifi- 
cant error in the energy comsumption due to the presence 
of temperature gradients in the room air. 

Cooling load  (W) 

One-a i r -poin t  model  

Measurement  
-. - One-air-point  
---- With airflow pa t te rn  

0 
0 5 10 Time ( h )  

Figure 4. One-air-point model. Time dependent 
cooling load of a room. Predictions and measure- 
ments by Chen and Kooil1. 

Chen and Kooi use results from airflow simulation in 
the room to correct the cooling load program. It is too 
expensive to calculate the time-dependent air flow and 
temperature distribution of a room from an airflow pro- 
gram at each time step in the cooling load program. A 
data base with velocity distribution for different 
Archimedes' numbers is precalculated and used at each 
time step, and it is only necessary to calculate the 
energy equation to get the correct temperature distribu- 
tion. Figure 4 shows the measured and the calculated 
cooling load in a room where 950 W is applied as a step 
function, The cooling load is obtained from flow rate 
and temperature difference between return and supply. 
An one-air-point model does not take account of the ver- 
tical temperature gradient and thus the excessive heat 
transferred into the ceiling, while a cooling load model 
with airflow pattern is able to handle this effect and 
results are in this case in good agreement with measure- 
ments. 



3.2 Displacement ventilation 

Figure 5 shows the principle in displacement flow. The 
air is supplied directly into the occupied zone at low 
velocity from a wall mounted diffuser. The plume from 
the heat source creates a natural convective flow up- 
ward in the room and a stratification takes place at a 
height where the plume entrains an airflow equivalent 
to the supply flow. 

The displacement flow systems have two advantages com- 
pared with traditional mixing systems. It is possible 
to remove exhaust air from the room where the tempera- 
ture is several degrees above the temperature in the 
occupied zone, and the vertical temperature gradient 
implies that fresh air and contaminant air are separ- 
ated, the fresh air being located in the occupied zone. 

- 

- 

- 0 Measurement 
-- Prediction 

- 0 
0 

I I 

Figure 5. Flow in a room with displacement 
ventilation and vertical temperature gradi- 
ent. Predictions are made by Davidson2 and 
measurements by Sandberg12. 

The vertical temperature distribution in figure 5 shows 
the predicted values by Davidson2. The comparisons with 
measured values in a water model show good agreement 
with respect to temperature distribution and height of 
the stratification level. As pointed out by Davidson 
thermal radiation plays an important role in displace- 
ment ventilation, and for example Nielsen et al.13 have 
shown that the floor temperature is often close to 
T - To - 0,4 (TR - To) instead of T - To - 0 measured 
and predicted in a water model without radiation (To 
and TR are supply and return temperature, respectively). 



This increase in floor temperature is due to thermal 
radiation from the ceiling: Some predictions of dis- 
placement flow made by Chen5 take account of radiation 
by calculating the temperature distribution at surfaces 
from a cooling load program. 

The buoyancy driven flow in displacement ventilation in- 
volves elements which could be described by parabolic 
flow equations. The flow in the plume and cold down- 
draught are examples, and it might be possible to handle 
these areas separately using a box method, a prescribed 
velocity method or direct calculation in the same way 
as described by Nielsen14 for the representation of 
boundary conditions at supply openings. 

3.3 Airflow simulation in larqe areas 

Experiments in large areas with complicated geometry can 
only be made as model experiments. It is also difficult 
to use the simplified design procedures which can be 
applied to small rooms as e.g. the room shown in figure 
2. Airflow simulation is therefore an alternative possi- 
bility and some examples will be discussed in the fol- 
lowing. 

Figure 6 shows some predictions made by Ehle and Scholz15, 
The experiments were made in a large theatre and the 
streaklines shown in the upper figure were visualized 
by smoke. Heat load was simulated by a high number of 
60 W light bulbs at the chairs and the volume flow to 
the main part of the theatre was 67,400 m3/h. 

The experiments show that the flow in the left-hand side 
of the theatre was rather independent of the main flow 
pattern and the area was omitted in the numerical pre- 
dictions. Figure 6 shows good agreement between measure- 
ments and predictions, and it is further shown by Ehle 
and Scholz that there is good agreement between measured 
and calculated velocities in the occupied zone as well 
as measured and calculated temperature distribution in 
the room. The calculations are made as two-dimensional 
flow. 

Waters16 has worked with airflow simulation for a 13 
storey high atrium in Lloyds building in London. The 
roof and the south elevation of the atrium from seventh 
to twelfth gallery are completely glazed and in contact 
with the outside environment. The simulation of cold 
downdraught on a winter day shows velocities up to 1 m/s 
at higher levels, but it is destroyed at low level in 
the atrium by the effect of heat transfer and conditioned 
air from the offices around the atrium. The downdraught 
does not disturb the three lower galleries and the ground 



floor which are directly open to the atrium. The measured 
air movement pattern corresponds to the predictions show- 
ing that airflow simulation can be used also in a case 
with buoyancy driven flow and larger dimensions. 

Different examples of the use of airflow simulation in 
rooms are reviewed by Whittle17. 

Figure 6. The upper figure shows the flow in 
a large theatre and the dotted line indicates 
the area of the flow which is subject to air- 
flow simulation. The lower figure shows the 
calculated streamline pattern made by Ehle 
and Scholz 15. 

4, DEVELOPMENTS IN THE NUMERICAL METHOD FOR AIRFLOW SIMU- 

LATION IN ROOMS 

This section will deal with some developments in the 
numerical method which will make airflow simulation 



applicable in practice. An improved handling of boundary 
values such as air terminal devices, handling of low- 
turbulence effect and large eddy simulations will be 
mentioned. Other developments and trends in airflow 
simulation in rooms, as for example influence from fur- 
niture and people and representation of the comfort level 
are discussed by Nielsenls. 

4.1 Representation of boundary conditions at supply openinqs 

An air terminal device is represented by velocity and 
temperature profiles as well as profiles for turbulent 
kinetic energy k and dissipation of turbulent kinetic 
energy E. The velocity distribution close to a diffuser 
can be very complicated with variations in level as well 
as direction, and therefore, it will be difficult to 
measure in detail. Some ceiling mounted diffusers even 
have areas with return flow for induction inside the dif- 
fuser which is a further complication, and it is especial- 
ly difficult to obtain the distribution of k and E close 
to the diffuser. The flow from the diffuser will develop 
into a free jet or a wall jet in the room. It is there- 
fore practical to move the boundary values a short dis- 
tance from the opening and give them in the form of nor- 
malized free jet or normalized wall jet profiles. The 
procedure will reduce the necessary measurements on the 
diffuser and it will also save grid points and computa- 
tion time. Different methods such as the box method and 
the prescribed velocity method are given by Nielsen14. 

4.2 Turbulence models 

Airflow simulation is normally based on the averaged mo- 
mentum equations, the continuity equation and the energy 
equation. The averaged momentum equations contain Reynolds 
stress terms which are modelled by the eddy viscosity con- 
cept. The eddy viscosity is further predicted from a k - E 

turbulence model consisting of two transport equations 
for turbulent kinetic energy k and dissipation of turbu- 
lent kinetic energy E. The object of the k and E equa- 
tions is rather to close the equation system, so it is 
possible to predict for example the mean velocity dis- 
tribution, than to give a prediction of the turbulence. 

Fanger et al.19 have shown that the thermal comfort is 
influenced by turbulence. The turbulence is given as a 
sin le-directional turbulence intensity by the expression 
&/u , when u is the mean velocity and u' is an instan- 
taneous deviation from the mean velocity. It is diffi- 
cult to compare results from the k and E calculations 
with the measured turbulence intensity and it is there- 
fore difficult to predict the influence of turbulence 



on thermal comfort. 

A rough comparison between predicted and measured tur- 
bulence can be made in mixing ventilation where the re- 
circulating flow& rath~similar to a wall jet. The 
normal stresses v f 2  and w f 2  in a two-dimensional wall 
jet are more or less equivalent to 0.6 u f 2  and 0.8 u V 2  
as shown by Nelson2'. This means that Jk - 1-1 m, and 
figure 7 show measurements and predictions of and 
a, respectively, made by Nielsen21 which confirms this 
connection. 

Figure 7. Predicted and measured velocity 
and turbulence profiles in a room with 
mixing ventilation. h / H  = 0.056, and L/H = 
3.0. 

It is interesting to note in figure 7 that it is imposs- 
ible to measure the velocity in a large inner area of 
the room with hot wire anemometry, and only airflow 
simulation can show the mean velocity in that area. 



Figure 8. Geometry of a room and three- 
dimensional streaklines from a vertical 
line sourpe at three different time 
steps, At = 10, 20 and 50.The calcula- 
tion and the computer graphic are made 
by M~rakami~~. 

Numerical prediction of airflow can also be performed 
by Large Eddy Simulation (LES). The LES method is based 
on Navier-Stokes equations, the continuity equation and 
the energy equation, all filtered with respect to grid 
space, but not with respect to time. The equation sys- 
tem is closed by an expression for subgrid scale (SGS) 
Reynolds stresses. The turbulence is represented as the 
time dependent solution of this equation system, and it 
is important that the grid spacing is fine enough to 
allow a description of the energy containing eddies. If 
mean flow quantities have to be predicted, transient 
calculation must be conducted over a time which is suf- 
ficient to obtain the average values. It is obvious that 



output from predictions made by the LES method contains 
much information, and it is possible to predict the par- 
ameters in turbulence which can also be measured, as for 
example m. 
The high contents of information in the output makes flow 
analysis possible in a room by means of computer graphics. 
Murakami2= has shown this with streaklines, timelines and 
high-speed animation of turbulent flow field. Figure 8 
shows an example of some computer graphics for the flow 
in a room. Streaklines are produced from a vertical line 
source in front of the supply opening, and each time step 
shows the development in the lines. ~ t *  is the time from 
the start, non-dimensionalized by H and uo. 

4.3 Low-turbulent flow 

Turbulence models used for the present calculations as- 
sume a fully developed turbulence and, consequently, a 
self-similar flow that is independent of the Reynolds 
number (a slight influence from the wall functions is 
disregarded). This indicates that an air velocity at a 
given point is proportional with the air change rate in 
the case of isothermal flow. 

Figure 9. Maximum velocity in the occupied 
zone as a function of the air change rate 
n. The tests were performed for five dif- 
ferent air terminal devices (A to D). 



Figure 9 shows the maximum air velocity in the occupied 
zone Urm as a function of the air change rate n for five 
different air terminal devices measured by Heiselberg 
and Niel~en~~. The different air terminal devices are of 
the following types 

A. Nozzle 

B. Grille 

C. Grille with blades adjusted for high diffusion 

D. Wall mounted diffuser 

E. Ceiling mounted diffuser 

It is seen from figure 9 that Urm is proportional with 
the air change rate n at high airflow rates while there 
are deviations at low airflow rates. Figure 9 also shows 
that the low airflow rates have practical relevance 
(urm - 0.1 - 0.15 m/s). It is evident that there are 
some low-turbulent effect in this situation, which is 
especially noticeable for air terminal devices D and E. 
Part of the low-turbulent effect will be found in the 
air terminal device and therefore, it can be included 
in the boundary values of an air terminal device if it 
has been measured in advance. However, there is still 
a need for a turbulence model capable of treating flow 
conditions that do not have a fully developed turbulence 
level, as shown by Nielsen18. 

CONCLUSIONS 

Airflow simulation i rooms has taken place as research 
projects for some years. The development of computation 
cost indicates an increased use of airflow simulation in 
practice in the coming years. 

Air velocity and temperature distribution in a room are 
important for the evaluation of thermal comfort, and 
they are main variables in the prediction method as well 
as in full-scale experiments. The prediction method can 
be used to get information of variables which are rather 
difficult to measure, such as contaminant and humidity 
distribution, local age and purging flow rate, heat 
transfer coefficients, etc. and this may be an import- 
ant use of airflow simulation in the future. 

Airflow simulation has been successfully used for the 
prediction of flow in mixing ventilation for some years, 
and new results indicate that the method will also be 
useful for the prediction of flow in displacement ven- 
tilation and flow in radiator heated rooms. 

Airflow simulation in large areas as for example thea- 



atres, atriums and covered shopping centres is an im- 
portant application, especially because model scale ex- 
periments or experience from other projects are the only 
possibility present. 

Development work is necessary to give a practical descrip- 
tion of air terminal devices, and it may be necessary to 
develop a turbulence model which deals with low-turbu- 
lent flow in the case of low flow rates in the room. 
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Discussion 
Paper 10 

R Mokhtanadeh (Brunel University, UR;) 

Most calculations presented here or published describe flows in empty rooms. What are the effects of 
obstructions/obstacles (e.g. furniture) on the calculations, and how can they be accounted for? 
P. V: Nielsen (University of Aalbo?g, Denmark) 
Some measurements on flow in rooms with furniture andpeople are shown in reference (18) in thepaper. 
Furniture may both give a slight increase and a slight decrease of the velocity level in the occupied zone. It 
might be possible to do some predictions with additional therms in the floor equations, in the occupied 
zone, as shown in: Schok, R. and Hanel, B., Computogestiitze Berechnung der Raumluftsh.iimung, Ruhe 
Luft- und Eiltetechnilc, VEB Verlag Technilc, Berlin, 1988. 

B. Fleury (ENTPE LASH, France) 

What are the priorities for you? 
- developing a computer graphics package to visualize 3D dynamic flow in buildings for an extensive 
use of existing detailed air flow models. 
- developing existing or new models of turbulence leveling to building air flow configuration? 
P.K Nielsen (University ofAalbo?g, Denmark) 
Ithink both areas are important but the development of computergraphics do take place in the coming 
years. The development of a model for low-turbulent flow is vey important for airjlow simulation in 
rooms. 
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1. SYNOPSIS 

Rising moisture from the ground has caused quite a lot of damage on foundations 
of Swedish buildings. It is in some constructions possible to prevent this by me- 
chanical ventilation below the floor or below the concrete slab. 

This paper will present a model for coupled air flow and heat conduction for 
mechanically ventilated foundations. 

The presented model uses analytical expressions for the air flow in an air-permeable 
layer below a rectangular building. Analytical double-periodic functions of elliptic 
type are used. 

The ground temperature is simulated by using a time-dependent finite difference 
method. 

2. LIST OF SYMBOLS 

h=height of air gap under the floor, m 
L=length of building, m 
B=width of building, m 
K+=conductance between the ventilated layer and the indoor air, W/m2 "C 
K-=conductance between the ventilated layer and the ground surface, W/m2 "C 
&= air flow rate, m:/m2s (m:=ms of air) 
Qa= total air flow through a ventilation pipe, mz/s 
r= radius, m 
i= unit vector pointing in the radial direction 
!!?,=air temperature in the foundation, OC 
To=annual average outdoor air temperature, OC 
T+=indoor temperature or temperature above the floor, OC 
T-=ground temperature immediately below the ventilated layer, OC 
x=horizontal coordinate, m 
y=horizontal coordinate, m 
z=complex plane, (x+iy) 
@=potential function for one or more air point sources in an infinite media, m2/s 
@O=basic potential function from an air point source in an infinite media, m2/s 
@,=complex-valued potential function for one or more air point sources in an in- 
finite media, m2/s 
 co complex-valued basic potential function for an air point source in an infinite 
media, m2/s 
X=thermal conductivity of the ground, W/m°C 
paca=volumetric heat capacity of the air, J/m3 "C 
&=Theta function 



INTRODUCTION 

Moisture coming from the ground is a serious problem for some types of Swedish 
foundations, especially slab on the ground built in the 1970th and at  the begin- 
ning of the 80's. These houses were often built with the thermal insulation above 
the concrete slab and without any vapour barrier in the foundation. In another 
type of slab on the ground the thermal insulation layer is made of a lightweight 
expanded clay aggregate, placed below the concrete. Unfortunately this layer did 
not prevent capillary rising water from penetrating into the concrete slab. 

If we can prevent the moisture supply from the ground to penetrate the con- 
crete slab or remove the moisture directly above the concrete, and thereby prevent 
contact between water and organic material in the foundation, the construction 
will dry out and mould growth and odours will diminish. 

One way to remove the moisture supply from the ground is by mechanical ven- 
tilation of the foundation, see Figure 1. By such methods the moisture will be 
transported out from the foundation by the moving air, as long as the air is un- 
saturated. These methods requires that there is an air-permeable layer below the 
concrete slab. In a joist floor construction it is often possible, and cheaper, to 
ventilate above the concrete slab in the floor construction. 

Figure 1: Mechanical ventilation of the foundation 

If these methods are going to be successful, certain general conditions must be 
fulfilled: There has to be a horizontal air gap or an air permeable layer in the 
construction. The air that is sucked, or pumped into the layer, has to be relatively 
dry and have a high temperature in order to reduce the risk for condensation. All 
unventilated connections between the ground and other parts of the building must 
be as air tight as possible in order to prevent unwanted air leakage. 

Because of the condensation risk, it is of great importance to know the temper- 
atures in the ventilated layer, so that condensation can be avoided by using an 
appropriate air flow intensity. 



With the model presented in this paper it is possible to study foundations with 
twedimensional air flow coupled to a three-dimensional temperature field below 
and around the building. The air flow is given by elliptic, complex-valued, double- 
periodic functions. The three-dimensional temperature field and the energy bal- 
ance for the air channels are solved by a computer program for time-variable 
heat conduction based on an explicit finite forward difference method. With this 
coupled model between air flow and temperature we obtain the temperature distri- 
bution below a rectangular building at  different depths. The model makes it also 
possible to  investigate how thickness of the thermal insulation, extra insulation 
outside the outer wall corners, air flow intensity, climate and size of the building 
influences the temperature distribution in the foundation and in the ground. It 
is also possible to investigate how positions of the air inlet and air outlet to the 
vertical rectangular area below a building influence the temperature distribution 
in the foundation. Figure 2 illustrates two different solutions for a quadratic build- 
ing. Air inlets, i.e. points where the air are going down into the foundation, are 
marked *, while air outlets, i.e. points with air leaving from the foundation are 
marked e. In the first case three of the walls are open to air flow. At the middle 
of the fourth wall, which is closed (air tight), there is an air outlet. In the second 
case we have a centrally placed air outlet in the building with air inlets near each 
corner. 

Figure 2: Two different cases for mechanical ventilation of the foundation of a 
building 

These two cases and a third reference case without ventilation of the foundation 
will be discussed further in Section 6. 

Further information about mechanical ventilation of concrete slabs on the ground 
damaged by moisture, is going to be published in a thesis later this year, by 
Harderup. General information about repairing methods for concrete slabs on the 
ground damaged by moisture can be found in Harderup214 and ~ o b i n ~ .  

4. CALCULATION OF THE AIR FLOW PATTERN 

For the considered foundations we will assume that we have an air gap,or a porous 
layer, of constant height h and constant permeability for flow resistance. The width 
of the ventilation pipes are assumed to be much smaller than the dimensions of 
the building. Air inlets to the foundation will be approximated by point sources. 



4.1 Radial air flow in an infinite medium 

The air flow rate induced by a single air point source in a layer of infinite extension 
will be studied first. This will give a basic solution that will be used below. 
Consider an air source located at the origin of coordinates and with the total air 
flow rate Q. (mz/s). At the distance r (m) from the center of the air source we 
get the following air flow rate: 

Using the relation 

we can write (1) as: 

The function in the bracket can be treated as a potential. We introduce the 
potential of a single air point source in an infinite region: 

The air flow & must satisfy the mass balance equation. Using (3) we have: 

Here V- denotes the divergence operator and V2 denotes the Laplace operator. 
This Laplace equation for @ is the same as for steady-state heat transfer prob- 
lems and electrostatic problems. All results from potential theory are thereby 
applicable. 

4.2 Superpositions of air point sources 

For the case with a number of air point sources and sinks located a t  different 
places, superposition can be used. 

Consider an air point source located a t  the position (x,, yn). The air flow rate a t  
the point (x, y) due to this source becomes: 

Here r, is the distance between the air source and the point (x, y), and gal, is the 
heat flow rate a t  the point due to air source number n. 

The total air flow rate fa becomes: 



The foundations we are interested in are of course of finite extension. However, 
by the use of superposition and the method of images, it is possible to obtain 
solutions for our cases. 

Figure 3 shows the simple case with the superposition of two air point sources 
of the same air flow rate. Due to  the symmetry around the vertical line we obtain 
a boundary of zero air flow rate. 

Figure 3: Superposition of two air point sources in order to create a vertical 
boundary line of zero air flow rate. 

To obtain the same result for a rectangular boundary we have to superimpose an 
infinite number of air point source images of equal air flow rate. Consider the case 
with a source at the coordinates (xo,yo) inside a rectangle with the length L and 
width B, see Figure 4. 

The total potential for the rectangular case with air tight boundaries become: 

For this case we have used sources only. For the cases of physical interest we must 
have a balanced ventilation, that is the net air flow rate into the foundation must 
be equal to zero. It should be noted that expression (8) is divergent. 



Figure 4: Superposition of an infinite array of point sources in order to obtain zero 
air flow rate at the rectangular boundary. 

The sum of (8) and a corresponding expression for balancing sinks will together 
converge properly. 

Cases with open boundaries, that is boundaries with a constant potential, may 
also be treated by superposition technique. For these cases it is not necessary to 
have balanced ventilation, since the net positive air flow rate will flow out through 
the boundaries. However, the theory for cases with open boundaries will not be 
dealt with in this paper. 

4.3 Complex-valued formulation of the potential functions. 

Introduction of the theta function 

The basic potential function @O (4) can be expressed as the real part of a complex- 
valued analytical function: 

Here we have used the notation c to mark that the function is complex-valued. 
Formula (8) then becomes: 



Here we have used the notation @, for the total complex-valued potential function. 

Double-periodic arrays of sinks and sources, and the associated Theta functions 
are studied in 0berhettinger,Magnus5 and ~hit taker,~atson' .  These analytical 
quasi double-periodic functions of z have very interesting properties. The Theta 
function 81 is defined by the series: 

As we can see, the convergence of the series are very rapid. The function has 
zeroes at the points: 

Zzero =: n + m . T rn, n integers (12) 

A Taylor series of the logarithm of 101 around any of these points shows that it 
tends to zero as: 

In(zPl(z, 7 ) )  -, In(% - zzero) + constant z 4 zzer0 (13) 

The real part of the logarithm of the Theta function satisfies the potential equation 
(5) at all points in the plane, since dl is an analytical function of z. At the zeroes 
of the Theta function, the logarithm ln(&) has the same behaviour as the basic 
complex-valued potential @: around z = 0. Thus the real part of the logarithmic 
expression gives air sources at all zeroes of in the plane. It is therefore possible 
to give a closed expression for @, by using the Theta function. 

Figure 5 shows the case with a source and a sink inside a rectangular boarder. 
The source is located at  xo + iyo and the sink at XI + iyl. The total potential 
function becomes: 



Figure 5: One air point source and one air point sink inside a rectangular boundary 
of zero air flow rate. 

5. COUPLED AIR FLOW AND HEAT TRANSFER FROM THE GROUND 

5.1 Balance equation for the air along a stream line 

The air flow pattern from the air sources to the sinks is given in Section 4. The 
air flows in a number of well-defined stream tubes with height h and delimited in 
the horizontal plane by two stream lines. 

Figure 6 shows an air stream tube. The length coordinate along one stream line is 
denoted by s (m). The width of the stream tube a t  s is denoted by b(s) (m). The 
product qa b is constant along a stream tube. It gives the air flow rate m:/s in the 
stream tube. The air temperature is denoted by Ta(s, t). The convective-diffusive 
heat balance for the air between s and s + ds is: 

Here K+ (W/m2 "C) is the conductance per unit area, between the indoor temper- 
ature T+ and the air, and K- the conductance to the center of the first cell in the 
ground with the temperature T-. These conductance may be variable along the 
stream tube. We neglect horizontal heat conduction in the air and the capacity 
term (paca - hb - ds . dTa/dt). 

The temperature field in the ground is calculated for time-step after time-step. 
At each step, equation (15) is solved analytically for every stream tube in the 
following way. We introduce the average temperature T, and the length 1 for the 
considered section of the stream tube: 



Equation (15) becomes: 

For each stream tube we get the same equation as (4) in Harderup,Claesson,- 
Hagentoft3. The stream tube is divided into a number of cells. Cell number i is 
defined by the area in the stream tube between s = si and s = si+l. The quantities 
I and T, are piece-wise constant for each cell, si 5 s < si+l. The temperature 
along the stream tube cell becomes: 

The air temperature a t  the air source is given. The outlet temperature becomes 
the inlet temperature to the next cell, and so on. 

When the air temperatures in all air stream tubes are calculated, these will become 
boundary temperatures for the ground temperature at the next time-step. 

Figure 6: Air stream tube between two stream lines. 

In the general case, the stream tube cell is coupled with more than one computa- 
tional cell in the ground with its rectangular mesh. For this case K- is the mean 
conductance between the air and the cells below, and T- is a weighted ground 
temperature. 

A more detailed treatment of general convective heat flow problems is given in 
~laesson,~ennetl .  

, 

6. EXAMPLES 

The three-dimensional computer program handles time-dependent boundary tem- 
peratures and air flows. However, for simplicity we will only show some results 
from steady-state calculations. All calculations have been performed on an IBM 
PSI2 386125 with *87 math co-processer. For the ground we have used a rectan- 
gular mesh with 9240 cells. The minimum cell is a cube with the side length 0.2 
m. The quadratic building in Figure 2 is used in the calculations. 

We have the following data: 



During the calculations we have constant indoor temperature T+. The temper- 
ature of the air entering into the foundation, T,(O, t), has the same value as the 
indoor air. Outside the building the temperature is To, which is the annual average 
outdoor temperature in Stockholm. The dimensions of the building is L x B, and 
Q, is the total air flow sucked out from the foundation. Below the outer walls there 
are thermally insulated foundation walls, with a depth of 0.6 m. The corresponding 
conductance is denoted Kw. The thermal conductivity for the soil is denoted by A. 

In the example to the right in Figure 7, (A), three of the outer walls are open 
to air flow from the inside of the building. At the middle of the fourth wall, which 
is airtight, the air outlet is an exhaust air fan connected to the floor. 

In the example to the left, (B), we have a centrally placed exhaust air fan combined 
with air supply devices (air inlets) at the outer corners. The inlet to the exhaust 
air fan tube is placed in the ventilated layer below or above the concrete slab. 
The air supply devices are in direct contact with the indoor air. All connections 
between the walls and the floor is assumed to be airtight. 

A third case, (C), has also been calculated, as a reference. In this case there 
is no mechanical ventilation of the foundation. 

In Figure 7, the streamlines to the exhaust air fan are shown. In the first case, 
with three open boundaries, the ventilation intensity is poor at the two corners 
opposite to the airtight wall. For the second case, with air supply devices only a t  
the outer corners, the mid regions near the outer walls are poorly ventilated. 

Figure 7: Air stream lines for two types of ventilated foundations. The first 
building (A), left, has open boundaries a t  three sides and an exhaust air fan in 
the middle of the fourth side. The second one (B), right, has air supply devices at 
the corners and an exhaust air fan in the middle. 



1 Point I Surface temperatures OC I 
I Case 

A l B l C  

Table 1: Surface temperatures in six discrete points from steady-state calculations 

The influence of the air flow, on the steady state temperature a t  some discrete 
points (1-6) is shown in Table 1. These points are marked in Figure 8. The pre- 
sented values are the temperatures a t  the surface of a layer immediately below the 
ventilated horizontal layer. 

Low ventilation intensity, near the outer walls, results in small temperature differ- 
ences between the unventilated case and a ventilated case. From Table 1 i t  can be 
seen that the surface temperatures near the outer walls are strongly dependent on 
how the system is designed. In the undisturbed case (C) without ventilation, the 
temperature is lowest near the corners. With a ventilation system of type (B), the 
annual average temperature increased by 8 OC in the corners, points 2 and 4. From 
the studied cases it can also be seen that the temperature increase, a t  the middle 
of the outer walls, is greatest for case (A). It should be noted that temperatures 
below the center of the building is very stable, see point 6. 

Figure 8: Locations of calculated temperatures given in Table 1. 

For a certain building with a certain air flow pattern the surface temperatures can 
be raised by higher air flow intensity or by thermal insulation in the ground, near 
the outer walls outside the building. 

Before an installation of such a mechanical ventilation system is made, the pro- 
gram can be used to investigate how different locations of the supply air devices 
and exhaust air devices will influence the temperature at a certain point in the 
foundation, or immediately outside the building. 
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Discussion 
Paper 11 

Frank D. Heidt (University of Siegen, FRG) 

a) Did you consider the effect of evaporating water on air and surface temperatures? 
b) There should be an influence due to latent heat transfer. 
Carl-Eric Hagentoji (Building Technology, Lund, Sweden) 
In the presented model with a two-dimensional air-flow coupled to a three-dimensional temperature field 
we do not take the efSects of evaporating water and latent heat into account. In a similar model with one- 
dimensional air-flow coupled to a two-dimensional temperature field the eflect of evaporating water and la- 
tent heat are taken into account. In this model the vapour concentration in the outdoor air, the moisture 
supply from the ground and the moisture supply to the inside air are accounted for. m t h  this model we 
can calculate the relative humidity and the temperature along the ventilated layer. All facilities in the 
model with one-dimensional airflow are going to be incorporated in the other model too. 

Mike Holmes (Ove Arup, London, UK) 

Temperature predictions require knowledge of heat transfer coefficient. Could you say what values 
were used for the surface convection coefficient, and if radiant exchange within the cavity was con- 
sidered to be important? 
Carl-Eric Hagentoji (Building Technology, Lund, Sweden) 
We assume a constant temperature within the stream tubes and thereby neglect the radiation. The suface 
resistarlces are usually small compared with the overall resistance between the air in the stream tube and 
tlte groundlindoor temperature. So we have just used standard values if I remember it right. 
I la  in the tube is around 0.1 m2ulm for the examples I have shown. 

Alfred Moser (ETH, Switzerland) 

For potential flow in a cavity potential lines are not lines of constant pressure in general. (They are in 
special cases such as radial flow from a single source in infinite space). 
Carl-Eric Hagentoji (Building Technology, Lund, Sweden) 
In forced convection we neglect the temperature influence on the airflowpattern. We have the following as- 
sumption: 

4a- VP 
qa = airflow rate 
p = pressure 
This is tlte same definition as for ourpotential discussed in the paper. This means that the pressure will 
become proportional to the potential function: p - @. 
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Moisture and mould in buildings have become fairly common problems in Italy, 
particularly since regulations aimed at energy conservation have been enforced in 
the seventies. 

Results of a case study conducted within IEA Annex XIV are presented in this paper. 
Two flats belonging to the same building (one with and the other without moisture 
problems) have been monitored during the winter 1987-88. Indoor temperature and 
air humidity, wall surface temperature and weather parameters were recorded for 
several weeks using two automatic data loggers. Airchange rates were measured 
using the tracer gas technique. 

Processing of the experimental data indicates that the moisture problems in one of 
the flats are probably due to insufficient airchange rates in a building which 
presents some noticeable thermal bridges. Differences between the two flats can be 
attributed primarily to occupants' behaviour (airing habits, retrofits performed on 
the windows, etc.) and, to a lesser extent, to orientation. 

The paper also shows that a good insight on condensation phenomena can be 
derived from fairly straightforward simplified analyses of temperature and humidity 
data. 

The importance of incorporating guidelines on thermal bridge correction and 
ventilation strategies into building codes is pointed out. 

LIST OF SUMBOLS 

D = Indoor water vapour production (kg/h) 
hi = Inside surface heat transfer coefficient @?/m2K) 
N = Airchange rate (l/h) 
RHi = Indoor air relative humidity (%) 
RHe = Outdoor air relative humidity (%) 
Ti = Indoor air temperature ("C) 
Te = Outdoor air temperature ("C) 
Ts = Inside wall surface temperature ("C) 
U = Thermal transmittance of the wall @?/m2K) 
Xi = Indoor humidity ratio (g/kg) 
Xe = Outdoor humidity ratio (&kg) 
z = Temperature factor of the wall (-) 



1. INTRODUCTION 

During the second half of the past decade, compulsory regulations were introduced 
in Italy, aimed at promoting energy conservation with regards to space heating, 
primarily in residential buildings [I]. 

At that time, the dependence of the Italian energy market on imported oil was 
extremely high. Oil, in fact, represented almost two thirds of the total primary 
energy use of the country. Furthermore, a significant percentage of oil consumption 
was due to space heating, which was the primary consumer within the building 
sector (accounting, as a whole, for about 30% of global consumption). 

Limitation of heating energy consumption, in order to reduce dependence on oil 
imports, was therefore a high priority goal for the legislator. 

The code for energy conservation in space heating, which came into effect in 1977, 
is based on the following approach. For any new building, as well as for buildings 
undergoing major renovation work, a maximum permissible heat loss coefficient is 
calculated. Such coefficient is the sum of two terms, one related to envelope thermal 
losses, the other to air infiltration and ventilation. 

In practice, the code poses a limit on the installed power of the heating plant, by 
setting requirements concerning minimum thermal insulation levels and ventilation 
strategies. With respect to ventilation, the code makes a distinction between 
naturally- and mechanically-ventilated buildings: 

- For mechanically-ventilated buildings, airchange rates are specified by the 
designer, but heat recovery is required if the fresh air flow rate, or the 
number of annual hours of operation of the ventilation system, exceed a 
threshold value depending on local climate. 

- For naturally-ventilated buildings, the code states that the air 
heating load must be computed assuming an ACH value which, for 
residential buildings, is conventionally taken equal to 0.5. 

The main limit of such regulation is that no guidelines are specified concerning 
either envelope airtightness, or provision for mechanical ventilation. Another limit is 
that minimum insulation levels are specified, but no indication is given on how to 
avoid thermal bridges. 

Changes in construction practice which took place in response to these regulations 
have often had negative effects on the quality of the internal environment, 
particularly with respect to condensation and mould growth problems. The 
occurrence of such problems can be attributed primarily to incorrect thermal 
insulation solutions, coupled to a lack of ventilation. 

In traditional, pre-energy crisis buildings, moisture was usually not a problem 
because buildings were quite leaky (windows had no weatherstripping) and walls 
were poorly insulated. Infiltration rates were normally sufficient to prevent 
condensation, even in the most critical areas of Northern Italy, where winters are 
fairly cold, humid, and almost windless. 



New constructions, on the contrary, were based on different design criteria. 
The adoption of a national code on air permeability rating of windows [2] allowed 
the designers to select the appropriate class of window according to building height 
and windiness of the area. Airtight windows became popular because designers 
feared that otherwise excessive ventilation heat loads would cause boiler 
undersizing; however, the absence of controllable air inlets and of effective 
mechanical ventilation systems was often cause of insufficient airchange rates. 

Insulation of walls and roofs was imposed by law, but lack of experience was often 
the origin of serious thermal bridge problems, particularly in buildings with 
prefabricated or site-constructed concrete bearing walls. 

The final consequence was that moisture problems became very common in new 
residential buildings, such as the one which is the object of this case study. 

OBJECT AND GOAL OF THE CASE STUDY 

Within the framework of IEA Annex XIV "Condensation and Energy", an experimental 
survey was conducted on a ten-storey, tower-shaped block of flars, owned by Istituto 
Autonomo Case Popolari (IACP) of Turin [3]. 

The building, which was constructed in the seventies, is a good example of social 
housing of the period. Even if its construction is traditional (i-e.: concrete structure, 
uninsulated masonry cavity walls, metal frame single-glazed windows), moisture 
and mould growth problems of varying intensity are evident in some of the 
dwellings, as a consequence of different orientation and occupants' habits. 

The floor plan of the building is shown in Fig. 1. In the measurement campaign, 
attention was concentrated on two flats located at the fifth floor. The two flats are 
identical in size, but have opposite orientations and a totally different situation with 
respect to moisture problems: the flat oriented towards NE/NW, which will be 
identified as "IACP One", showed serious moisture and mould related decay, while 
the flat oriented towards SE/SW ("IACP Two") revealed no problems at all. 
All flats in the building have individual gas-fired boilers for space heating and 
service hot water; none has mechanical ventilation. Windows weatherstripping and 
insulation of the rolling shutter box was performed by the inhabitants of IACP One. 

Primary aim of the case study was to get a better understanding of moisture-related 
problems which are fairly common in recently constructed low-cost housing. In 
particular, the following issues were addressed: 

- to identify and quantify the main causes of moisture and mould problems in 
the North oriented "IACP One" flat; 

- to understand why two flats, almost identical in size and occupation pattern, 
are in such different condition; 

- to evaluate the reliability of the experimental procedure. 



3. EXPERIMENTAL PROCEDURE 

Experimental data were collected using two programmable multi-channel data 
loggers; the first unit was installed in the fiat being monitored, the second was 
located on the roof of a nearby three-storey building to gather weather data. The 
following quantities were measured [4]: 

- indoor air temperature in each room 
- indoor air relative humidity in each room 
- inside wall surface temperature at selected locations 
- outdoor dry-bulb temperature 
- outdoor air relative humidity 
- global horizontal solar radiation flux 
- wind speed and direction. 

Data were collected every two minutes; time trends and hourly average values were 
stored on magnetic tape for subsequent processing. Altogether, 55 days of 
measurements were performed for IACP One, and 10 days for IACP Two during the 
period November 1987 to February 1988. 

Two tracer gas measurements of airchange rate were performed in IACP One, using 
the decay technique and N2O as the tracer. Values of 0.32 and 0.47 ach were 
obtained. Such values are consistent with theoretical estimates and are comparable 
with other experimental data obtained in similar buildings in the Turin area. 

A mycological analysis was also performed, in order to characterise the type of 
mould formation that occured in the dwelling [S]. 

4. DATA ANALYSIS 

Condensation of moisture and mould development in buildings are caused by 
excessive air humidity levels in the vicinity of the wall surface. In fact, mycological 
studies quoted in the literature [6] have revealed that spore germination and growth 
is likely to develop when relative humidity exceeds the values of 70% and 80% 
respectively. 

High relative humidity at the wall surface, in turns, is due to the combined effect of 
high indoor air moisture content and low surface temperatures: the former 
phenomenon is normally due to high indoor vapour production or infiltration of 
warm-moist air, coupled to insufficient ventilation with dry outdoor air, while the 
latter is usually caused by localised cold spots in the building structure (thermal 
bridges). 



4.1 Air moisture content 

Starting from the measured values of air temperature, Ti, relative humidity, RHi, 
and wall surface temperature, Ts, the time trend of relative humidity at  the wall 
surface, RHs, was computed assuming that the partial pressure of water vapour in 
the air is uniform within the room. Such hypothesis is -reasonable within the 
approximation of the study [7]. A sample of RHs trend is shown in Fig. 2. 

Figure 3 shows the frequency of occurrence of RHs exceeding the threshold values of 
70% and 80%, or reaching loo%, for the various rooms of IACP One; on the 
contrary, the 70% threshold was never exceeded in IACP Two. 

In order to understand how the humidity values measured in IACP One can be rated, 
a comparison was made with a set of experimental data collected in Belgium. In the 
graph of Fig. 4, the difference between indoor and outdoor humidity ratio (Xi-Xe) is 
plotted versus outdoor temperature Te: the data points indicate the weekly average 
values measured in each room of IACP One, while the solid line represents the 95th 
percentile of weekly average data according to the Belgian survey [a]. This result 
indicates that the situation in IACP One is indeed quite exceptional. 

4.2 Surface temperatures 

The value of indoor surface temperature of a given wall, Ts, is linked to air 
temperature outdoors, Te, and indoors, Ti, by a parameter called the "temperature 
factor" of the surface t [7] : 

For one-dimensional, steady-state conditions, t would be a constant given by the 
equation: 

where U is the thermal transmittance of the wall and hi is the indoor surface heat 
transfer coefficient. 

In reality, t varies in space and time for a number of reasons, such as the presence 
of two- or three- dimensional heat fluxes in the building structure, or time varying 
conduction, convection and radiation heat transfer within the wall and at the wall 
boundaries. A sample of time trend of t is shown in Fig. 5. 

Nevertheless, if values averaged over a sufficiently long period of temperature 
difference (Ts - Te) are plotted against (Ti - Te), a linear correlation between the 
data points can still be detected, as indicated in Fig. 6. Such result is very useful 
beacause the slope of the regression line gives a estimate of the mean value of the 



temperature factor at a given point of the wall surface. 

For IACP One, values on the order of 0.7 (the minimum suggested value according 
to Belgian recommendations [8]) were found for the bathroom and one of the 
bedrooms. 

4 3  Airchange rates 

The indoor humidity ratio, Xi, can be related to outdoor humidity ratio, Xe, indoor 
vapour production, D, and airchange rate, N, by writing a steady-state water vapour 
mass balance equation for the room. The resulting expression can be more or less 
complicated, depending on whether condensation on cold surfaces occurs [8]. 

In our case, time trends of Xi and Xe are known, while airchange rates can be 
estimated on the basis of the tracer gas measurements. Moisture production is 
virtually impossible to measure, but can be derived from the mass balance equations 
if Xi, Xe and N are known; alternatively, D can be estimated on the basis of 
literature values. 

Assuming a constant airchange rate of 0.4 ach (the average of the two experimental 
values), the maximum vapour production rate for IACP One was estimated on the 
order of 1 kg/h, a reasonable value for the type of occupancy of the flat. 

As a further step, the minimum ventilation rate necessary to prevent condensation 
(i.e., to keep RI-I at the wall surface below 95%) was computed for each hour of the 
survey. Results for one bedroom of IACP One are shown in Fig. 7; values exceeding 
0.4 ach (corresponding to 83.5 m3, i.e. the assumed value of airchange rate) only are 
shown in the graph. 

These results indicate that for about 30% of the time of the survey, the airchange 
rate was probably insufficient to prevent condensation in that specific room, thus 
explaining the occurrence of serious moisture and mould problems. 

5. CONCLUSIONS 

Some genera1 remarks can be made as a final comment to the case study. 

Firstly, the methodology adopted in the case study, based on continuous field 
measurements of temperatures and relative humidities, provided reasonable results 
within the accuracy limits of the model describing the physics of the problem. 

Secondly, a building like the one that was examined in the case study has a limited 
"safety marginn with respect to condensation and mould growth, partly because of 
two specific reasons: the external envelope has a large extension compared to the 
volume, because of building shape (square plan) and height, and the number of 



occupants is high (six) in relation to floor area (100 m2). 

In the presence of thermal bridges, which tend to reduce the temperature ratio of 
the external walls, fairly high airchange rates (of the order of 0.7 ach) are necessary 
to avoid the risk of condensation. Such an airchange rate cannot be guaranteed by 
natural ventilation in a climate characterised by very low wind speed, and would be 
unacceptable in terms of heat losses. Mechanical ventilation, possibly with 
humidity-actuated regulation of outdoor air flow rate, would probably solve the 
problem. 

The fact that the occupants of IACP One have retrofitted the windows indicates that 
comfort conditions in the flat were probably unsatisfactory. This may not have been 
the case in IACP Two, which has a better orientation (SE/SW instead of NE/NW). 
Care should therefore be taken in order to achieve a draught-free outdoor air inlet. 

These comments suggest that more precise guidelines with respect to thermal 
bridges correction and ventilation requirements should be specified in the building 
codes, in order to reconcile the apparently conflicting goals of achieving comfort and 
acceptable indoor air quality in an energy-wise manner. 
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Fig. 1 - Floor plan of the building 
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Fig. 2 - Relative humidity (RH) trends in indoor air and at the wall surface. 

Fig. 3 - Frequency of RH exceeding the threshold values (70%, 80%) or equalling 1Q&%o 
in IACP One. 
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Fig. 4 - Indoor - outdoor humidity ratio vs. outdoor temp. 
Comparison of experimental values with statistical data collected in Belgium 
(solid line indicates the 95th percentile of weekly average data in Belgium). 
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Fig. 5 - Daily average values of wall temperature ratio . 
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Fig. 6 - Linear regression between daily average values of (Ts - Te) and (Ti - Te). 
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Fig. 7 - Mnimum airchange rate to prevent condensation. 
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A method is being developed for visualization of air flow 
with application to the indoor problems of heating, 
ventilating and air conditioning. Photographic images of the 
soap bubbles seeded in space reveal features of the flow 
which can be quantified by the digitizing operations. 
Determination of the velocity vector field from the 
experimentally recorded images is possible. 

air flow visualization; digital image pocessing; soap bubble 
tracer 

EZPERIMENTATl PROCEDURE 

Method I Fig. 1 ) 

The investigated space is seeded with the soap bubbles of diameter 
3 - 4 mm. They are being transported with the air streams 
resulting from jets or convective sources. To  make the phenomena 
not only visible but also adapted for recording , the space is 
darkened and illuminated by the well defined light sheet. By this 
mean only the bubbles which are actually crossing the light plane 
become contrastly visible on the dark background. the photographic 
camera is placed perpendiculary to the light sheet. The long 
exposed film is integrating the time position dependence resulting 
in the trajectory images. Applying the three color lighting and 
the time marking the features of the velocity vector are coded 
into the bubble track images. Automated digitizing and image 
treatment are used to extract the quantified flow field from the 
experimental photographs. Method is orientated to be used not 
necessarily in laboratory chambers but also in the real spaces. 
The necessary condition is darkening of the room. 

The soap bubbles used for seeding the flow are produced by the 
standard generator from Sage Action Inc., ( USA ) .  The batch of 
the bubbles passes through the selector for eliminating those 
which are too heavy. The homogeneous population of bubbles 
performing the settling velocity in the still air of about 5 cm/s 
(diameter 3 - 4 mrn) is transferred to the experimental space. The 
average life time of a bubble amounts to several minutes . 





The he l ium f i l l i n g  o p t i o n  f o r e s e e n  by t h e  manufac tu re r  i s  n o t  
used. Helium i s  s t r o n g l y  i n f l u e n c i n g  t h e  s e l e c t i o n  p r o c e s s  : even 
t h e  t h i c k  - w a l l  bubbles  ( i . e .  t o o  heavy) a r r i v e  t o  s u r v i v e  i n  
t h e  g r a v i t a t i o n a l  s e l e c t o r  and g e t  i n t o  t h e  exper imenta l  space .  
There, t h e  r a p i d l y  d i f f u s i n g  hel ium ( sma l l  molecular  weight  ) i s  
dec reas ing  t h e  buoancy and bubbles  f a l l  down r a p i d l y .  
The neighbourhood of  t h e  a i r  o u t l e t s  and o t h e r  a r e a s  of h i g h e r  
speed  ( e . g .  c o n v e c t i v e  s o u r c e s  ) a r e  t h e  p l a c e s  s u i t a b l e  f o r  
i n t r o d u c i n g  t h e  t r a c e r .  
The comparison had  been made between t h e  i n d i c a t i o n s  of t h e  
omnid i r ec t i ona l  DANTEC Flow Ve loc i ty  Analyzer Type 54N50 and t h e  
photographic  r eco rd ing  of t h e  bubbles .  The experiment  was run  i n  
t h e  chamber of s t a b i l i z e d  h o r i z o n t a l  flow ( Fig .  2 1 .  

UNIFORM FLOW 

Fig .  2 Flow V i s u a l i z a t i o n  v s .  Anemometer 

The s imu l t aneous  measurements a r r i v e d  t o  be  i m p o s s i b l e  t o  
r e a l i z e  : t h e  presence  of t h e  anemometer s t r o n g l y  p e r t u r b a t e d  t h e  
movement of t h e  bubbles  p a s s i n g  a t  t h e  proximity of t h e  p r o t e c t i o n  
cage  o r  ho lde r  and those  which w e r e  c l o s e  t o  t h e  s e n s o r  w e r e  t o o  
r a r e  and p r e s e n t i n g  danger  t o  be  d e p o s i t e d  on t h e  s e n s o r  i t s e l f .  
I n  t h i s  s i t u a t i o n  v e l o c i t y  was measured b e f o r e  and a f t e r  series of 
photographs.  



Table 1. Comparison of-the anemometer indications vs. photographic 
recordings. 

Measured velocity BEFORE 

RMS = 0.8 Tu = 0.04 U 5% = 18 U95% = 21.5 

Photo # 1 Track # 1 U1 = 22.0 cm/s 
u2 = 22.0 
u3 = 22.0 
U4 = 22.4 
U5 = 23.2 
U6 = 19.7 

Photo # 2 Track # 1 U1 = 23.6 
U2 = 18.9 
U3 = 23.0 
U4 = 23.0 

Photo # 3 Track # 1 U1 = 23.0 
U2 = 22.5 
u3 = 22.0 
U4 = 22.8 
U5 = 23.4 

Photo # 4 Track # 1 U1 = 23.0 
U2 = 24.8 
U3 = 24.0 

Measured velocity AFTER 

Measured velocity BEFORE 

RMS = 1.0 Tu = 0.07 U5% = 11.3 U95% = 14.9 

Photo # 1 Track # 1 U1 = 15.0 C ~ / S  
U2 = 15.0 
U3 = 15.0 
U4 = 16.4 

Photo # 2 Track # 1 U1 = 15.0 
U2 = 16.0 
U3 = 15.5 

Photo # 3 Track # 1 U1 = 16.1 
U2 = 16.5 
u3 = 12.1 
U4 = 17.0 

Photo # 4 Track # 1 U1 = 16.0 



Photo # 5 Track # 1 U1 = 15.0 
U2 = 14.8 
U3 = 14.3 
U4 = 13.8 

Measured v e l o c i t y  AFTER 

RMS = 1.0 Tu = 0.07 U 5% = 10.9 U95% = 14.5 

The anemometer p r e s e n t s  a  s y s t e m a t i c  n e g a t i v e  o f f - s e t .  The 
q u a n t i f y i n g  o f  t h i s  e f f e c t  c a l l s  f o r  new c a l i b r a t i o n  and  
examination of  t h e  v e l o c i t y  f i e l d  ( uni formi ty  ) i n  t h e  chamber. 
The recorded t r a j e c t o r i e s  from t h e  flow i n  t h e  above experiment  a s  
w e l l  from t h e  f low t h e  r e a l  rooms have smooth c h a r a c t e r  i n d i c a t i n g  
a  damping e f f e c t  ( l i k e  a  low p a s s  f i l t e r  ) .  Contrary  t o  t h e  ho t  
w i r e  r e co rd ing  t h e  t u rbu lence  spectrum i s  n o t  d e t e c t a b l e .  

The l i g h t  s h e e t  i s  c o n s i s t i n g  of t h e  3 d i s t i n c t l y  s e p a r a t e d  
c o l o u r s .  By t h a t  mean t h e  t r a j e c t o r i e s  which a r e  no t  p a r a l l e l  t o  
t h e  l i g h t  s h e e t  ( d i t t o  obse rva t ion  p l ane )  a r e  r e s u l t i n g  i n  t r a c k s  
of co loured  sequence. Color  change i s  marking t h e  movement of t h e  
t r a c e r  pe rpend icu l a r  t o  t h e  obse rva t ion  p l ane .  
The p o i n t  l i g h t  sou rce  ( halogen me ta l  vapour a r c  lamp ) of t h e  
e q u i v a l e n t  t empera tu re  5600 deg  C i s  used.  The t h i c k n e s s  of  t h e  
l i g h t  s h e e t  i s  t o  be  r e l a t e d  t o  t h e  d e n s i t y  of  t r a c e r  d i s t r i b u t i o n  
i n  space  : i f  it were t o o  narrow t h e  p r o b a b i l i t y  t o  i l l u m i n a t e  
t h e  s u f f i c i e n t  number of  t h e  t r a c e r  p a r t i c l e s  i n  one s h o t  would 
be  ve ry  low. The t h i c k n e s s  o f  4 c m  r e v e a l e d  t o  be  op t ima l  f o r  
t h e  middle  p l a n e  ( t h e  r e d  c o l o u r  ) which s e r v e s  a s  a  depth  
i n d i c a t o r  f o r  t h e  t h i r d  dimension. 

Standard r e f l e x  camera 2 4  x  36 mm i s  used. The images a r e  t aken  on 
t h e  co lou r  r e v e r s a l  f i l m  1600 ASA. The h igh  equ iva l en t  t empera ture  
of t h e  l i g h t  sou rce  a l l ows  t o  use  t h e  d a y l i g h t  emulsion wi thou t  
any f i l t e r  c o r r e c t i o n s .  
The s h u t t e r  i s  opened f o r  r e l a t i v e l y  l ong  t i m e  ( t y p i c a l l y  1-2 s ) 
b u t  t h e  e f f e c t i v e  exposu re  i n  t h a t  l a p s  of  t i m e  i s  s h o r t l y  
i n t e r r u p t e d  by t h e  r o t a t i n g  chopper ahead of  camera l e n s e s .  The 
moment of  opening / c l o s i n g  t h e  s h u t t e r  i s  synchronized  w i t h  t h e  
p o s i t i o n  of  t h e  d i s t i n c t  arm of  t h e  chopper j u s t  p a s s i n g  by b e f o r e  
t h e  l e n s e s .  Due t o  t h a t  t h e  r eco rd ing  of t h e  n o t  complete  chopper 
t u r n s  i s  reduced ( i . e .  images c o n t a i n  less t r a c k s  which must be  
r e j e c t e d  whi le  t rea tment  a s  be ing  not  i n t e g r a l l y  exposed 1.  
The non - symetry of t h e  chopper i s  marking t h e  t i m e  e v o l u t i o n  on 
t h e  photographed image o therwise  speaking a l l ows  d e t e c t i o n  i f  t h e  
t r a c e r  was moving e . g  from l e f t  t o  r i g h t  o r  v i c e  v e r s a .  



1.4 The Third Dimension 

In the observation plane (xy) the real distances are scaled to the 
image using the physical marks in the experiment or by superposing 
the experimental images with the reference grid from the test 
shot. 
The depth ( 3rd dimension: along ' z I ,  perpendicular to xy) is 
controlled by the thickness of the middle light plane ( red 
colour ) On the experimental images the movement of the tracer 
along z is resulting in colour changes , e.g. from blue - to 
- red and red - to - green. 
The colour selectivity of the illumination is essential to 
recognize the 3D flow. Nevertheless the precision of measure the 
velocity component perpendicular to the observation plane ( V z ) 

is lower than for the x - y plane ( V x , V y ) .  

Experimenta l  
s i t u a t i o n  

1 
R e c o r d e d  
i m a g e  

Fig. 3 The reconstruction of the 3rd dimension 

The reconstruction of the real depth situation is possible 
according to Fig. 3: 



EVALUATION QF THE TRAJECTORIES 

When photographing, t h e  camera s h u t t e r  is  opened r e l a t i v e l y  long s o  
t h a t  t h e  chopper completes s e v e r a l  r o t a t i o n s  dur ing  t h e  e x p o s i t i o n  
t i m e .  This r e s u l t s  i n  "cut t ing"  t h e  t r a c e r  t r a j e c t o r i e s  i n t o  segments 
each c o n s i s t i n g  t h r e e  l i n e s ,  a  long one, a  s h o r t e r  and t h e  s h o r t e s t  
one. Knowing t h e  sense of r o t a t i o n  of t h e  chopper t h e  d i r e c t i o n  of the  
t r a c e r  displacement can be determined. 

I n  t h e  observat ion  p lane  (xy) t h e  r e a l  d i s t a n c e s  a r e  s c a l e d  t o  t h e  
image u s i n g  t h e  p h y s i c a l  marks i n  t h e  exper imen t .  The dep th  
in fo rmat ion  ( t h e  z coord ina te )  i s  d e f i n e d  by t h e  c o l o u r  of  t h e  
p i c t u r e ,  knowing t h e  th ickness  of t h e  l i g h t  p lane .  The i n t e r v a l s  on 
t h e  t r a j e c t o r y  image a r e  t i m e  marked accord ing  t o  t h e  chopper 
geometry and t h e  speed of r o t a t i o n .  Taking t h e  sequence of segments i n  
t h e  scanned p i c t u r e  t h e  magnitudes of t h e  v e l o c i t y  v e c t o r  can be 
ca lcu la ted .  The opening and c los ing  t i m e  has been def ined so, t h a t  a t  
cons tan t  v e l o c i t y  a long a  s t r a i g h t  l i n e  t h e  d i s t a n c e s  between t h e  
f i r s t  and second p o i n t s  equal  t o  t h e  d i s t a n c e s  between t h e  second and 
s i x t h  p o i n t s .  Th i s  a l l o w s  a  f u t h e r  c o n t r o l  i n  t h e  t r a j e c t o r y  
evaluat ion  process.  
A t  t h e  p r e s e n t  arrangement t h e  camera and t h e  chopper a r e  not  
synchronized s o  t h a t  t h e  f i r s t  and t h e  l a s t  recorded t r a c k  l e n g t h  
conta ins  no r e l i a b l e  information. 

The colour  i n  t h e  t r a j e c t o r y  image i s  r e l a t e d  t o  depth. The p u r i t y  of 
t h e  co lours  i s  e s s e n t i a l .  Each of t h e  co lours  i s  a s s o c i a t e d  with a  
g ray  s c a l e  va lue  determined by l i g h t  f i l t e r i n g  when scanning t h e  
photograph. 

Colour con t ro l  i s  performed on t h e  each l e v e l  of t h e  procedure. F i r s t ,  
t h e  l i g h t  source  temperature i s  known . Then, t h e  f i l t e r s  used t o  
produce t h e  co lour  i n  t h e  l i g h t  s h e e t s  a r e  adapted  t o  t h e  colour  
r eve r se  f i l m  s e n s i t i v i t y .  F ina l ly ,  d i g i t i z i n g  i s  performed adapting 
f i l t e r  s e t t i n g s  f o r  t h e  b e s t  c o l o u r  d i s t i n c t i o n  a f t e r  e l e c t r o n i c  
conversion. 

D I G I T A L  IMAGE PROCESSING 

The s l i d e s  a r e  d i g i t i z e d  t h r e e  t i m e s  (once f o r  each co lour )  with a  
CCD-sensor). For  e v e r y  c o l o u r ,  i n f o r m a t i o n  i s  s t o r e d  i n  t h e  
cornputerrthat means p e r  s l i d e  one ob ta ins  t h r e e  d i f f e r e n t  matr ices  i n  
t h e  computer. 

Figures 2 and 3 show an e l e c t r o n i c  image, a  50 x 50 a r r a y  c u t  out  from 
a  p i c t u r e  f o r  d e t a i l e d  inves t iga t ion .  

Using such a r r a y s  t h e  d i f f e r e n t  t r a c k s  can be v i s u a l i z e d  i n  a  number 
of s t e p s  s t e p s .  A segment of t h e  o r i g i n a l  matr ix  may look l i k e  Figure 
2.  

The o r i g i n a l  matr ix can be modified e .g .  by t h e  "Roberts-operatorw as  
follows : 

2 2 0.5 
b  j  = [ a  j - a +  1 + a i +  j - a  1 ] 

where a  (i, j )  i s  t h e  value  a t  t h e  p i x e l  p o s i t i o n  i, j before  and b  (i, j)  
t h e  value a t  t h e  same pos i t ion  a f t e r  t ransformation.  The e f f e c t  of 



Figure 2. A red intensiy array as scanned 

this transformation (in connection with the array shown in Figure 2) 
is illustrated in Figure 3 .  



Figure 3. A modified array 

 his example shows a way to make image edges became "visible" for 
further recognition operations. Length and orientation determination of 
the tracks in xIy,z-space is a tedious but straightforward procedure: 

Interpretating the sub-sections of the tracks as being tangential to 
the streamlines. the instantaneous direction of the velocity vector 
can be computed. This corresponds to an Eulerian type of description. 



Longer sequences of the tracer positions (i.e. longer sections of the 
trajectories) cannot be associated with any one point of observation. 
Magnitude of the velocity still must be calculated from the time 
marked sections of the trajectory . When evaluating the magnitude of 
the velocity, a Lagrangian type of description is used. 

It is the resolution (in space and time) and also the interpolation 
technique which determine which one of the descriptions is taking 
over. 

A series of operations has to be done to achieve good results. This 
series, at present time, cannot always be predefined, theref ore this 
instrument is at present time rather a research and development tool, 
than for field application as a routine task. 

The velocity vector field is different from what is calculated using 
only the information stored in the trajectories. To quantify the 
difference between the air flow field and the vector field constructed 
from the tracer trajectories (caused by inertia, buoyancy, drag, 
gravity, cent~ifugal force, lift, diffusion, etc. ) is a further step, 
still to be done. However, these are second order effects and do not 
essentially influence neither the above presented results, nor the 
statement about the applicability of the method. 

CONCLUSIONS 

Quantitative identification and visualization of the low-speed air 
streams in ventilated/heated spaces using solid tracers is today 
feasible. The air flow pattern can be studied using reconstructed 
velocity vector. 

The progress in many associated areas (such as particle tracking 
in water, colour CCD-cameras, digital image processing software, 
colour photography, vectorized high speed computing,etc.) keeps 
fostering development of the presented method. Therefore it is 
highly probable that this method will soon become a convenient 
engineering tool, suitable also for field applications. 
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SYNOPSIS 

During the past decade a multitude of diagnostic procedures associated 
with the evaluation of air infiltration and air leakage sites have been 
developed. The spirit of international cooperation and exchange of 
ideas within the AIC-AIVC conferences has greatly facilitated the 
adoption and use of these measurement techniques in the countries 
participating in Annex V. But wide application of such diagnostic 
methods are not limited to air infiltration alone. The subject of this 
paper concerns the ways to evaluate and improve radon reduction in 
buildings using diagnostic methods directly related to developments 
familiar to the AIVC. 

Radon problems are certainly not unique to the United States, and the 
methods described here have to a degree been applied by researchers of 
other countries faced with similar problems. The radon problem 
involves more than a harmful pollutant of the living spaces of our 
buildings - -  it also involves energy to operate radon removal equipment 
and the loss of interior conditioned air as a direct result. The 
techniques used for air infiltration evaluation will be shown to be 
very useful in dealing with the radon mitigation challenge. 

1.0 RADON BACKGROUND INFORMATION 

Although it has been stated many times before, in numerous publications 
on radon it needs to be restated here that the primary source of 
radon is soil gas. Building materials and radon in water supplies can 
be important sources in specific countries or localities, but the 
problem of soil gas carrying radon is by far the most common cause of 
high radon levels in our buildings. Standards and guidelines have been 
set in a number of countries. In the United States the Environmental 
Protection Agency guideline has been set at 4 pCi/L (148 ~/m~). This 
guideline has been interpreted very exactly in some regions of the 
United States, i.e., a level of 4.1 pCi/L and you fail the test and 
steps must be taken to reduce the radon level prior to the sale of that 
house. These interpretations come from local health officials and in 
some cases the real estate firms involved in home sales who refuse to 
take any responsibility that the buyer could claim damages from them 
for future health problems. In many areas of the U.S. more than 30% of 
the houses fail to meet the guideline of 4 pCi/L. In New Jersey 64% of 
those houses mitigated failed to stay below the guideline value 

4 considering both professional and homeowner mitigation installations . 
Therefore, evaluating mitigation system durability is an important 
subject of current research. The latest legislation would limit radon 
levels inside to ambient levels outside5, making radon mitigation even 
a greater challenge. 

Returning to the subject of radon entry with the soil gas, and the 
subsequent air movement through the house, the driving mechanism for 
these events is the stack effect. The higher the differential indoor- 
outdoor temperature (with possible influence of local wind effects) the 
greater the pressure difference between the substructures of the house 
and the soil that draws soil gas into basement, crawlspace, or through 
the floor slab. The looser the substructure construction the easier 
the path from the soil into the building. Unfortunately the opening 



need not be very large, as pointed out at the Radon Diagnostics 
workshop6, a substructure hole of only one square centimeter can result 
in almost all the radon gas still entering the building. Given the 
desire to add drains, sump holes, piping and electrical systems in our 
house designs, it is not hard to imagine easy entry paths for radon. 

The proper perspective to always keep in mind is that radon source 
strength is far more important than the relative tightness of the 
structure. Air infiltration will normally vary only about half an 
order of magnitude, but source strength can vary by many orders of 
magnitude. We have observed soil radon levels as high as 150,000 pCi/L 
(5,550,000 ~ / m ~ )  . High source strength coupled with good soil 
transport is a combination one would like to avoid. 

Methods to mitigate radon-plagued buildings tend to use three 
strategies: pollutant source control, local exhaust near the pollutant 
source, and dilution via ventilation once the radon has entered the 
building. Because the primary health danger lies in the radon progeny, 
rather than the radon gas itself, one could consider another mitigation 
strategy of filtering out the radon progeny which consist of tiny 
particles of size range of a fraction of a micron. However, particle 
removal has all sorts of problems and other implications; first the 
particles are very small and not easy to filter, filtering does not 
remove radon gas hence any newly generated progeny have no particles to 
adhere to and thus can be directly ingested into the human lungs. Dosi- 
metric models indicate that unattached progeny are largely responsible 
for the radiation dose (Chapter 7, Ref. 2, A.James, Lung Dosimetry). 

The most po ular mitigation systems seeks to remove the radon prior to P house entry . As shown in Figure 1, a fan, preferable placed in the 
attic or outside, depressurizes the volume beneath the floor slab. 
That subslab location hopefully is well connected by permeable soil, or 
the air gaps in the gravel layer (or possibly the gap between slab and 
soil). By mechanically depressurizing this volume not only does soil 
gas no longer move upwards through the slab but even soil gas 
penetrating the hollow block walls may be flushed away via the 

6 mitigation system . 
2.0 DIAGNOSTIC TECHNIQUES THAT ARE APPLICABLE 

Given the circumstances for radon entry into buildings and the methods 
applicable for radon removal, it is easy to see where many similarities 
exist between these circumstances and the study of air infiltration, 
for example: 

Below grade entry of the radon gas implies leak site detection. 
Where these sites are located could imply the use of methods similar to 
above grade site detection methods as outlined in ASTM-1186-87 Standard 
Practices for Air Leakage Site Detection in Building ~nvelo~es~. Those 
methods include: combined building depressurization (or the use of 
pressurization) and infrared scanning; building pressurization (or 
depressurization) and smoke tracers; building depressurization (or 
pressurization) and airflow measurement devices; generated sound and 
sound detection to locate air leakage sites; and detection of tracer 
gas concentration after adding tracer gas upstream of the leakage 
sites. 
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e Movement of the radon gas within the building determines which 
rooms exhibit the highest radon levels and how the radon reaches those 
rooms can be important. Tracer gas methods may be substituted for the 
radon to more readily evaluate the interior flow structure since the 
tracer gas detection equipment responds immediately to the tracer 
concentration. In our studies we have found two methods to be 
particularly useful: constant concentration tracer gas (CCTG) methods 
directed at evaluating local air infiltration and soil gas flows, and 
perfluorocarbon tracers (PFT) to map out the interroom flows as well as 
establish the tightness of the entire house over the longer term. 

e The relationship of the radon mitigation system with the normal 
ventilation of the building is important. To answer the question of 
whether air that exhausts from a mitigation device is interior air 
requires that the interior air be properly identified. One approach 
that has proved to be very successful is using a constant concentration 
tracer gas system to maintain the interior air at a known tracer gas 
concentration. (If more than one zone is to be evaluated, multiple 
tracer gases need to be employed). Tracer gas levels in the exhaust 
air from the mitigation system is then measured and the percent indoor 
air evaluated from the concentration ratio (exhaust air concentrations 
are divided by interior air tracer concentrations). A typical trace of 
this concentration ratio is shown in Figure 2 and discussed in 
Reference 9. The flow of interior air can be a significant portion of 
the exhaust flow. The energy cost can easily exceed fan energy 
expenditure. PFT techniques may be used in a similar way to determine 
this important parameter. 

House 5 
.7 1 

.4 ! I 1 I I I I I 
127 128 129 130 131 132 133 134 

Julian date 

Figure 2. Ratio of the tracer gas concentration in the exhaust versus 
the concentration in the house. The ratio determines the exhaust rates 
of the interior, conditioned air and hence the energy cost. 



e Early diagnostic techniques make use of the blower door and 
pressurization/ depressurization to evaluate the building tightness. 
This has several implications to the radon mitigation team. Evaluating 
relative tightness of basement and living space and the degree of 
interaction between the two zones can indicate which mitigation 
approaches make sense. For example, only if the zones are relatively 
independent of each other could one consider pressurizing the basement 
to prevent the entry of soil gas. If good isolation doesn't exist, 
pressurization of the basement could force radon gas into the living 
space. A blower door can also be used to determine what volume of 
airflow is needed to pressurize the basement. 

Greater tightness of the building structure, often associated with 
modern buildings, does not necessarily mean higher radon levels due to 
reduced dilution from air infiltration, rather it can mean reduced 
stack effect and less radon entering the building. 

e Charting the path for radon gas is not limited to the living 
space. Prime pathways exist beneath the floor slab of the basement, 
crawl space and slab-on-grade construction. What happens in hollow 
walls and the soil just outside the walls can prove equally important. 
One of the key diagnostic tests is to determine the ability to 
communicate under the slab, so called "connectivity." Test holes are 
made through the slab as shown in Figure 1, and with an industrial 
vacuum cleaner supplying suction at one hole, pressure and flow 
measurements are made at the other test holes. Pressure values reveal 
the extent and magnitude of the pressure field, where pressure tends to 
equilibrate even when the soil is tightly packed. The flow values 
immediately reveal the degree of communication and point out that the 
flow path need not be simply radial but rather the flow seeks out that 
soil or gravel which offers the path of least r e s i ~ t a n c e ~ , ~ , ~ ~ .  

e One measurement of the durability testing that we are just 
beginning to interpret is the concentration of radon in the exhaust 
from the subslab mitigation system. When this information is combined 
with the velocity measurement at the same mitigation exhaust pipe 
location, we can then proceed to calculate the total flow of radon gas 
from the mitigation system. 

One question to be resolved is: Can we compare the amount of radon 
exhausted from any given house and more fully understand the role that 
the mitigation system is playing? One such comparison involves the 
natural flow of radon through the same house. To make the calculation 
of the natural flow requires a knowledge of the average air 
infiltration rate for the house, the radon concentration upstairs and 
in the basement/crawlspace, as well as the volumes of those zones. 
Figure 3 shows data on these air exchange rates using the PFT 
technique. The calculation proceeds as follows: 

( vu + vb/c 1 
where R is the radon flow, pCi/h 

A 1  is the air infiltration, m3/h 
C is the radon concentration, pCi/L 
V is thevolume, m 3 
u is upstairs and b/c is basement/crawl space 



Comparisons for five test houses are shown in the following table. 

M)MPAllISONS OF RADON QUANTITIES EXlIAUSTED BY MITIGATION 
SYSTEMS AND BY NATURAL MEANS BASED ON FIVE IlOUSES 

House Rn Level (pClIL) Hause Volus ( ~ 3 )  A 1  v Rn Level exhauat n uantlt ~ i / h )  Rat1o:Hitisa- 
0 .  msement I upstairs ,semen. I upstairs (Mi mhaust(pCl/L) VEL(W/S) &:st ? ( ~ t u r a l  tion/ttatura1 

2 22 15 219 296 398 154 3.50 15,731,000 6,974,000 2.26 

3 170 70 224 469 338 946 2.65 73,167,000 39,585,000 2.16 

a 29 56 211 499 283 44 8.49 10,902,000 10,478,000 1.04 

5 60 35 37 1 398 135 435 4.55 57,767,000 6,353,000 9.09 

7 33 18 199 392 203 504 2.63 38,687,000 9,680,000 8.20 

The ratio of the radon gas exhausted from each house via the mitigation 
system is compared to the radon natural flow value. Ratios vary from 
one to more than nine. We can ask, "what is special about house #4 
which has the same radon gas flow via mitigation system or natural 
means, i.e., ratio one?" It is the home with the least porous soil - -  
that is basically pure clay. It is a home where high ventilation 
rates, e.g., using a blower door or opening windows will depress the 
radon levels, and then it takes many hours for the house to return to 
the previous elevated radon levels. Such behavior could be interpreted 
as evidence of a limited radon entry rate. However, just comparing the 
natural radon entry rate with those of the other homes would not single 
out this house. In fact, looking at natural radon entry rates, it is 
evident that house #3 stands out with a rate far above the others 4 3 5  
x lo6 pCi/h versus 7 . 5  2 3 x lo6 pCi/L for all the rest. House #3 has 
a soil condition of high porosity, i.e., stone flour roughly 1/8 inch 
diameter and a good gravel bed, just the opposite of house #4. 

The total amount of radon gas mechanically exhausted from the soil 
varies by a factor of seven in these homes. The lowest value is for 
house #4  with the clay soil. The highest value is for house #3 with 
the very porous soil. The two highest houses (#3 and # 5 )  were the 
houses with reoccurring periods of above guideline levels of radon 
which is a critical durability characteristic. However, house #7 has a 
considerable amount of clay soil and still ranks third. 

Again, this is a preliminary review of such radon exhaust data and it 
may possibly hold important clues to those homes most and least 
susceptible to reoccurring radon problems. 

Some of the diagnostic techniques just described will encounter 
difficulty in below grade applications. Masonry construction tends to 
mask the temperature of the soil gas. The soil gas temperature may not 
be different enough from the basement temperature to make air leakage 
sites evident via infrared techniques. Sound sources, unless placed 
beneath the slab, would seem to have little chance of working 
effectively. Soil properties can vary from site to site and even froin 
one house site to the other, To summarize, while there are 
similarities in the demands of the two applications there are enough 
differences that each application must be carefully considered. 
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Figure 3. Profiles of radon concentration and air infiltration rates 
aid in the analysis of how the IAQ of the house is being affected by 
airflow patterns and radon sources. The top box in the figure shows 
the radon concentrations in the basement and upstairs. Also, at the 
top of the box, the dashed lines indicate the periods over which PFT 
measurements were taken. The second box shows the basement air 
infiltration rate (solid line) and the radon source strength (broken 
line). The third box shows the basement, upstairs, and outdoor 
temperatures. The fourth box shows the differences between the 
outdoor/basement, subslab/basement, and upstairs/basement pressures. 
The greater these differences, the greater the relative 
depressurization of the basement. The points from which each line is 
plotted are the parameter averages during the tracer gas time period. 
Each time period is 10 to 14 days long. 



3.0 CASE STUDY 

To illustrate the application of some of the techniques just discussed, 
we will use test home #21 in Princeton that has experienced basement 
radon levels in the 200 pCi/L range for significant parts of the year. 
Our task was to analyze the cause of the problem and propose solutions. 
Part of the evaluation of the solution is how much energy will be used 
and how does the mitigation system influence the air exchange rate by 
exhausting interior air. 

The house plan is shown in Figure 4 and points out that only part of 
the house has a basement; the remaining substructure is made up of 
shallow crawl spaces, approximately 25cm high, above a concrete slab. 

Figure 4. Plot plan of substructure of test house #21 pointing out 
basement and crawl space areas (noted slab) and details of where the 
suction is applied 8 ,  and where pressure and velocity measurements are 
made *. 

Tests of the soil immediately under the basement slab and in the hollow 
basement walls revealed radon levels no higher than 3,000 pCi/L, not 
exceptionally high for the geographic location and noticeably less than 
other test houses which exhibited much lower interior radon levels. 

The blower door test revealed test house #21 to be very ordinary for 
its period of construction - 1960. The air exchange rates were shown 
to be approximately 13 ACH for 50 Pacals differential pressure whether 
or not the basement .door is open. This is because of the warm air 
ducting system in the home. R~ values are in the .999 range for each 
of the tests, indicating good repeatability. Clearly these results 
discourage one from being able to pressurize the basement as a 
mitigation scheme. ELA values also remain basically unchanged, thus 
yielding a similar diagnosis. 



Influence of.the heating method on interior radon concentrations can 
also be traced to the warm air ducts and the use of a central furnace 
fan that tends to mix the air in the house as well as generate a 
variety of pressures in different zones lo. To point out these 
effects, experiments in test house #21 involved heating the house 
alternately with electric resistance heaters installed on the living 
level, and with a gas combustion furnace in the basement connected to a 
whole house air distribution system, driven by the furnace fan. The 
gas combustion heating system usually runs on an automatic setback 
mode, during which the thermostat automatically sets back to 55OF 
(13O~) at midnight and turns back up to its previous setting of 68OF 
(20°C) at 8:00 A.M. The data show that the furnace fan has a large 
effect on pressure differences across the building shell, and on the 
distribution of the radon indoors. These effects can be compared to 
the time periods when the furnace fan was not operating. 

Figure 5 shows the radon concentrations, measured each half-hour, in 
the basement and in the subslab during gas combustion with automatic 
setback period along with the pressure differences between the outdoors 
and the basement and between the subslab and the basement, and the 
Percent time the furnace fan is on during each half-hour. Figure 6 
shows the same parameters for an electric heat period. The sharp rises 
in the pressure differences in Figure 5 coincide with the time the 
furnace fan is on. During the same periods, the basement radon 
decreases while the subslab radon increases. Increased mixing of the 
basement air with the upstairs air by the furnace fan causes the 
decrease in basement radon concentration. The variation in the 
upstairs radon during the furnace fan use, not plotted in Figure 5, 
closely parallels the pattern of the subslab radon concentration, and 
the upstairs radon increases by roughly the amount of radon the 
basement looses (considering the volumes involved). 

Operation of the furnace fan is the main driving force for the 
variation in the radon concentration during the gas heating. The 
furnace fan depressurizes the basement compared to the outdoors by 1.8 
Pa, and between the basement and the subslab by 0.9 Pa. The increased 
pressure difference increases the air infiltration into the basement. 
This increased air infiltration includes both soil gas and outdoor air. 
Each house will have a different ratio between the degree of leakiness 
to the soil gas and the degree of leakiness to the outdoors. This 
ratio determines whether increased air infiltration raises or lowers 
the indoor radon concentration. If, for example, the basement is very 
leaky to outdoor air but fairly well isolated from the soil gas, 
outdoor air will make up most of the increased infiltration and thus 
dilute the basement radon. It would be helpful to know how much this 
quantity varies among different houses. If it remains relatively 
constant among similar housing types built on soils with similar 
permeabilities, it may be possible to design a measurement to 
characterize the potential radon problem on a building site based on 
the soil permeability and radon content. With the limited data 
available to date there is no indication that generalization can be 
made at this time. 

The pressure field can be established even if the soil is rather 
tightly packed. Flow measurements quickly reveal the degree of 
connectivity that is present. One researcher has referred to this 
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Figure 5. Half-hour radon concentrations in the basement and subslab 
for eight days in February 1988. Pressure differences between outdoors 
and basement, and subslab and basement are shown for the same period 
correlated to furnace fan use (heating, air conditioning, HAG) for the 
gas combustion form of heating. 



Figure 6. Electrical heating of the same home as in Figure 5 pointing 
out the lag between basement radon and subslab radon concentrations. 
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measurement technique and interpretations as a "blower floor" related 
to a blower door.6 Typical of these measurements is the plot of data 
from house #21 shown in Figure 7. The relatively even radial 
distribution of pressure can be seen in the profile map, however, the 
wild variations in flow rates which are not shown appear to indicate no 
simple radial "highway" but rather the airflow under the slab is 
searching for paths of easier flow to the exhaust point. 

Tests of soil porosity, connectivity, radon source strength, etc., all 
reveal key characteristics of a particular site and building. We are 
trying to finalize a rapid diagnostics protocol emphasizing what key 
measurements should be made. The problem is that the protocol should 
not extend beyond two hours if it is to have an impact in the market 
place. Unfortunately, it is difficult to stay within the two-hour 
constraint and supply all the needed information for the proper choice 
of mitigation system. The goal is to avoid the high failure rate, 
greater than 50%, of systems that fail to perform within the radon 
guidelines over the long term. 

Figure 7. Graphical representation of the pressure profiles viewed 
from two directions in house #21. The individual points where the 
pressure measurements have been made are noted in Figure 4. These are 
negative pressures because of the industrial vacuum cleaner which has 
been used in this diagnostic procedure. 



4.0 SUMMARY 

We hope this exposure to the world of radon diagnostics and mitigation, 
with the realization of how closely many of the methods coincide with 
previous experiences in air infiltration measurement, will encourage 
you to pose new innovations in this discipline. The substructure of 
buildings can prove to be a very difficult test site. One desires to 
search out radon entry points, but one is confronted with the fact that 
any oversight of leakage area may mean no radon reduction. Small 
temperature variations between soil gas and substructure, as well as 
the presence of porous media such as block walls, encourages radon 
intrusion. Test procedures are not only concerned with airflow paths 
and therefore the paths of radon through the home, but also pathways 
beneath the structure can be assessed by methods using both pressure 
and flow indications. These methods evaluate connectivity and the 
ability to mitigate. Mitigation can take many forms but the efficient 
subslab depressurization system has been demonstrated to prevent more 
than 90% of the radon from entering the home. In the radon removal 
process, the system may be removing as much as ten times the natural 
flow of radon from the soil, possibly causing higher ambient levels of 
radon near the home. Interior conditioned air is normally removed as 
part of the mitigation procedure and these energy implications can 
outweigh the electrical costs for the mitigation system fan. With all 
of these factors in mind, well thought-out diagnostic procedures are 
essential if the job is to be done correctly. The radon research 
community welcomes new thinking on this subject as it works toward more 
cost effective and durable solutions to this indoor air quality problem 
which ranks very high in terms of human health risk. 
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Discussion 
Paper 14 

Jorn T. Brunsell (Norwegian Building Research Inst.) 

Have you tried to blow room air into the ground to make a "pillow" of radon free air under the house? 
David Hanje (Princeton University, USA) 
This method can be used to pressurize the basementlcrawl space if there is a goodpreparation between 
basement and living space (i.e. an airtightfloor). If air is blown under the slab, the results have been 
mired The danger is that while a higherpressure may be established under the slab toprevent radon entry, 
because of openings in the wall construction, radon may be foxed into the building. Using depressuriza- 
tion, walls tend to be evacuated of radon at the same time the subslab ispulged Some studies in the Pa- 
cific Northwest, USA, have shown subslab pressurization to actually outpe#om depressurization when soil 
conditions and construction features were favourable. 
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ABSTRACT 

The distribution of wind pressure on a building envelope is governed by the 
size and shape of the structure and the turbulence characteristics of the 
wind. Observation of the mean wind pressures shows that surfaces are 
divided into pronounced zones of positive and negative pressure. The 
turbulence gives rise to fluctuating pressure components of appreciable 
magnitude. This fact changes the prerequisites of the ventilation for a given 
volume. 

The pressure in the cavity behind the facade materials depends on the 
external pressures over the facade. A levelling, or smoothing, of the 
pressure fluctuations can take place, depending on the cavity design and 
permeability distribution. 

The wind pressure spectrum shows that the greater part of the turbulent 
energy is concentrated at frequencies below 1 Hz. Full-scale measurements 
have shown that the fluctuations, which are quantified by the calculated 
variance of the spectrum, are of the same order of magnitude as the mean 
pressure. The degree of correlation between fluctuating components of the 
wind pressure on different parts of the building envelope is low. Because of 
this, the interchange of air is at all times based on a varying pressure 
distribution, and the participation of different leakages is variable. In the 
case when air infiltration can be expected to account for a considerable part 
of the total air exchange rate, the methods of calculation used should take 
into account the real wind characteristics and the response of the building to 
wind fluctuations. 



LIST OF SYMBOLS 

H(f) transfer function 

s cav ( f) the power spectrum for the pressure difference between the cavity 
pressure and the internal pressure (Pa2/Hz). 

Sdf)  power spectrum for wind pressure (actually the spectrum for the 
difference between external pressure and internal pressure) (Pa2/Hz). 

s (f) cross spectrum between wind pressure and pressure in the cavity 
P ,eav 

(Pa2/Hz) 

frequency (Hz) 

coherence function 

standard deviation for wind pressure fluctuations (Pa) 

time lag (sec) 



1 INTRODUCTION 

The rate of air exchange is determined by the degree of air tightness, the 
distribution of the leaks on the surface of the building and the indoor and 
out door climatic conditions. Wind environment, temperature-based varia- 
tions of air density and the driving mechanisms in ventilation systems give 
rise to pressure differences across the building surface, resulting in air flow 
through existing leakages. The interplay between climate and technical 
systems can sometimes result in undesirable consequences regarding hygiene, 
durability and damages. 

The purpose of this paper is to elucidate the problem of air infiltration by 
considering air flow-structure interaction. Wind pressure distributions on 
low-rise buildings are exemplified especially for moderate wind speeds and 
the importance of pressure fluctuations is analysed. 

The work is concentrated upon the wind, acting as a driving force for air 
infiltration. In this respect, special attention is paid to the influence of 
fluctuations in wind speed and direction. Methods of spectral analysis are 
used to describe the energy content of the fluctuating parts of the wind 
pressure at  different frequencies and wavelengths. Comparisons between 
wavelengths and the dimensions of existing leakage areas can give informa- 
tion concerning the contributions of fluctuations to the rate of air infiltra- 
tion. The transformation to the frequency domain makes it possible to study 
the effects on air infiltration due to variations of wind pressures. In addi- 
tion, the analyses provide conditions for describing existing connections 
between pressures on different surfaces of the building. 



FULL-SCALE MEASUREMENTS OF WIND PRESSURES 

A measurement program, embracing full-scale measurements on four 
single -unit dwellings, has been carried out. The objects, which are 
comparatively newly built, comprise one onwtorey building, two 
buildings of 13 storeys, and one of 3 storeys. The insulation standard and 
the levels of air-tightness corresponds to the Swedish Code of Practice. 
The measurements include registration of pressure differences between 
external and internal pressure on facade units and roofs. Measurements 
have also been performed in cavities, attics and crawl spaces and pressure 
differences between different storeys were recorded. The measurements 
were carried out during relatively calm weather conditions. 

A survey of problems related to low wind pressure registrations includes 
an assessment of the qualities of the equipment, the difficulty of 
calibration and choosing relevant reference pressures. Besides the 
qualities of the measuring system, the characteristics of the measurement 
points are of great importance. In a situation where measurement errors 
can be considerable, a well- bought-ut strategy for the experiments and 
a careful design of the measurement method with regard to all possible 
influencing factors is required in order to improve the accuracy. 

RECORDED WIND PRESSURE DISTRIBUTIONS BASED ON 
STATIONARY WIND PRESSURES 

The distribution of pressure over a l+-storey building is illustrated in 
Figure 3.1. 

For steady flow conditions, the pressure distribution over the building 
can be described by mean pressures representing different periods of time 
and different elements of the building envelope. The pressure distribution 
on the building becomes that expected for a given wind direction. 
Definite zones with positive and negative pressures arise. The mean 
pressures on different parts of the building surfaces are correlated. 
Calculations show that there is a balance between the air volumes which. 
move in and out of the building. 



The internal pressure is determined by the pressure distribution, the 
outdoor and indoor temperatures, the air tightness of the building and the 
effect of a mechanical ventilation system, if present. The internal 
pressure of the building is estimated from the state of equilibrium for the 
inflow and outflow volumes, whereby differences in density for the flows 
are taken into consideration. This model for describing the air exchange 
is usually used for the calculation of energy losses through ventilation and 
it gives a simplified description of the air infiltration process. 

There are several weaknesses inherent in the calculation procedure, which 
appear when it is applied with input data from full-scale measurements. 
There is a need for additional information about the pressure distribution 
for different climatic conditions and the distribution of leaks over the 
building envelope. Input data based on pressure coefficients obtained 
from the Swedish Code of Practice give, in comparison with data from 
full-scale measurements, a larger number of calculated air changes. 



Figure 3.1 Pressure coefficients, example of pressure 

distribution. 
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4 REGISTERED FLUCTUATIONS OF PRESSURE DIFFERENCES 

4.1 External ~ressures 

The wind pressure distribution on a building is in reality characterized by 
large variations about the mean pressure. Changes in speed and direction 
give rise to a continually varying pressure distribution without any 
distinct zones of positive and negative pressure. The fluctuations of the 
wind speed and their relation to the wind pressures on a surface vary 
stochastically, like the wind pressure. Time-related and 
spatially-related fluctuations in wind speeds and direction characterize 
the level of turbulence, which can be described by means of fundamental 
statistical methods. The external pressure on a surface, for example, can 
be described by three quantities: mean value, variance, and the spectrum 
of the fluctuating component. The mean and the fluctuating pressure on 
the surfaces give rise to an exchange of outdoor and indoor air through 
leaks in the construction. Measurements show that magnitude of the 
fluctuations, can be of the same order as the mean pressure. 

The degree of turbulence in the oncoming wind, together with the effect 
of the shape and size of the building, the surroundings and the terrain, 
determines the characteristics of the pressure fluctuations of the external 

pressure on a facade. A quasi-steady approach to wind loads gives 
adequate results only for pressures on the windward side. The separated 
flow on the roof and the leeward sides of the building can be described by 
eddies of different size. Their scale is generally less than that of the 
atmospheric turbulence. Large eddies give a comparatively uniform 
pressure distribution, while small eddies have a local effect. 

If the variations in wind speed are known, it is possible, on the windward 
wide of a structure, to calculate pressure distributions by employing 
Bernoulli's equation. This situation cannot be applied to the leeward 
side. Because of friction, characterized by a broad, extremely turbulent 
boundary layer, the air flow separates from the building surface. Thus, 
the fairly simple relation between wind speed and wind pressure on the 
windward side becomes more complicated on the leeward side. 



The degree of correlation between the pressures at any two arbitrarily 
selected points depends on the relation between the dimensions of the 
building and the length scales of the energy contained in turbulence 
eddies. The scale of turbulence is usually considerably larger than the 
size of the building. The building can be observed in a wind pattern of 
almost uniform structure of varying intensity. The pressure differences, 
caused by eddies acting on the windward and leeward sides, will be 
correlated. This is not so for the differences generated by the building. 
Because of this, the resulting wind pressures on the windward and 
leeward sides do not become fully correlated. A study of external 
pressures on different parts of walls, exemplified by the windward and 
leeward sides in Figure 4.1.1, gives for all cases a very low - in most 
cases an almost non-existent - degree of correlation. 

coefficient of correlation 
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Figure 4.1.1 Coefficient of correlation between external pressures 
on windward and leeward sides 

The low degree of correlation between windward and leeward sides is only 
of interest when the fluctuating parts of the wind pressure are taken into 
consideration. Mean pressures between different building surfaces are 
correlated, due to the long averaging period. 



Pressures over a measurement object are exemplified in Figure 4.1.2 

where density functions, based on measurement data, have been 
determined. The pressure differences are those expected with positive 
pressures on the windward side and negative pressures on the leeward 
side. The variation of the pressure differences is considerable. The 
random variation of wind in speed and direction with time indicates that 
the external wind pressure on facades and roof is a noisy process. The 
fluctuations are unequal in size on different parts of the building. The 
deviation from the mean value is, for example, larger on the windward 
than on the leeward side. 

Spectra for wind pressures on the facades are exemplified in Figure 4.1.3. 
The dominating energy content is found in frequency intervals below 
1 Hz. Shapes and amplitudes are comparable for spectra representing 
different surfaces. However, the coherence function for opposite facades 
has low values. For surfaces with similar orientation, for example facade 
and roof, the coherence rises. 

density trace function 
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Figure 4.1.2 Probability density functions (density trace 
functions) describing wind pressure on windward and 
leeward sides 



f-Sp(f) reduced spectrum 

facades 

frequency (Hz) 

frequency (Hz) 

f.S p(f) reduced spectrum 

roof surfaces 

frequency (Hz) 

Figure 4.1.3 Comparisons between spectra of wind pressures on 

facades and roof 



Ventilated cavities behind the external walls 

Normally, external walls are designed with a cavity behind the facade 
material. The cavity is supposed to have an equalizing, and in most cases 
also a reducing, effect on the external pressures. The degree of smoothing 
is determined by the distribution of leakages on the facades and the 
design of the cavity, especially with respect to air intakes and exhausts. 
Hence, the cavity has an important influence when wind is acting as a 
driving force for air exchange. 

Generally, the pressure is reduced and damped in the cavity. However, 
measurements show that this is not always the case. For a one-storey 
dwelling, the external pressures on facades have been compared with 
pressures in the cavity. The measurement point in the cavity is situated 
just behind the corresponding point on the facade. The construction of 
the cavity with horizontal nailing battens restricts the vertical air flow, 
see Figure 4.2.1. In practice the air layer is thereby divided into a 
number of bays. 

cavity between horizontal nailing battens 

Figure 4.2.1 The appearance of the air cavity, horizontal section 

On the windward side, the expected pressure reduction across the exterior 
facade material fails to appear. As a result of the design of the cavity, 
the pressure increases behind the facade. The mean value of the pressure 
difference between the pressures in the cavity and inside the building 
increases from 1 to 2 Pa compared with the difference between external 
and internal pressure. No appreciable damping of the fluctuations in the 
cavity is indicated. 



On the leeward side, slightly negative pressure differences on the facade 
change into positive ones in the cavity, as shown in Figure 4.2.2. The 
curves indicate a smaller variation around the mean value in the cavity as 
compared to facade pressure. 

d e n s i t y  t r a c e  f u n c t i o n  

measured p ressu re  d i f f e r e n c e  (Pa) 

Figure 4.2.2 Probability density functions (density trace 
functions) describing wind pressure on the facade and 
in the cavity, leeward side. 

Fluctuations of pressure differences are illustrated in the form of reduced 
spectra in Figure 4.2.3. On the windward side, the spectra for facade and 
cavity become almost equal. A peak is noted near to the frequency 
0.1 Hz. A high degree of similarity between facade and cavity is also 
found on the leeward side. The shapes of the spectra are similar in 
character on the two sides. 

The connection between facade and cavity is good for all facades, as can 
be seen from the degree of coherence exemplified in Figure 4.2.4. The 
coherence function, 72(f) , is defined as 



The relation between external pressure on the facade and the 
corresponding pressure in the cavity has also been estimated in terms of 
transfer functions, H(f) . These functions, illustrated in Figure 4.2.5, 

make it possible to describe the pressure conditions as 

where 

Sdf) is the spectrum for the pressure difference between 
facade and internal pressure, 

Scav(f) for that between cavity and internal pressure, and 

S (f) the cross spectrum between facade and cavity. 
P ,cav 

For the frequency range of interest, the magnitudes of the transfer func- 
tions are approximately 0.7 - 0.9. 

frequency (Hz) 

Figure 4.2.3 Spectra illustrating the variations in pressure 
difference for facade-cavity on the windward side. 
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Figure 4.2.4 Coherence functions between facade and cavity for 
the windward side of the building 
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Figure 4.2.5 Transfer functions between facade and cavity, 
windward side 



The strong relation between wind pressure on a facade and the pressure in 
a cavity just inside the wall is illustrated by the cross-correlation 
between the pressures. A sampling of recorded pressures at a sampling 
frequency of 50 Hz, i.e. equivalent to 0.02 seconds, shows that the cavity 
pressure on the leeward side of the building has a time delay of about 
0.2 seconds with respect to the local external pressure (see Figure 4.2.6.). 
This delay is not observed on the windward side. 

coefficient of correlation 
1.0 

Figure 4.2.6 Coefficient of correlation between pressures on the 
facade and in the cavity, leeward side 

The attic gives a marked smoothing and damping of the fluctuating parts 
of the pressure differences acting over the roof of the building. The 
energy content for the fluctuating wind pressure on the roof is greatly 
reduced in the attic, illustrated by spectra in Figure 4.2.7. The number 
of air changes in the space is in most cases large. The ventilation of the 
attic is to a large extent dependent on wind conditions with regard to 
both speed and direction. 
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Figur 4.2.7 Spectra representing fluctuations in pressure on the 
roof and in the attic 



5 AIR INFILTRATION CAUSED BY FLUCTUATING WIND 
PRESSURE, CONCLUSIONS 

Low degrees of correlation and coherence between the pressure 
fluctuations on different parts of the building surfaces indicate a 
continually varying pressure distribution. A more exact assessment of 
the contribution from the fluctuating wind pressure to air infiltration 
requires information about the characteristics of the fluctuations of 
external pressures and the geometry of the leaks and current air flows in 
front of and through the leaks. 

Spectral methods can be used to estimate the parts of the fluctuations of 
wind speed and wind pressure which contribute to the rate of air 
infiltration. Wind spectra describe the frequency interval containing the 
major part of the energy content. By means of spectra for the pressure 
differences across a wall, the extent of the fluctuations can be compared 
with the dimensions of the structure and the leaks. It thereby becomes 
possible to judge the degree to which the fluctuations have an influence 
on the air flow through leaks. The exchange of air through openings, for 
example round windows, is caused by a pulsating flow, which is 
complicated by the fact that air is transferred in and out simultaneously. 

The majority of cracks in facades can be presumed to have a width of 
between 0.5 and 3 mm. For a wind speed of 2 m/s, the gust wave length 
has a magnitude of between 20 metres at 0.1 Hz and 2 metres at 1 Hz. A 
comparison with the size of a leak through an external wall indicates that 
a uniform field of pressure is built up over the leak (compare Figure 5.1). 

High frequencies are needed, e.g. a wavelength of 0.1 metres 
corresponding to the frequency 20 Hz, to obtain a number of local 
pressure fields developed over the leak, without any mutual relation or 
correlation. 



non-uniform pressure d i s t r i b u t i o n  
over a leakage 

-u uniform pressure d i s t r i b u t i o n  3; over a leakage 

Figure 5.1 Illustration of local pressure fields 

Full-scale measurements show that the pressure fluctuations can be 
characterized as extremely low-frequency, in the frequency range below 
1 Hz, and the majority can therefore give contributions to air infiltration. 
The geometric form and dimensions of the leakages give the conditions for 
the air flow to penetrate through a construction and subsequently be 
mixed with the inside air. A part of the pressure fluctuations which are 
squeezed into the opening, or the leak, is not transmitted the whole way 
and does not take part in the exchange of air between the inside and the 
outside. 

In the case where air infiltration can be expected to give rise to a 
considerable part of the total air exchange rate, the methods of 

calculation used should take into account the known characteristics of 
wind and the building's response to wind fluctuations. 
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Discussion 
Paper 15 

Earle Perera (Building Research Establishment, UK) 

1. Could you describe briefly your pressure measuring system including what you use as your reference 
back-off pressure? 
2. What is the correlation between external windward pressure and internal pressure? 
Jan Gustkn (Chalmers University, Sweden) 
1. The measuring system consists of electronic pressure transducers and anemometers for wind speed and 
wind direction, plastic tubes of length 25 metres and FM tape recorders. A transfer firnction HCf) has been 
determined for the tubes. The results are either related to the internal pressure andlor to a static reference 
pressure at the height of 10 metres. 
2. For the objects measured the variations in the internalpressure are very small. 

J-M Fiirbringer (EPFL, Switzerland) 

If you measure pressure difference you have the influence of the stack effect. How do you treat this 
point? 
Jan Gustkn (Chalmers University, Sweden) 
Registratedpressure differences between the external and internal pressures include wind loads as well as 
variations in air density. During each measuringperiod the outdoor and indoor temperatures are constant. 
Consequently, the pressure fluctuations depend only on variations in wind speed and wind direction. 
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SYNOPSIS 

The air exfiltration part of ventilation is often 
difficult to determine and its part of the energy 
balance is therefore usually determined as a remainder 
or given a constant value. 

This paper examines ventilation systems in six 
different modern houses. The constant concentration 
tracer gas technique tended to underestimate the total 
ventilation. A simplified theoretical one-zone model 
made accurate estimations of the air exfiltration. For 
detailed information on air flows a multi-zone network 
model was useful. 

Different levels of airtightness should be required 
depending upon the ventilation system. It is 
recommended to couple predictions with tracer gas 
measurements. Determining the energy balance, e.g. 
using a constant air change rate for the mechanical 
and/or natural ventilation is in most cases 
inaccurate, unless the house is very tight. 

INTRODUCTION 

Ventilation in buildings occurs as a consequence of 
natural ventilation and through the use of purpose 
provided ventilation. The air exfiltration part of 
ventilation is often difficult to determine for 
differeht boundary conditions. The influence of 
ventilation on the energy balance of a residential 
building is therefore usually determined as a 
remainder together with internal gains from people and 
the sun or given a constant value. 

This paper summarizes a report (Blomsterberg) on 
one-family houses, examining: 
- the influence of ventilation and airtightness on 
energy balance 
- methods of separating out the ventilation heat 
losses from the energy balance 
- the performance of different ventilation systems 

the 

The results are based on performance monitoring and 
evaluation during two years of six modern one-family 
houses with different ventilation systems. Two of the 
houses are equipped with mechanical exhaust-supply 
ventilation and three with mechanical exhaust 
ventilation. The ventilation systems were studied 
during several one-week periods using the constant 
concentration tracer gas technique. The airtightness 
of the houses was examined using the fan 
pressurization technique. The ventilation was 
predicted with a simplified theoretical one-zone model 
(the LBL-model) and a multi-zone network model 
(MOVECOMP). 



2. TEST METHODS 

2.1 Airtightness 

The standard method for finding the leakage function 
of a building is fan pressurization. According to the 
Swedish standard for fan pressurization (SS 02 15 51) 
all openings in the exterior envelope intended for 
ventilation purposes must be sealed before the test is 
performed. For the purpose of modelling air 
infiltration a test was also made with open supply 
vents part of an exhaust fan ventilation system and 
with open vertical shafts part of an unpowered 
ventilation system. 

A door-leaf is replaced by a sheet of plywood. An air 
flow generating and metering system is connected 
through the sheet, and a sensing tube from the 
micromanometer continues through the sheet to the 
outside. The air flow rate is recorded at a number of 
pressure differences, positive and negative, and the 
test results presented in a diagram with pressure 
difference and air flow/air change rate on the axes. 
The requirement of the Swedish Building Code of 1985 
is 3.0 air changes per hour at 50 Pa, for a detached 
house. 

2.2 Ventilation 

The most straightforward method of measuring total 
ventilation rate i.e. the combined effect of purpose 
provided ventilation and natural ventilation is to 
measure it directly. There are many ways of measuring 
total ventilation, and almost all of them involve a 
tracer gas, which permits the indoor air to be 
labelled so that air movement can be traced. If the 
purpose provided ventilation is mechanical with ducts, 
then the air flow in the ducts can be measured with 
different techniques for volume and mass flow rate 
measurements, without a tracer gas. 

The tracer gas is injected into and mixed with the 
indoor air and its concentration is monitored. There 
are three different schemes; decay, constant 
concentration, and constant flow of a tracer gas. All 
measurements are governed by the continuity equation. 
The single-chamber continuity equation is given here: 



where 
V is the effective (i.e. ventilated) volume, m3 
dC/dt is the time rate of change of concentration, 
Q is the infiltration, m3/s 
C is the concentration and 
F is the effective injected tracer gas flow rate, m3/s. 

In all houses, examined in this paper, the constant 
concentration technique was employed, where a constant 
concentration of a tracer gas is maintained in the 
test space. One of the principle advantages with this 
technique is that it eliminates the problem of 
estimating the effective volume as the effective 
volume is eliminated from the continuity equation: 

Q C = F  

The field of application is to continuously monitor 
the supply of fresh air to individual rooms i.e. fresh 
air which enters an individual room directly instead 
of first passing through an adjacent room. 

An automated air infiltration monitoring system 
(developed by the National Testing Institute) based 
on this principle was used. The system is capable of 
handling nine rooms simultaneously. Tracer gas is 
injected into each room and the concentration is 
measured in each room. After each measurement the 
tracer gas flow is updated. The same constant 
concentration is maintained in all rooms being 
tested. Air flows between rooms shouldn't affect the 
measurements i.e. air flows between rooms will never 
be measured, as all air flows between rooms contain 
the same tracer gas concentration. Other techniques 
have to be used to study the air flows between rooms. 

3. MODELS 

3.1 Multi-zone Network Approach 

The multi-zone approach is recommended when the 
internal partitioning in a building presents a 
resistance to the movement of air and/or when 
information as to the supply of fresh air to 
individual rooms and air flows between rooms is 
wanted. 

A multi-zone model, which has been developed at the 
Royal Institute of Technology in Stockholm (Bring), 
was used as a tool for further evaluating the 
measurements performed for this paper. In the program 
(MOVECOMP) the building and its ventilation system is 
modelled. The model consists of pressure nodes 



connected to each other with flow paths. The nodes 
are different zones and duct components, while the 
flow paths are different leakage openings and ducts. 
The air flows are calculated by seeking a flow balance 
in each node. Mass balance has to be achieved. 

The natural driving forces (i.e. wind and temperature) 
are determined by the pressure distribution on the 
building envelope and the pressure gradients within 
different rooms and inside the duct system. The stack 
effect is caused by differences in air density. In 
the model the pressure gradients are assumed to be 
linear, i.e. the gradients within a certain volume are 
calculated as if the density was constant. The wind 
pressure is related to the dynamic pressure of the 
free wind with a pressure coefficient. 

The mass flow through leakage openings and ducts/ducts 
components, which is a function of the pressure 
difference, is throughout the model approximated with 
a power function. The flow through a leakage opening 
is calculated using the same flow exponent throughout 
the entire flow intervall. The Reynholds number 
correction of the air flow coefficient is done for the 
actual condition. Ducts/duct components are simulated 
in a conventional manner with the flow as a function 
of the squareroot of the pressure difference. The air 
flow coefficient is determined for the actual 

Reynholds number. 

The system of simultaneous equations describing the 
flow balance is solved with a modified Newton-Raphson 
method. The method avoids in most cases otherwise 
common problems with convergence. As a result of a 
simulation natural and mechanical ventilation air 
flows in a building between rooms, through a building 
envelope and in a ventilation system are given. The 
pressure conditions within the simulated building are 
also given. Almost any kind of combination of zones 
and leakage openings can be simulated. 

3.2 Simplified Theoretical Approach 

A number of "simplified" methods have been developed 
in order to reduce the computational effort of 
theoretical techniques. As of yet they are only 
applicable to single zone structures and only provide 
estimates of the total ventilation. The model, which 
is used in this paper, was originally developed at 
Lawrence Berkeley Laboratory (Sherman). The primary 
input to the model is the air leakage of the entire 
building envelope, which is given as an effective 
leakage area. 



The forces that drive infiltration are pressure 
differences across the building envelope caused by 
wind forces and by indoor-outdoor temperature 
differences. The stack-induced infiltration and the 
wind-induced infiltration are calculated separately. 
The air flow resulting from the two driving forces 
must be combined to arrive at the total infiltration. 
If the expression for wind-induced and stack-induced 
infiltration are interpreted as effective pressure 
differences across the leakage area of the structure, 
the total infiltration can be determined by adding 
these two pressures. If the flow is proportional to 
the squareroot of the pressure, then two flows acting 
independently must add as the squareroot of the sum of 
the squared flows. 

The ventilation through vertical shafts is combined 
with the the above flows using superposition. The 
same technique should apply if there is an exhaust 
fan. A balanced ventilation system should not affect 
the pressure drop across the envelope caused by the 
natural driving forces. The fan flow should therefore 
simply be added to the natural ventilation. 

4. BUILDINGS 
* 

A number of experimental houses has been performance 
monitored and evaluated by the National Testing 
Institute with the author as project leader. All of 
them except one are energy efficient designs. Common 
features are a very high standard of the thermal 
insulation and a system for mechanical ventilation 
(see table 1). The energy inefficient house is an 
older conventional house, which was included in the 
study for the purpose of comparison. 

Skultorp (Skul): Two experimental one-storey houses 
were built in 1982 in Skultorp, in southern Sweden. 
Both houses are very well insulated modern wood frame 
structures, employing boxbeams made of wood and 
masonite throughout the structure. Each house is 110 
m2. Space heating is provided for by a warm air 
heating system. The warm air is blown into the 
individual rooms from inlets located in the partitions 
up by the ceiling. 

Taby: A conventional 1.5-storey house was built in 
1982 in Taby 30 km north of Stockholm in Sweden. The 
house is 146 m2 and was designed according to Sweden's 
National Building Code for energy conservation, but 
with windows with a better U-value than what's 
required. Space heating is provided for by a warm air 
heating system. The warm air is blown into the 
individual rooms from inlets located in the partitions 
up by the ceiling. 



le 1 Technical description. SBN80 = Swedish 
Building Code of 1980. ELAK = Building Code 
for houses with electric heating. 

Project Sku1 Taby L85 Karl Svan 

SBN80-insulation - x - - - 

ELAK-insulation x - x x - 
"Superinsulation" x - x x - 

Balanced ventilation x x - - - 
Extract ventilation - - x x - 
Unpowered vents - - - - x 

Warm air heating x x - - - 

Electric base- 
board heaters - - x - - 

Hydronic heating - - - x x 

Heat recovery x x - - - 

Lattbygg 85 (L85): A group of 18 identical 
1.5-storey well-insulated experimental houses in Taby 
30 km north of Stockholm, utilizing simple 
construction techniques, was built during 1984. All 
houses are modern wood frame constructions employing 
I-beams made of wood and masonite throughout the 
construction. Wall, ceiling, roof, and floor elements 
are prefabricated. Space heating is provided for with 
electric baseboards heaters. The houses are 119 m2. 

The houses have an exhaust fan ventilation system, 
with special vents, in the exterior walls, for 
supplying fresh air. The ventilation rate can be 
controlled by the user by adjusting a conveniently 
located three-way switch: no one at home = 0.1 air 
changes per hour, at home = 0.3 air changes per hour, 
maximum = 0.5 air changes per hour. 

Karlstad (Karl): Sixteen well-insulated townhouses, 
utilizing passive solar energy and attached sunspaces, 
were built in 1984 in Karlstad. There are two types of 
townhouses, a one-storey townhouse with a floor area 
of 90 m2 and a two-storey with 116 m2. All townhouses 
have a sunspace facing south. The three monitored 
townhouses are 116 m2. 



The townhouses are modern wood frame constructions 
with structural elements of concrete. They are heated 
by an hydronic heating system incorporating only two 
radiators on the first floor and a towel-dryer on the 
second floor. There are fans in the intermediate 
floors in order to circulate the heated air within the 
apartment. 

Svaneholm (Svan): A conventional house was built in 
1972 in Svaneholm 15 km south of Boras in Sweden. The 
house is 135 m2. It is a one-storey building with 
full basement. The house was designed according to 
Sweden's standard for energy conservation of 1968. 
Space heating is provided for by a hydronic heating 
system. The heat is delivered by an oil fired 
boiler. The house is ventilated by unpowered vents 
i.e. vertical shafts where the air is mainly driven by 
the stack effect. 

5. RESULTS AND DISCUSSION 

5.1 Predictions of Ventilation 

All measurements of ventilation rates using tracer gas 
are valid for the range of weather conditions, which 
prevailed during the measurements. The question is 
what happens if the weather conditions are changed, 
the building moved to another location or even the 
building itself modified. If we want to calculate 
the influence of ventilation on the energy balance we 
need to know the ventilation rate throughout the year, 
not only for certain weather conditions. For a house 
with mechcanical ventilation we need to know the air 
exfiltration part of the total ventilation as well. 
Heat can't easily be recovered from that part. To 
answer some of these questions the buildings were 
modelled using two different models: 
- the LBL-model (single-zone simplified theoretical 
model) 
- MOVECOMP-PC (multi-zone network model) 

The first step for both models was to examine how 
accurately they predict ventilation rates during the 
actual tracer gas measurements. As inputs were used: 
- the results from the fan pressurization tests 
- the distribution of leakage openings according to 
infrared photography scans 
- the actual local shielding conditions 
- the building height 
- the measured indoor and outdoor temperatures (hourly 
averages) 
- the on site measured wind speed (hourly averages) 
- the terrain roughness 



- t h e  measured  m e c h a n i c a l  v e n t i l a t i o n  r a t e s  ( a i r  f l o w s  
i n  t h e  d u c t s ) ,  which were  assumed t o  be  c o n s t a n t .  
The f o l l o w i n g  i n p u t s  o n l y  a p p l y  t o  MOVECOMP-PC: 
- t h e  on s i t e  measured  wind d i r e c t i o n  ( h o u r l y  a v e r a g e s )  
- wind p r e s s u r e  c o e f f i c i e n t s  f rom w i n d t u n n e l  s t u d i e s  
- t h e  measured  geomet ry  o f  d o o r  o p e n i n g s ,  which was 
c o n v e r t e d  t o  a  l e a k a g e  f u n c t i o n  
- e a c h  room w a s  a s e p a r a t e  zone .  

The s e c o n d  s t e p  w a s  t o  make p r e d i c t i o n s  f o r  a n  e n t i r e  
h e a t i n g  s e a s o n .  Weather  d a t a  was t a k e n  from t h e  
r e f e r e n c e  y e a r  1971 of  S tockholm,  Us ing  t h e  LBL-model 
h o u r l y  c a l c u l a t i o n s  were  pe r fo rmed .  P r e d i c t i o n s  w i t h  
MOVECOMP f o r  one  c o m b i n a t i o n  o f  wind s p e e d  and  
t e m p e r a t u r e  d i f f e r e n c e  i . e .  f o r  one h o u r  r e q u i r e s  h a l f  
a m i n u t e  o f  t i m e  on a PC. To s i m p l i f y  t h e  
c a l c u l a t i o n s  t h e  r e f e r e n c e  y e a r  was condensed  t o  
r e l a t i v e  f r e q u e n c i e s  o f  s i m u l t a n e o u s  v a l u e s  o f  o u t d o o r  
t e m p e r a t u r e  and  wind s p e e d .  T h i s  way MOVECOMP c o u l d  b e  
u s e d  f o r  e s t i m a t i n g  t h e  v e n t i l a t i o n  r a t e  f o r  a n  e n t i r e  
h e a t i n g  s e a s o n .  

5.2 P r e d i c t i o n s  u s i n g  t h e  LBL-model 

P r e d i c t i o n s  were made f o r  a l l  t h e  h o u s e s  and  compared 
w i t h  t r a c e r  g a s  measurements .  The main i n p u t s  f o r  t h e  
mode l l ed  h o u s e s  are p r e s e n t e d  i n  t a b l e  2. 

T a b l e  2 I n p u t s  t o  t h e  LBL-model. L = e f f e c t i v e  
l e a k a g e  a r e a ,  c m 2 .  Q = f a n  f l o w ,  m3/h. n  = 
number o f  a i r  c h a n g e s  p e r  h o u r  a t  50 Pa ( f a n  
p r e s s u r i z a t i o n ) .  E x h a u s t  = t h e  d i f f e r e n c e  
be tween  t h e  t o t a l  e x h a u s t  and t h e  s u p p l y .  

P r o j e c t  Sku1  Taby L85(3) L85(14) K a r l  Svan 

L c e i l i n g  30 40 40 56 42 100 

L f l o o r  30 0 20 28 0 0 

L t o t a l  89 130 132 185 125 250 
( n  (1.1) (2.0) (1.3) (2.2) (2.0) (5.0) 

Q e x h a u s t  33 9 80 70,90 140 0 

Q s u p p l y  109 160 0 0 0 0 

S k u l t o r p :  The LBL-model o v e r p r e d i c t s  t h e  v e n t i l a t i o n  
r a t e  w i t h  10 % f o r  a 21 h o u r  measu r ing  p e r i o d  ( s e e  
t a b l e  3). The w e a t h e r  was r a t h e r  t y p i c a l  f o r  a i n l a n d  
w i n t e r  d a y  i n  s o u t h e r n  Sweden, t h e  wind s p e e d  v a r i e d  
be tween  0 and  5 m / s  and  t h e  t e m p e r a t u r e  be tween  0 C 
and  - 2 C .  



The measured total ventilation rate (135 m3/h) is even 
lower than the measured mechanical ventilation rate 
(142 m3/h). The inaccuracy in both measurements is 
however 5 to 10 %. The model predicts the relative 
variation in total ventilation fairly well for the 
measuring period. According to the prediction the 
average air exfiltration for the 21 hours is 7.5 m3/h, 
which is a reasonable number. 

The predictions for an entire heating season show an 
average total ventilation rate of 151 m3/h. The 
average air exfiltration is 9 m3/h, while the maximum 
is 33 m3/h and the minimum 1 m3/h. Only 5 % of the 
total ventilation is "uncontrolled" i.e. doesn't pass 
through the mechanical ventilation system. There is 
no need to make the house tighter. 

Taby: The predictions show similar results to the 
Skultorp house. This time the LBL-model overpredicts 
with 12 % for a 85 hour and a 23 hour period (see 
table 3). The weather was rather cold with an 
average value of - 6,s C (85-hour period) and -3.4 C 
(23-hour period), while the wind speed was very low 
with an average value of .3 m/s (85-hour period) and 
.6 m/s (23-hour period). The lowest temperature was 
-13 C and the highest - 1 C. The wind speed didn't 
change very much, this is also a very well shielded 
house located inland and is therefore not likely to 
ever experience high wind speeds. 

According to the measurements the air exfiltration is 
only 6 m3/h, but as mentioned before both measurements 
are experiencing inaccuracies in the order of 10 % .  
The LBL-model gives an air exfiltration of 27 m3/h. 
The truth must be somewhere in between. 

The average total ventilation rate during the heating 
season will be 191 m3/h according to the LBL-model. 
This corresponds to an average air exfiltration rate 
of 22 m3/h with a maximum of 47 m3/h and a minimum of 
6 m3/h. Approximately 12 % of the total ventilation 
doesn't pass through the mechanical ventilation system 
and isn't quite controlled. Although the envelope of 
the house meets the requirements in the Swedish 
Building Code it should preferably be tighter. 

Lattbygg 85: The discrepancy between the LBL-model 
and the tracergas measurements is large. For house # 
14 the model overpredicts with 60 % for a 108 hour 
period (see table 3 ) .  The overprediction for house # 
3 is more reasonable with a value of 23 % for a 17 
hour period. For house # 14 there was probably 
background leakage of tracer gas, which accounts for 
part of the large discrepancy between prediction and 
measurement. The air exfiltration is 7 m3/h in house 
#3 and between 14 m3/h and 19 m3/h in house # 14 



according to the LBL-model for the measuring periods. 
The LBL-model tracks the variation in ventilation 
fairly well, but overstimates the air exfiltration 
rate. 

The weather was rather cold during the 108-hour period 
with an average outdoor temperature of - 14 C. The 
wind speed was very low approximately 0.5 m/s. For 
the other periods the average outdoor temperature was 
close to the freezing point. 

The total ventilation rate during the heating season 
in house # 3 varies between 82 m3/h and 100 m3/h, 
while the average value is 88 m3/h. The air flow 
through the exhaust fan was assumed to be at a 
constant rate of 80 m3/h, which is equal to the 
average measured rate. The average air exfiltration 
rate is then 8 m3/h. The maximum rate is 20 m3/h and 
the minimum rate 2 m3/h. Approximately 10 % of the 
ventilation rate isn't quite "controlled" i.e. doesn't 
pass through the intended ventilation system. 

An estimation for an entire heating season was also 
made for house # 14. The result was an average total 
ventilation rate of 95 m3/h and air exfiltration rate 
of 15 m3/h. The maximum exfiltration rate was 36 m3/h 
and the minimum rate 3 m3/h. The "uncontrolled" air 
flow is thus 15 % of the total ventilation rate. The 
variation in this flow is also rather large. Although 
the house meets the requirement for airtightness of 
the Swedish Building Code, it isn't tight enough. 

Karlstad: This is the only house that isn't a 
detached house, it is a two-storey townhouse with an 
attached sunspace. The LBL-model was primarily 
developed for detached houses. In spite of this fact 
the results from using the model on one of the 
townhouses in Karlstad (apartment B4), gave reasonable 
results. The overprediction was 10 % for a 24-hour 
winter period (see table 3). The air exfiltration is, 
according to the prediction, very low. 

The Karlstad apartment has an average total 
ventilation rate of 146 m3/h during the heating season 
i.e. the air exfiltration is very low, 6 m3/h or 4 % 
of the total rate. The variation in air exfiltration 
is also very small. The maximum value is 16 m3/h and 
the minimum value 1 m3/h. There is obviously no need 
to make the house tighter. 

Svaneholm: The LBL-model tracks the total ventilation 
rate fairly well, but with an average overprediction 
of 10 % for a 43-hour period (see table 3). The 
average wind speed was 2 m/s and the average outdoor 
temperature was 1 C .  



The p r e d i c t e d  a v e r a g e  v e n t i l a t i o n  r a t e  d u r i n g  t h e  
h e a t i n g  s e a s o n  f o r  t h e  Svaneholm house  i s  75  m3/h, 
which i s  o n l y  0 . 2 3  a i r  changes  p e r  hour .  The maximum 
v e n t i l a t i o n  r a t e  f o r  t h e  same p e r i o d  i s  0 .35  a i r  
changes  p e r  hour .  The minimum is 0 .10  a i r  changes .  
The v e n t i l a t i o n  i s  a lways  below t h e  r e q u i r e d  r a t e  of  
0 . 5  a i r  changes  p e r  h o u r ,  u n l e s s  t h e  house i s  made 
l e a k i e r  o r  t h e  o c c u p a n t s  open windows. Even i f  t h e  
house w a s  made l e a k y  enough t o  o b t a i n  a c o r r e c t  
a v e r a g e  v e n t i l a t i o n  r a t e ,  t h e r e  would be l o n g  p e r i o d s  
when t h e  v e n t i l a t i o n  would be  i n a d e q u a t e  and l o n g  
p e r i o d s  when t h e  v e n t i l a t i o n  r a t e  might  be  
u n c o m f o r t a b l y  h i g h .  

5 . 3  P r e d i c t i o n s  u s i n g  MOVECOMP 

A l l  t h e  p r e d i c t i o n s  were pe r fo rmed  u s i n g  a v e r a g e  
w e a t h e r  c o n d i t i o n s  f o r  t h e  measur ing  p e r i o d s  ( s e e  
p r e v i o u s  c h a p t e r ) .  I f  t h e  w e a t h e r  c o n d i t i o n s  change 
o v e r  t i m e  t h e  a i r  i n f i l t r a t i o n  p r e d i c t i o n  c a n  t h e n  be 
i n  e r r o r .  F o r  a l l  t h e  measur ing  p e r i o d s  p r e d i c t i o n s  
were t h e r e f o r e  made u s i n g  t h e  r e l a t i v e  f r e q u e n c y  of 
s i m u l t a n e o u s  v a l u e s  of  o u t d o o r  t e m p e r a t u r e  and wind 
speed .  

S k u l t o r p :  The p r e d i c t e d  t o t a l  v e n t i l a t i o n  r a t e  i s  
v e r y  s imi la r  t o  t h e  LBL-pred ic t ion  i . e .  t h e  a v e r a g e  
p r e d i c t e d  t o t a l  v e n t i l a t i o n  r a t e  is a p p r o x i m a t e l y  1 0  % 
h i g h e r  t h a n  t h e  t r a c e r  g a s  measurements  ( s e e  t a b l e  
3 ) .  The v a r i a t i o n  i n  t o t a l  v e n t i l a t i o n  r a t e  i s  
s i m i l a r  f o r  t h e  p r e d i c t i o n  and t h e  measurement.  

The a v e r a g e  a i r  e x f i l t r a t i o n  r a t e  d u r i n g  t h e  h e a t i n g  
s e a s o n  i s  10 m3/h a c c o r d i n g  t o  MOVECOMP. T h i s  v a l u e  
i s  v e r y  s imi la r  t o  t h e  LBL-pred ic t ion  ( 9  m3/h) .  The 
v a r i a t i o n  i n  a i r  e x f i l t r a t i o n  r a t e  d u r i n g  t h e  h e a t i n g  
s e a s o n  i s  a c c o r d i n g  t o  MOVECOMP l a r g e ,  t h e  maximum 
v a l u e  b e i n g  4 2  m3/h and t h e  minimum 1 m3/h. The 
s p r e a d  a c c o r d i n g  t o  t h e  LBL-model i s  33  m31h t o  1 
m3/h. 

Taby: The p r e d i c t i o n s  of  t h e  t o t a l  v e n t i l a t i o n  r a t e  
i s  v e r y  s imi la r  t o  t h e  p r e d i c t i o n s  u s i n g  t h e  LBL-model 
( s e e  t a b l e  3 ) .  What t h i s  p r e d i c t i o n  a l s o  shows i s  
t h a t  t h e  f r e s h  a i r  s u p p l i e d  d i r e c t l y  t o  t h e  bathroom, 
t h e  WC and t h e  c l o s e t  p r o b a b l y  w a s n ' t  cove red  by t h e  
t r a c e r  g a s  measurement.  T h i s  makes up f o r  t h e  
d i s c r e p a n c y  between measurement and p r e d i c t i o n .  

L a t t b y g g  85:  The p r e d i c t i o n  of  t h e  t o t a l  v e n t i l a t i o n  
r a t e  f o r  house  # 3  i s  c l o s e r  t o  t h e  t r a c e r  g a s  
measurement t h a n  t h e  LBL-pred ic t ion  ( s e e  t a b e l  3 ) .  
There  i s  no a i r  e x f i l t r a t i o n  a c c o r d i n g  t o  MOVECOMP. 



During the heating season the variation in air 
exfiltration rate is very large according to 
MOVECOMP. The maximum rate is 67 m3/h and the minimum 
rate 1 m3/h. The average rate is however very low, 4 
m3/h. According to the LBL-model the average rate is 
higher, 8 m3/h, and the variation smaller, between 20 
m3/h and 1 m3/h. 

Predictions were also made for house #14. This house 
is identical to # 3 with a few exceptions, it is 
leakier, and the weather during the measuring period 
was much colder. There is a large discrepancy between 
prediction and measurement. The overprediction is 
close to 70 % (see table 3). This can partly be 
explained by the fact that there was presumably a 
constant background leakage of tracer gas from the 
equipment during the tracer gas measurements. This 
would mean that the measured ventilation rate would be 
too low with almost a constant factor, as the total 
ventilation rate is dominated by the exhaust air flow, 
which can be assumed to be constant over time. 

The total measured and predicted ventilation rate 
varies almost to the same extent over time. During 
the 108-hour period the predicted rate varies between 
116 and 155 m3/h, while the measured rate varies 
between 60 and 73 m3/h. As can be calculated from the 
prediction there is an air exfiltration rate of 
between 26 and 65 m3/h in house # 14, while there was 
no air exfiltration in house # 3. This can partly be 
explained by the fact that house # 3 is tighter and 
was subject to a milder climate. 

The variation in air exfiltration rate during the 
heating season is larger for house # 14 than for house 
# 3. The main reason is that house # 14 is leakier. 
The maximum air exfiltration rate is almost two times 
higher, 117 m3/h compared with 67 m3/h. The average 
rate is four times higher, 18 m3/h vs. 4 m3/h. The 
average air exfiltration rate is 20 % higher than the 
LBL-prediction, and the maximum rate is 3 times higher 
than the LBL-prediction. The maximum values occur at 
high wind speeds and are therefore uncertain, as high 
wind speeds never occured during the tracer gas 
measurenments. 

Karlstad: The overprediction of the total ventilation 
is very small for apartment B4 (see table 3). The 
discrepancy would be negligible if we take into 
account that the predicted air infiltration to the WC 
probably wasn't covered by the tracer gas 
measurements. Both prediction and measurement 
indicate that there is no air exfiltration during the 
measuring period. The prediction also shows that the 
total flow of air from the sunspace to the house is 34 
m3/h, which is 1/4 of the total ventilation. The same 



result was obtained from a separate tracer gas 
measurement, where the same concentration was kept in 
the sunspace as in the house itself. According to the 
design principles all air should have entered the 
house through the sunspace. 

The average predicted air exfiltration rate during the 
heating season is reasonable. The rate is 9 m3/h, 
which is higher than the LBL-prediction of 6 m3/h. 
The maximum rate is too high, 110 m3/h (compare with 
Lattbygg 85). The result of the LBL-prediction is 25 
% of that value 26 m3/h. 

Svaneholm: The prediction overestimates the 
ventilation rate with 40 % (see table 3), which is not 
surprising taking into consideration the assumptions 
which had to be made in order to create the necessary 
inputs. 

Table 3 Measured and predicted ventilation rates, 
m3/h. 

Project Sku1 Taby L85(3) L85(14) Karl Svan 

Measured, 
mechanical 142 169 80 90 140 - 

total 135 174 71 69 131 71 

Predicted, 
total 
LBL-model 149 196 87 109 144 78 

MOVECOMP 152 198 80 118 140 101 

5.4 Energy balance 

For most houses the ventilation heat loss make up an 
important part of the energy balance. It may 
constitute between 20 and 50 % of the total energy 
loss. For all tested houses the ventilation heat 
losses were calculated using weather data from the 
heating season of the reference year 1971 of Stockholm 
(see table 4). The calculations are based on the 
average predicted ventilation rates, i.e. the average 
of the LBL-prediction and the MOVECOMP-prediction. 

In the original energy balance the calculation of the 
air exfiltration heat loss &as based on an estimation 
of the air exfiltration rate. For all houses (except 
Svaneholm) the rate was estimated to be 0.05 ach 
throughout the heating season. This gives a "correct" 
exfiltration heat loss for only one house, the 
L85(14). For the tight houses, the Skultorp house, 



Table 4 Calc~l~ted ventilation heat losses for the 
heating season of the reference year 1971 
of Stockholm, kwh. For the purpose of 
this calculation it was assumed that no 
heat recovery was installed. 

Project Sku1 Taby L85(3) L85(14) Karl Svan 

Total 
ventil. 5100 6450 2900 3250 4950 2550 
(MOVECOMP, LBL) 

Exfiltr. 300 700 200 550 250 2550 
(MOVECOMP, LBL) 

Exf iltr. 
(0.05 ach) 450 600 550 550 450 - 

the L85(3) house and the Karlstad, the heat loss due 
to air exfiltration is overestimated using the simple 
approach. None of the above used averaging techniques 
shows directly the energy consumption for space 
heating due to air exfiltration. In the real building 
the air exfiltration will vary over time. There can 
then be periods when the space heating due to 
exfiltration is reduced by internal gains in a low 
energy house i.e. it is important to know when the air 
exfiltration occurs. 

CONCLUSIONS 

Six different modern Swedish one-family house with 
different ventilation systems were examined in this 
report. There is only one house that isn't quite modern 
and can't be considered a low energy house. If doors 
and windows are closed in this house, with unpowered 
vents and vertical stacks, it will be inadequately 
ventilated all year around. The house wasn't even as 
tight as is required by the Swedish Building Code. 
The ventilation rate can of course be increased by 
airing. Whether relying on airing or unpowered vents 
and vertical stacks or both of them, it is very 
difficult to recover any heat from the air leaving the 
structure. 

The three houses with exhaust fan ventilation systems 
were all adequately ventilated. For two of them the 
air exfiltration rates were fairly low i.e. there is 
no need to make the houses tighter in order to better 
control the energy loss due to air exfiltration or to 
improve the total ventilation. All of them met the 
airtightness requirement of the Swedish Building 
Code. One of the ideas behind the ventilation system 



was that the occupants should be able to control were 
the outdoor air entered the house. Vents which can 
easily be closed and opened were incorporated in the 
building envelope. Measurements and calculations show 
for these three houses that approximately 1/3 of the 
air enters through the vents if all of them are open. 
The remainder of the outdoor air enters through 
whatever cracks or openings there are. 

Two houses were equipped with a balanced mechanical 
ventilation system. One of the two houses (2.0 air 
changes per hour at 50 Pa) should preferably have had 
a tighter building envelope. This would have reduced 
the air exfiltration heat loss substantially. The 
other house had a very low air exfiltration rate, due 
to the fact that the house is very tight (1.1 air 
changes per hour at 50 Pa). 

The following conclusions are valid for the examined 
houses. The constant concentration tracer gas 
technique tended to underestimate the total 
ventilation. All air flows were probably not 
measured. A simplified theoretical one-zone model can 
be useful and makes accurate estimations of the air 
exfiltration in tight houses with mechanical 
ventilation. This is also a very straightforward kind 
of model to employ. It is necessary to know the 
airtightness of the building envelope, the mechanical 
air flow rates and the shielding. For detailed 
information on air flows a multi-zone network model 
can be useful. There are however two problems 
associated with a multi-zone network model: it is 
time-consuming to put together all the required inputs 
and there isn't enough data as to wind pressure and 
the location of leakage openings. 

Whatever model is used it is recommended to couple 
predictions with tracer gas measurements. 
Determining the energy balance, based on a simple 
estimation of the air flows due to mechanical and/or 
natural ventilation by e.g. using a constant air 
change rate, is in most cases inaccurate, unless the 
house is very tight. 



REFERENCES 

1. BLOMSTERBERG, A .  
"Ventilation and Airtightness vs. Energy Balance 
and Indoor Climate in Residential Buildings" 
Dept of Building Science, Lund Institute of 
Technology, Lund, Sweden (draft). 

2. BRING, A., HERRLIN, M. 
"User's Manual - MOVECOMP-PC(R) - An air 
Infiltration and Ventilation System Simulation 
Program" 
Bris Data AB, Stockholm, Sweden, 1988. 

3. SHERMAN, M. 
"Air Infiltration in Buildings" 
Ph.D. thesis, LBL-10712, Lawrence Berkeley 
Laboratory, Berkeley, California, U.S.A., 1980. 



Discussion 
Paper 16 

Willem de Gids (TNO, Netherlands) 

Did the natural ventilated houses have slot vents in the roof? Why did you come to the conclusion that 
natural ventilation fails? The flow rates given do not differ significantly from, for instance, mechan- 
ically exhaust systems as you showed by the model calculations. 
Ake Blomsterbeig (Lund Institute of Technology, Sweden) 
The house with natural ventilation had five inlets (vents) which can be opened and closed. The calcula- 
tions and nzeasurements were made with all inlets open. During the heating season the average predicted 
ventilation rate, with all windows closed is then 75 m3/h, which is 0.25 ach. According to the Swedish Na- 
tional Building Code the required minimum ventilation rate is 0.5 ach. All the other tested houses meet 
this requirement. 

Bjorn Kvisgaard (Bruel & Kjaer, Denmark) 

One of your conclusions was that the constant concentration method underestimated the air exchange 
in the house. How did you come to that conclusion? 
Ake Bloirtsterbeig (Lund Institute of Technology, Sweden) 
Our automated tracer gas system has nine channels. We were therefore not able to cover all rooms, i.e. in 
some rooms fresh air enteredfiom the outside and used air was exhausted without being labelled with 
tracergas. This we discovered in houses with mechanical ventilation. The total ventilation as measured by 
tracergas was smaller than the airflows in the ventilation ducts (not measured by tracer gas). Both meas- 
urements have of course a certain inaccuracy. 

Jorma Heikkinen (Technical Research Centre, Finland) 

Is it acceptable, according to Swedish Building Codes, to design a ventilation system where only 1/3 of 
incoming air flow can be delivered into individual rooms? 
Ake Blornsterbeig (Lund Institute of Technology, Sweden) 
I was refemeng to houses with exhaust fan ventilation where 1/3 of thefiesh air enters through the vents if all 
of them are open. The remainder of the fresh air enters through whatever cracks or openings there are. The 
Swedish Building Code only specifies that the total ventilation should be 0.5 ach and certain minimum ex- 
haust airflows from bathrooms and kitchen. 

Willigert Raatschen (Dornier GmbH, Germany) 

To get a reliable data input base for the network simulation you did blowerdoor and tracer gas meas- 
urements. Further you stated that background leakage is about 3 3  of the total leakage. How did you 
get around with the distribution of the background leakage into the different walls? 
Ake Blomsterberg (Lund Institute of Technology, Sweden) 
The air leakage sites were distributed according to the themography tests. The problem was to detemzine 
the size of the individual leakage paths. Allpaths were given the same flow exponent i.e. the exponent 
from the blower door test of the entire house. For walls the themography tests showed in most cases, leak- 
age sites at the lower and the upper edge and around windows. Half of the leakage for a wall was then con- 
sidered to be around windows. 

David Hill (Eneready Products, Canada) 

Concerned by conflict of conclusions. 
1. House with mechanical supply and exhaust should be tighter than 1.0 ach. 
2. Houses with mechanical exhausts should be tighter than 2.5 ach. 
3. Only 1/3 of the air passed through inlets. 
Perhaps a good conclusion for building science/energy reasons, but 2) and 3) seem in conflict regarding 
ventilation effectiveness and exhaust in homes. 



Jke ~lomsterberg (Lund Institute of Technology, Sweden) 
The required airtightess of 2.5 a h  includes the air leakage through the inlets (all of them open). When 
only 113 of the fresh air enters through inlets, some rooms might not get enough fresh air. Ideally the air 
leakage through the building envelope is fairly evenly distributed i.e. the remainder of the fresh air (213). 
The overall aim is that the srfiltration rate should be less than 10% of the total ventilation for a home with 
mechanical ventilation. 
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1. SYNOPSIS 

The indoor climate and ventilation were measured in 50 
dwellings with various ventilation systems. The 
health and comfort of people living in the dwellings 
were studied with a simultaneous questionnaire. The 
ventilation rates measured with a tracer gas using the 
decay method varied from 0.1  to 1 . 2  m3/hm3, with an 
average of 0 . 5  m3/hm3. The ventilation rate in the 
bedroom was usually lower than the mean ventilation 
rate of the dwelling. The ventilation rates measured 
in a two-week period with the passive perfluorocarbon 
method varied from 0 . 2  to 1 . 9  m3/hm3, with an average 
of 0 . 8  m3/hm3. 

There was a statistically significant correlation 
between the ventilation rate and the typical sick 
building symptoms expressed by people living in the 
dwellings. When the ventilation rate was low (below 
0 . 3  m3/hm3), people had more symptoms than when the 
ventilation rate was high (above 0 . 6  m3/hm3). No such 
correlation was found between the various ventilation 
systems and health. 

INTRODUCTION 

People spend most of their time in residential 
buildings. Ventilation has an effect on the indoor 
air quality and people's health and satisfaction with 
the indoor climate. Residential buildings are often 
criticised for having poor ventilation, yet little 
information is available on the operation of various 
ventilation systems in practice. The aim of the study 
was to gather information on ventilation in 
residential buildings and compare ventilation systems 
in respect to health and satisfaction. 50 residential 
buildings were selected for the study, in which the 
operation of the ventilation system and the indoor 
climate parameters were measured. 

METHODS 

The sample consisted of 28 residences in detached or 
semi-detached houses and 22 apartments in the Helsinki 
area. The ventilation systems were: natural 
ventilation, mechanical exhaust and balanced 
ventilation. The measurements were carried out during 
the 1987-88 heating season and they covered the 
ventilation rates in each room, the carbondioxide 
concentration, the dust concentration, the level of 
noise from the ventilation system and the thermal 
climate. The ventilation rates were measured by the 
tracer gas technique using both the decay method and 
the passive perfluorocarbon method. The ventilation 



rate was estimated as the inverse value of the nominal 
time constant. 

A questionnaire on health, comfort and satisfaction 
was carried out with the measurements, People living 
in the dwellings were asked whether they had had any 
of the following symptoms during the last two months: 
skin, eye, nasal or respiratory symptoms, fatigue or 
headache. A summation score was calculated from the 
perceived symptoms as in previous studies 'e 2 *  3. 
The scale of the summation score of symptoms was from 
0 (no symptoms) to 6 (suffering from all six types of 
symptoms). 

4. RESULTS OF MEASUREMENTS 

4.1.  Ventilation rates in dwellinqs 

The ventilation rates measured with a tracer gas using 
the decay method varied from 0.1 to 1.2 m3/hm3 when 
the ventilation systems were in normal operation, i.e. 
as they were operated most of the day 4 .  The average 
was 0.5 m3/hm3. In over half of the dwellings the 
ventilation rate was between 0.3 and 0.6 m3/hm3. The 
distribution of the mean ventilation rate is shown in 
Figure 1. 
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Figure 1. Measured mean ventilation rates in the 
dwellings. 



The difference in the mean ventilation rates was not 
great between the various ventilation systems. The 
dwellings with natural ventilation had on average 
lower ventilation rates than the dwellings with 
mechanical ventilation. In these 15 dwellings the 
average ventilation rate was 0 .40  m3/hm3: In the 
dwellings with mechanical exhaust (18 dwellings) the 
average ventilation rate was 0.55  m3/hm3. The lowest 
ventilation rates were usually in the dwellings where 
a mechanical ventilation system was installed but 
operated only during cooking and bathing, i.e. it was 
most of the time out of operation. In dwellings with 
balanced ventilation ( 1 7  dwellings) the average 
ventilation rate was 0.50 m3 /hm3. The mean 
ventilation rates of the dwellings with various 
ventilation systems are shown in Figure 2. 
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Figure 2. Measured mean ventilation rates and 
standard deviations in the dwellings. 

2. Ventilation rates in bedrooms 

The ventilation rate in the bedroom was usually lower 
than the mean ventilation rate of the whole dwelling. 
Closing the bedroom door especially decreased the 
ventilation rate if air was not supplied to the 
bedroom. On average the highest ventilation rate was 
in the bedrooms with balanced ventilation. On average 
the lowest ventilation rate was in the bedrooms with 
natural ventilation. The ventilation rate was most 
evenly distributed in the dwellings with mechanical 
air supply to each room. The mean ventilation rates 



of the bedrooms with various ventilation systems are 
shown in Figure 3 and the correlation between the 
ventilation rate of the bedroom and the mean 
ventilation rate of the dwelling is shown in Figure 4. 

nat.vent. mech.exh. bal.vent. 
Ventilation system 

Figure 3. Measured mean ventilation rates and 
standard deviations in the bedrooms. 
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Figure 4. The correlation between the mean 
ventilation rates of the dwellings and the 
ventilation rates in the bedrooms. 



4.3. Long term ventilation rates 

The ventilation rates measured with the passive 
perfluorocarbon method varied from 0.2 to 1.9 m3/hm3, 
with an average of 0.8 m3/hm3 5 .  During the two-week 
period people lived normally and used the ventilation 
system and windows as usual. In these measurements 
the differences in the mean ventilation rates were 
not great between the various ventilation systems, 
being less than 0.2 m3/hm3. The distribution of the 
mean ventilation rate measured by the PFT-method is 
shown in Figure 5. 
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Figure 5. The mean ventilation rates in the dwellings 
measured by the PFT-method in a &week 
period. 

The ventilation rate measurements using the passive 
perfluorocarbon technique were carried out twice in 
spring 1988. The mean ventilation rates in the second 
period (in April) were on average lower than in the 
first period (in January). The averages were 0.78 m3 
/hm3 (first period) and 0.61 m3/hm3 (second period). 
Airing and outdoor temperature may explain the 
difference between these two periods. The outdoor 
temperature was 7 OC higher in the second period (-3 O 
and +4 OC). The differences between these two periods 
are shown in Figure 6. 
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Figure 6. The differences in the mean ventilation 
rates between two measuring periods. 

The ventilation rates measured with the PFT-method 
were higher than those measured with the decay method. 
The averages were 0.78 m3/hm3 (PFT-method) and 0 - 4 9  m3 
/hm3 (decay method). In the decay measurements the 
ventilation fans ran at normal capacity and the 
windows were closed. The differences between these 
two methods are shown in Figure 7 .  
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Figure 7 .  The differences in the ventilation rates 
between the PFT and decay methods. 



4.4. Carbondioxide concentration 

The steady-state carbondioxide concentrations measured 
at night in master bedrooms varied from 500 to 3700 
ppm with an average of 1300 ppm. Typically two adults 
slept in the bedrooms. The difference in the COz- 
concentration was not great between the various 
ventilation systems. The distribution of the COz- 
concentration is shown in Figure 8. 
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Figure 8. Measured steady-state carbondioxide 
concentrations during the night in master 
bedrooms. 

4.5.  Dust concentration 

Dust concentrations in the dwellings were measured 
using the deposition method: a dust sample passively 
collected settling dust on a greasy surface. Measured 
dust concentrations were collected in bedrooms on a 
horizontal plane at a height of approximately 1 . 4  m 
for 100 hours. The dust concentrations varied from 7 
to 70 pg with an average of 20 pg. In the dwellings 
with natural ventilation the dust concentrations were 
on average lowest. In the dwellings with balanced 
ventilation the dust concentrations were on an average 
highest. But the differences were small. The highest 
separate dust concentrations were also in the 
dwellings with mechanical ventilation. The people 
living in the dwellings and their activities influence 
the dust concentration more than the ventilation 
system and the ventilation rate. The dust 
concentrations in the bedrooms with various 
ventilation systems are shown in Figure 9. 
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Figure 9. Measured dust concentrations in the 
bedrooms. 

5 .  RESULTS OF THE QUESTIONNAIRE 

5.1 . Ventilation 
The people living in the dwellings felt that the most 
common defects of the ventilation in the heating 
season were the non-uniform air-exchange in the 
dwelling, and the fact that they were not able to 
control the ventilation system. Some people also felt 
that the ventilation system caused noise and draught. 

Almost one third were dissatisfied with the 
ventilation system during the heating season. Most 
dissatisfied were the people living in the dwellings 
with natural ventilation (half). The people living in 
the dwellings with mechanical ventilation were 
generally more satisfied with the ventilation. 

There were differences in airing habits between the 
ventilation systems. In the dwellings with natural 
ventilation people aired more often than in the 
dwellings with mechanical ventilation. The proportion 
of people who seldom aired was biggest in the 
dwellings with balanced ventilation. 



5 - 2 .  Ventilation and symptoms 

A statistically significant correlation was found 
between the measured ventilation rate and the 
summation score of symptoms (chi-square test: p < 
0.01  ) .  When the average ventilation rate in a 
dwelling was below 0 . 3  m3/hm3, people expressed 
several symptoms. When the ventilation rate was above 
0 . 6  m3/hm3, people expressed only few or no symptoms. 
The connection between the ventilation rate and the 
summation score of symptoms is shown in Figure 10 .  
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Figure 10 .  The connection between the ventilation 
rate and the average of the summation 
score of symptoms (n = 98). 

A correlation was also found between common colds and 
the measured ventilation rate. When the ventilation 
rate was above 0 . 5  m3/hm3, 25 % of the people living 
in the dwellings had flu more often than once a year; 
when the ventilation rate was below 0.3 m3/hm3, the 
percentage was 60.  



A correlation was also found between the sensation of 
sufficient ventilation and the ventilation rate (p < 
0.05). When the ventilation rate was low (below 0.3 m 
3/hm3), the majority of the people often felt the 
ventilation in the bedroom insufficient. When the 
ventilation rate was high (above 0.6 m3/hm3), the 
majority of the people felt the ventilation in the 
bedroom was usually acceptable. 

A statistically significant correlation was found 
between the steady-state carbondioxide concentration 
during the night and the sensation of the freshness 
of the air (p < 0.01). When the COz-concentration was 
below 1000 ppm, the majority of the people did not 
feel the air was stuffy. When the COz-concentration 
was above 1500 ppm, the majority of the people felt 
the air was stuffy sometimes or often. 

The summation score of symptoms did not correlate with 
the ventilation system, i.e. the values of the 
summation score were distributed randomly within three 
ventilation systems. 

6. DISCUSSION 

The ventilation rates of dwellings vary a lot. The 
ventilation rates in the bedrooms are often too low, 
although people spend much of their time in the 
bedroom. 

The ventilation rate of a dwelling has an effect on 
health. A low ventilation rate increases the number 
of the symptoms expressed by people; and the number of 
symptoms decreases as the ventilation rate increases. 
No statistically significant correlation was found 
between various ventilation systems and the number of 
symptoms expressed by people. 

A sample of 50 dwellings is relatively small, so in 
order to increase the statistical reliability the 
study is to be expanded to cover a larger group of 
dwellings. people's satisfaction with the ventilation 
and the effect of the ventilation and heating systems 
on their health and comfort is being studied with a 
questionnaire mailed to over 2000 dwellings with 
ventilation systems similar to those in this study. 
300 of these dwellings have been selected for detailed 
analysis during the 1988-89 heating season. The 
analyses of these measurements will be complete by the 
end of 1989. 
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Discussion 
Paper 17 

Peter Jackman (Building Services Research & Infomation Association, UK) 

If the lowest ventilation rates occurred in those houses where the mechanical ventilation was switched 
off, how do you explain the fact that people were prepared to put up with unpleasant symptoms when 
they could have been alleviated simply by turning on the ventilation system? 
R. Ruotsalainen (University of Technology, Helsinki) 
People do not realize that the ventilation rate really has an effect on symptoms and comfort. Also they do 
not always know how the ventilation systems are designed to be operated. 

Mike Holmes (Ove Amp, London, UK) 

You said that you measured noise. Is there any evidence that people prefer to switch the system off 
and suffer the consequences of a low air exchange rate rather than live in a noisy environment? 
R Ruotsalainen (University of Technology, Helsinki) 
The noise of the ventilation was not a major reason to tum off the mechanical ventilation system. Approxi- 
mately 10% ofpeople expressed that ventilation causes noise. 

W~lligert Raatschen (Dornier GmbH, Gemany) 

You showed the comparison between PFT results and tracer gas decay results. There was a very poor 
agreement. Are P W s  not reliable or did you compare average values with point measurements? 
R. Ruotsalainen (University of Technology, Helsinki) 
The measurements with the decay method are point measurements and the measurements with the PFT- 
method are average values during a Zweekperiod. The ventilation rates measured with the PFT-method 
were in average 0.3 ach higher than measured with the decay method. The main reasons for this were that 
during the decay measurements the ventilation systems were in nonnal operation and windows were 
closed. So the agreement was not so poor. 

Jorma Heikkinen (Technical Research Centre, Finland) 

What do you mean by ventilation rate in a bedroom? Is it the air coming from outside or does it in- 
clude the air flow from other rooms? 
R. Ruotsalainen (Technical University of Helsinki) 
Tlze ventilation rate in the bedroom includes both the airflow from outside and the airflow from other 
rooms. 

N. Bergsoe (Danish Building Research Inst.) 

What were the criteria for selecting houses and apartments? 
R. Ruotsalainen (University of Technology, Helsinki) 
We selected some dwellings from blocks ofpats andfrom small houses; andfrom these two groups we se- 
lected the same amount of dwellings with three different ventilation systems. 

David Will (Eneready Products Ltd, Canada) 

Health and air change correlated. 
Health and ventilation technology independent. 
Can you correlate occupancy and ventilation in hf3/hr (not ach) 
R. Ruotsalainen (University of Technology, Helsinki) 
When the outdoor airflow rate perperson was below 7 llsperson, 66% ofpeople expressed several symp- 
toms. When the outdoor airflow rate perperson was above 11 11s person, only 22% of people expressed 
several symptoms. 



Martin Liddament (AIVC, UK) 

I am very interested in your presentation on the performance of residential ventilation systems. I would 
be pleased if you could supply the following additional information. 

Average CO2 concentration ? ? ? 
Average dust concentration ? ? ? 
Cold symptoms 60% ? 25% 
Ventilation rate c > 

.3m2/hm3 .6m3/hm3 

Also how many tracer decay measurements were made in each dwelling? 
Risto Ruotsalainen (University of Technology, Helsinki, Finland) 
Here are the average values you asked, shared by the ventilation rates. In each of the 50 dwellings was 
made one measurement using the decay method. 

VENTILATION RATE (ach) I 
. . 

Several sick building symptoms 1 

Common cold more often 
than once a year (%) 

Dust concentration (ug) 

Steady-state CO2- 
concentration (ppm) 
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SYNOPSIS 

Canadian research into residential ventilation and 
combustion venting revealed that the installed 
performance of exhaust equipment, ducting passages, and 
site-built chimneys was largely unknown. It became 
necessary to establish actual characteristics in order 
to be better able to predict the safety and 
effectiveness of various ventilation measures. 

For this reason, Canada Mortgage and Housing Corporation 
(CMHC), the federal agency responsible for housing 
policy, had a research device designed and fabricated. 
The duct test rig (DTR) can be used for taking a wide 
variety of field measurements. It uses the principal of 
a zero-pressure difference across the duct opening to 
negate the effects of the measurement device. There is 
an internal fan capable of creating flows in a 
measurable range of 2-390 L/s, and both heat-generating 
and temperature-sensing attachments to assess duct 
thermal performance, The fan can be used to generate the 
pressure-vs-flow characteristics of passive devices, or 
to aid in fan system flow measurement. 

Contractors across Canada used the DTR to test 205 
houses in the winter of 1988-1989. Preliminary analysis 
is available on the installed flows of exhaust 
equipment. Data analysis is ongoing on the areas such as 
the following: chimney performance, chimney and duct 
leakage areas, and the comparison of installed exhaust 
and intake flows. 

INTRODUCTION 

The flow of air through ducts, fans, and chimneys has 
always been somewhat mysterious to most householders, 
and unfortunately also to many of the tradespeople 
installing or maintaining these systems. Canada Mortgage 
and Housing Corporation (CMHC), the federal agency 
responsible for housing policy, has been investigating 
both combustion venting and house ventilation issues 
through the 1980%. The CMHC Research Division looked at 
the conditions under which chimneys must function, the 
venting characteristics of the chimney itself, and the 
interplay between these factors. The field research 
quickly proved that the designed characteristics of air- 
moving devices and their actual installed performance 
were very different. 

For example, an early survey of the airtightness of 



Canadian houses allowed CMHC to predict the number of 
dwellings where the backdrafting of furnace chimneys 
would occur l. This could be calculated from the 
interaction of the envelope leakiness area and the 
capacity of exhaust devices, a combination that could 
produce excessive house depressurization. The field- 
tested incidence of spillage was lower than these 
predictions. Upon further inspection of test houses, it 
became apparent that the exhaust flows of fans in the 
houses were far below the rated values used in the 
estimations. This was proven again when provincial 
authorities in British Columbia started to insist upon 
well-installed exhaust fans. They found that this 
increased the incidence of combustion spillage in their 
vicinity 2. 

New codes and standards in Canada are specifying levels 
of house ventilation and limits to house 
depressurization. In order to justify or design such 
levels, an accurate means of estimating airflow in 
houses is required. 

CMHC has just completed a two part research project to 
this end. In the first stage, a consultant designed, 
constructed, and calibrated a test device. This is 
called the "duct test rigw, and is suitable for testing 
the flow and thermal characteristics of ducts and 
chimneys, both active and passive 3 .  It was designed to 
provide the same ease of use and accuracy that blower 
doors have accomplished in the testing of house 
airtightness. The second stage involved the use of two 
duct test rigs to monitor the performance of ducts and 
chimneys in a wide sample of Canadian houses 4 .  

2. PROCEDURE - 

The duct test rig (DTR) uses the pressure drop across 
calibrated orifices to calculate airflows. The flow 
range that can be measured is 2-390 L/s. The DTR has a 
built-in axial fan which can be used to create pressures 
and flows in passive devices, such as chimneys and air 
intake ducts. Comparing the flow response to the imposed 
pressures across a system allows the calculation of its 
aerodynamic characteristics. The controllable fan also 
permits the DTR operator to adjust the pressure across 
the inlet of an active device being measured (eg. a 
kitchen exhaust fan). By setting this pressure to zero, 
the DTR operator ensures that the measurement device 
does not significantly change the normal flow of the fan 
by increasing the flow resistance at the fan face. Tfie 
Dutch Flow Finder uses much the same principal 5. A 
diagram of the DTR construction is shown in Figure 1; a 



photo of the DTR in field use is shown in Figure 2. 

Figure 1: D u c t  T e s t  Rig Components 
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The DTR comes with a number of attachments and 
accessories. There is a fabric hood to facilitate 
attachment to open fireplaces as well as spun aluminum 
cones to reduce the opening size to various duct 
diameters, For thermal testing, a duct heater can be 
mounted directly on the DTR to produce a measured heat 
input to a duct or chimney. A remote sensor is used to 
measure the temperature at a distance from the DTR. 
Airflows can be calculated on-site using a programmed 
calculator mounted on a control module. A photographic 
tripod permits the operator to elevate the DTR and 
operate it without having to support the weight. The 
control module contains fan speed controls, pressure 
transducers, and a temperature readout. 

There is a wide range of tests that can be undertaken 
using the DTR. In a typical house in the Duct and 
Chimney Survey, the technician would measure the free 
flow of all exhaust devices, such as bathroom and 
kitchen exhaust fans, clothes dryers, and central vacuum 
systems vented to the outside. Frequently the DTR was 
also used to establish the ability of the fan to vent 
when aided or impaired by various levels of pressure 
across the fan. For instance, is the fan flow severely 
degraded by a house depressuization of 10 Pa? By 
blocking the fan outlet at the outside wall, the 
leakage area of the ducting system could also be 
measured. 

Technicians employed the DTR to measure chimney 
characteristics as well, including pressure-vs-flow, 
leakage area, and the thermal characteristics of the 
chimneys. Passive inlets could be measured in the same 
way. When a house was equipped with a forced air heating 



Figure Testing with DTR 

system, technicians measured the total flows from the 
supply air registers, and compared the results to the 
estimated furnace output, to determine the 
effectiveness of the distribution system. 

The above is a list of the potential test array. In the 
Duct and Chimney Survey project, it was not possible to 
perform all tests in all houses due to limitations of 
time and money. A full spectrum of tests would also 
endanger the generally cooperative attitude of the 
people who had volunteered their houses for testing, as 
a well-equipped house might take days to test 
thoroughly. Due to these restraints, only a selection of 
the possible tests was performed in any given house. 

Contractors eventually inspected 20 houses in each of 10 
cities, and 5 houses in an eleventh, for a total of 205 
dwellings. Each city sample was designed to be 
representative of the existing stock in terms of house 
size, design, age, appliance usage, etc. While there is 
little statistical basis to the house selection, the 
results of the survey should be typical of the housing 
stock in and around the cities sampled. A rough quota 
system was used to ensure a minimum sampling of all 
desired air-moving devices. 

In each region, the main survey contractor trained the 
local contractor and his aid, a mechanical contractorton 
the usage of the DTR and the testing protocol, during 
the first 6 houses of their 20 house sample. A normal 
site visit would start with a homeowner interview and 
building inspection. The DTR would generally be 
assembled first on the furnace chimney (if available) to 



measure the chimney flows and thermal characteristics. 
The forced air ducting system, if present, would be 
tested subsequently. Fans, fan ducting, and air intake 
ducting would be completed before departure. Such 
testing would typically take three hours, permitting 
data gathering from two houses daily for each crew of 
two. The field testing took place from December 1988 
through May 1989. 

3. RESULTS - 

The DTR generally performed as expected during the Duct 
and Chimney Survey and there is a wealth of information 
now available from the study. Some of the results are 
usable in their present form, while others require 
extensive data analysis and manipulation. 

Table 1 presents a summary of the exhaust flows found in 
the survey. The flows cited for bathroom and kitchen 
fans, clothes dryers, and central vacuum systems were 
all measured at neutral pressure: that is, they reflect 
the installed flow rates of those devices. As mentioned 
previously, there are data on the ability of these 
devices to function under other pressure levels. Figure 
3 illustrates the response of two bathroom fans, one 
relatively unaffected by house pressure and a weak one 
that stalls at about 5 Pa house depressurization, a 
level readily achievable in many new Canadian houses. 

Table 1: Exhaust Flow Results 

Device Number Mean Flow Range 
Tested (L/s) (L/s) 

Bathroom Fans 103 
Kitchen Fans 62 
Clothes Dryers 61 
Central Vacuums 24 
Chimneys at 10 Pa 

- Furnace 120 
- Fireplace 35 
- Woodstove 28 

The data for all devices can be further analyzed in 
terms of flow vs duct diameter, equivalent duct length, 
appliance age, make and model, etc. Some of this work 
has been done, or is in progress. Figure 4 gives a 
graphical representation of the flows found from clothes 
dryers, with the data from one manufacturer superimposed 



on the bar graph. 

This data can be used by researchers or designers who 
want to determine the exhaust flow rates from Canadian 
(or to some extent, North American) houses. For 
comparison, the flow rates of the intake or make-up air 
ducts in the survey averaged about 15 L/s at the maximum 
recommended house depressurization of 5 Pa. These 
intake flows fall far short of the exhaust flow rates. 

Figure 3: Flow vs. Pressure 
for Two Bathroom Fans 
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The chimney exhaust flow rates are somewhat artificial, 
in that they represent the flow through the chimney 
measured under a 10 Pa pressurization of the chimney or 
vent connector base. This has been calculated as roughly 
equivalent to the flows found due to normal operation of 
the combustion devices. Since the DTR could not test a 
chimney with a combustion device in operation, this 
level of chimney base pressurization has been used as a 
rough surrogate. In abnormal conditions (eg. very high 
firing rates, high wind, etc.), these flows will be an 
underestimate of the true flows but, for most 
conditions, the listed flows will be reasonable 
estimates. As with the fan data, the chimney flow rates 
can be further broken down in terms of chimney size, 
height, material, etc. from the survey data. 

Table 2 shows some results of duct leakage calculations 
for chimneys and forced air heating ducts. They were 
tested by pressurizing the chimney or duct with the DTR 
with the other end blocked. The leakage is quoted in 
terms of litres per second of flow at 50 Pa of positive 
pressure, normalized by the internal surface area of 
the chimney or duct. The leakage measurements were not 
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performed on every device in the survey. 

Observations by the field testers may prove as valuable 
as the numerical data collected. They suggest that the 
typical Canadian exhaust fan installations are largely 
ineffective, but that this ineffectiveness cannot be 
readily perceived. There are several instances where the 
proud homeowner waited for test results on their exhaust 
fan, only to find that it was not creating any flow. 
Exhaust outlets were plugged or inoperative, ducting was 
incomplete or too constrained, or the fans had no 
ability to move air against any depressurization. Forced 
air ducting systems distributed only a portion of the 
furnace output through the supply registers, making it 
difficult to properly adjust or balance the circulation 
system. In the 205 houses, there were a great number of 
blatant heating and ventilating deficiencies. For 
instance, in one house the barometric damper on the oil 
furnace chimney had been installed backwards and 
maintained that way for years.  his caused the damper 

Table 2: Leakage Testing Results 

Device Number Leakage ~ r e a  (cm2 per 
Tested m2 of chimney surface) 

Furnace Chimneys 62 4,8 
Fireplace Chimneys 19 15.4 
Heating System Ducts 29 13.3 



only to open under pressurization, producing smoke 
spillage into the house. When the chimney demanded more 
air, the damper would shut tightly. It is clear that 
current inspection and maintenance practices often do 
not catch such dangerous and obvious deficiencies. 

DISCUSSION 

One of the prime purposes of this project was to 
establish the exhaust flow rates found in Canadian 
housing, in order to aid in ventilation system design. 
This has been successfully completed, and the data is 
now available on such devices as kitchen and bathroom 
exhaust fans, clothes dryers, central vacuum cleaners, 
etc. The database is large enough to isolate the effects 
of duct construction, duct size, fan type, etc. and is 
available from CMHC for further analysis. 

A second project objective was to determine the 
characteristics of chimneys so that combustion appliance 
design and modeling could be accomplished with some 
knowledge of the venting system performance over time. 
Once again there is a sizeable database which can be 
manipulated to isolate the effects of chimney size, 
height, material of construction, etc. At the time of 
writing this paper, some of this analysis has been done 
(eg. see Table 2). One question that remains is the true 
form of the flow-vs-pressure and thermal 
characteristics. 

The DTR generated specified pressure differences during 
the flow vs pressure testing, at 10 Pa intervals. Refer 
to Figure 5 for an illustration of the test conditions. 
For instance, at the first interval, the hood pressure 
(Ph) minus the basement (or appliance room) pressure 
(Pb) equals 10 Pa. This does not translate to 10 Pa 
across the chimney, as the basement pressure varies 
significantly from the chimney top pressure (Pt). To 
find the actual pressure difference affecting the 
chimney flow, it would be necessary to relate Pb and Pt, 
which involves knowing outside weather conditions (wind 
and temperature) plus the location of the neutral 
pressure plane of building tested. Some of this can be 
gathered or assumed from the test data, but all 
assumptions affect the accuracy of the calculated 
characteristic. 

During parallel testing using the DTR on an Ottawa 
chimney study 6, the effects of wind and stack effect on 
the chimney chracteristic measurements became apparent. 
From previous experience on leakage flows, the 
researchers expected the flow vs pressure characteristic 



to assume the form of Q = C*PAn, where: 
Q is the flow in L/s, 
C is a constant in L/(sPaAn) 
P is the pressure difference in Pa, and 
n is the non-dimensional exponent. 

The exponent value was expected to vary between 1 for 
laminar flow and 0.5 for fully turbulent flow. The 
results in the chimney testing showed that the exponent 

Figure  5:  Chimney Testing 

values often ranged between 0.4-0.5, especially when 
testing bigger chimneys and during windy conditions. 
Wind and natural draft effects were causing an 
additional pressure difference across the chimney that 
was not included in the above calculation. The 
contractors have suggested two alternatives: accept that 
the calculated characteristics reflect the actual 
working conditions of chimneys, or use data available 
from chimney thermal testing to remove the wind and 
stack effects. At the time of writing this paper, these 
calculations have not been completed. 

Similarly, the thermal characteristics of chimneys are 
affected by their time response. Chimneys were heated 
using 1-2 kW heaters (in addition to the DTR fan heat). 
The contractor argued from preliminary testing that a 
chimney-top steady-state temperature was obtained within 
five minutes, using even such low power inputs during 
cold weather. (This is not as unlikely as it first 
appears. This input heat should be compared to the 
typical heat contained in the flue gases, not to input 
rating of the appliance.) Although householders were 
asked to refrain from using the furnace immediately 



prior to the testing, it is also likely that the 
relative amount of cooldown time, from the previous 
furnace firing, will also bias the results. More 
definitive answers will be known after further analysis. 

CONCLUSIONS 

While much of the analysis of results from the Duct and 
Chimney Survey remains to be done, there are some 
preliminary conclusions available. 
1) The duct test rig generally performed as designed. 

It proved to be relatively easy to measure the 
flows due to active devices and to establish the 
pressure-vs-flow characteristics for passive ducts. 
Some additional theoretical work is necessary to 
translate the data from fan-forced testing of 
chimneys. 

2) An adequate library of installed exhaust flows in 
Canadian housing now exists for accurate estimation 
of house ventilation rates or depressurization 
limits. 

3) The performance of the kitchen and bathroom fans, 
and the make-up air ducts used in Canadian housing, 
is far below the designed and required flows. In a 
significant number of cases, they moved almost no 
air. 

4) There are many chimneys in Canada with high air 
leakage rates that will affect their ability to 
vent. 
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SUMMARY 

A new visual method is yielded by a particular 
application of Mollier's h,x-diagram. Point fields 
(temperature and humidity) lead to a significant 
improvement upon previous graphic methods. 

Flats with mechanical balanced ventilation are drier 
and more influenced by the exterior climate than are 
with shaft ventilation system ventilated flats 
("Berlin ventilation"). 

The evaluation of the graphic representation of the 
experimental results in the form of curves permits 
rapid assessment of the experimental results. 

When the experimental data is plotted in Mollier's 
h,x-diagram, the comparison with fields of comfort 
published in the literature becomes possible, 

The display of the experimental data in Mollier's 
h,x-diagram further allows both differences between 
individual flats and seasonal behavioural changes of 
the occupants to be displayed in a small number of 
diagrams. 

INTRODUCTION 

Problems with moisture in dwellings always occur 
whenever the air humidity in inhabited rooms exceeds 
a certain value and causes damage to buildings or 
health. 
At the present time, when much housing is planned 
with closely-fitting windows and other structural 
measures to minimize consumption of energy, low air- 
exchange coefficients (/7/, p, 1193) often lead to 
moisture damage (/I/, /3/, / 5 / ,  /8-12/). 

Particularly in winter, it is difficult from the 
energy-saving point of view to introduce outside air 
into a dwelling in such a manner that the minimum 
quantity of energy is needed to heat this air. 
On the other hand, especially in winter, a continuous 
flow of outside air into the dwelling tends to dry 
the air inside. 
The attempt must therefore be made to find a 
compromise: draughty dwellings have energy costs, 
whilst well-insulated and tight dwellings may have 



such low air-exchange coefficients that the health of 
the inhabitants suffers. 

Consideration of these aspects has led to the 
emergence of various test buildings which should make 
it possible to determine the relationships between 
temperature, humidity, energy and ventilation systems 
(/5/) in inhabited dwellings. In the investigations, 
particular attention is paid to the ventilation 
systems since these significantly influence the 
interior humidity (/8/, /11/). 

2 . THE VENTILATION SYSTEMS 

The experimental building which yielded the 
experimental results and thus the h,x-diagrams was 
approved by the BMfT (Federal Ministry for Research 
and Technology) in Bonn as an experimental building, 
and was put into operation in 1983 in Duisburg, in 
order to investigate various ventilation systems 
( / l o / )  * 

Some of the flats were provided with mechanical 
balanced ventilation via air-ducts whereby the energy 
of the exhaust air is transferred to the supply air 
via a heat-exchanger. The supply air is led into the 
living area and the discharge air is exhausted from 
bathroom and kitchen. 

The second research house is an equivalent block of 
flats in the same housing estate; this building has 
another ventilation system: conventional shaft 
ventilation which is also known as "Berlin 
ventilation". Here the air is coming through the 
window rabbet or the opened window. 
Temperature and humidity were detected by four 
sensors (bedroom, children's-room, dining-room, 
living-room). 
Initial results from the Duisburg experiment are 
listed in /9/. 

Numerous measurements in the experimental flats 
yielded experimental curves with which visual 
comparison was used in an attempt to discover the 
positions at which condensation was favoured: these 
points were above all windows and outside walls. The 
surface temperature of these building elements is 
determined on the one hand by constructional factors 
(e.g. U-value ( / 7 / ,  p.128))and on the other hand by 
the interior air temperature which the occupants can 
regulate with the aid of the heating system. 
Further, initial conjectures on the influence of the 



ventilation system were made: "The highest humidity 
values were measured in flats with tightly-f itting 
windows but without mechanical ventilation" (/9/, 
p, 112). 

3, METHOD OF THE APPLIED H,X-DIAGRAM 

A new manner of representing the measured values is 
indicated by the h,x-diagrams of Mollier (171, 
p.100ff.). 
The values of temperature and relative humidity 
measured hourly during one month are plotted in the 
h,x-diagram. This yields experimentally-measured 
comfort fields which are contrasted to the comfort 
fields according to DIN 1946 (/2/) and Leudsen- 
Freymark (/5/, p.130 ff.; /8/, p.14). 

Comparison of the experimentally-measured comfort 
fields with e.g. DIN 1946 reveals agreement during 
the summer months only, whilst the experimental data 
is most nearly approached by the Leudsen-Freymark 
comfort field during the other months. 
In comparison to both comfort fields, however, the 
measured values are concentrated towards the right- 
hand edge of the comfort limits (to higher relative 
humidity). 
The following mean values define the comfort field: 

Summer : temp.: 24 " C  at 11 g/kg abs. humidity 
Autumn : temp.: 21 "C at 10 g/kg abs. humidity 
Winter: temp.: 20 " C  at 8 g/kg abs. humidity 
Spring : temp.: 21 " C  at 7 g/kg abs. humidity 

If a new comfort field is defined by the experimental 
values, this does not lie parallel to a constant 
temperature as is the case for the above-mentioned 
fields, but rather lies along a relative humidity of 
approx. 55 %. 
The course at constant relative humidity is 
especially conspicuous for measurements made during 
the winter months. It becomes clear that the interior 
relative humidity remains approximately constant 
despite fluctuating interior temperatures, whilst the 
absolute humidity varies with the tempe'rature. 

This does not however mean that the flat becomes 
absolutely dryer when it is heated more, but that the 
water content of the air increases, and the relative 
humidity remains almost constant. A possible cause is 
absorption and desorption from walls and furniture. 



The h,x-diagrams -for the summer (Figs. 1 . 1  and 2 . 1 )  
show that the values for all interior rooms are 
concentrated around a nucleus at about 2 5  " C  and 50 % 
- 60  % relative humidity, similar to the exterior 
weather data. According to the number of occupants it 
is more humid or drier. 

In autumn (Figs. 1 . 2  and 2 . 2 ) ,  the temperatures are 
lower. The relative humidity increases significantly, 
and decreases somewhat as winter approaches. 

In winter (Figs. 1 . 3  and 2 . 3 ) ,  different comfort 
fields are found for different rooms, which will 
certainly be the result of attempts by the occupants 
to save energy by keeping the room doors closed as 
far as possible. 

Towards spring (Figs, 1 . 4  and 2.4), the comfort 
fields are less dispersed. The bedrooms are still 
cold, whilst the first rays of the sun raise the 
living-room temperatures somewhat (south-facing 
living-rooms). Since heating continues to be 
required, the living-rooms remain warmer. The zone of 
comfort follows a constant relative humidity in this 
case too. 

The high relative humidity - about 85 % - in autumn 
(Fig. 2.3) of flats with "Berlin ventilation" is of 
interest. Although walls and furniture store 
moisture, this property has only a short time-span of 
one or two days. 

The main proportion must therefore arise from 
exterior humidity. As soon as the sun shines, the 
occupants open the windows, and exterior air streams 
into the flats. When the weather deteriorates, the 
windows are at once shut, and the moisture remains in 
the flat because the "Berlin ventilation" cannot 
transport so much exhaust air. 
Since the autumn weather is generally very 
changeable, and the flats are heated irregularly, the 
high humidity remains in the flat until winter when 
heating is continuous. 

The method of applied h,x-diagrams permits a rapid 
and simple visual comparison of flats throughout the 
year, whereby the influence of the occupants' 
lifestyle too (e.g. the closing of doors) can clearly 
be recognized. 



h,x-diagram: representation for flats with balanced ventilation 
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h,x-diagram: representation for flats with balanced ventilation 
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ABSTRACT 

Displacement flow systems are becoming popular, especially in 
Scandinavia, for comfort ventilation. In these systems air is supplied 
near the floor at low velocity (see Fig. 1); the temperature of the 
supply air is,a few degrees below that of the air in the room. The 
supply air is heated by persons and/or machinery in the room. 
Turbulent plumes are formed above these heat sources. Apart from the 
plumes, the flow in the room is divided into two zones: a lower zone 
(the occupied zone) to which clean cool air continuously is supplied, 
and an upper zone (above the occupied zone) where contaminated warm 
air is recirculating. 

In the present study, the flow in displacement flow systems (a water 
box model) has been calculated using finite difference methods; the 
results have been compared with experimental data, and the agreement 
is reasonably good. 



NOMENCLATURE 

constants in the turbulence model 

turbulence generating source term in the k and E -  

equations 

turbulence generating source term due to buoyancy in 

the k and €-equations 

acceleration due to gravity 

turbulent kinetic energy 

length of a side of the cubical room (see Fig. 2) 

nominal time constant (= number of air changes/hour) 

pressure 

heat source 

source term of general variable 

0 
temperature in C 

mean velocity in x, y and z-directions, respectively 

mean velocity in x - direction 
i 

volumetric flow rate 

horizontal Cartesian coordinate (see Fig. 2) 

Cartesian coordinate in the i-direction 

horizontal Cartesian coordinate (see Fig. 2) 

vertical Cartesian coordinate (see Fig. 2) 

z the z-level of the front (see Fig. 1) front 

Greek symbols 
p coefficient of thermal expansion 
T time 

time step 

exchange coefficient of dependent variable 



dissipation of turbulent kinetic energy 

Subscrivts 
in 

out 

ref 

dynamic viscosity (laminar, turbulent and effective, 

respectively) 

density 

laminar Prandtl number 

turbulent Prandtl number for k, t and E , 

respectively 

dependent variable 

inlet 

outlet 

reference value for the room 

1. INTRODUCTION 

Displacement flow systems have been used for industries with heavy 
heat loads for many years [1,2]. In Scandinavia this type of ventila- 
tion system has also become popular for comfort ventilation in rooms; 
here persons, machinery, lighting etc. constitute the heat loads. The 
features of* this new displacement flow system and the traditional 
mixing ventilation are given below. 

Mixing flow svstems 
In these systems the air is supplied through a small inlet device 
near the ceiling (or in the ceiling) at relatively high velocity. A 
jet, or wall jet, is formed and it entrains the air in the whole 
room. This gives a nearly uniform distribution of temperature and 
contaminant throughout the room. 

Displacement flow svstems 
The air is supplied at low velocity through a large inlet device 
near the floor; the temperature of the supply air is cooler than 
that in the room. The cool air is heated by the heat source (see 
Fig. 1). A plume is formed above the heat source due to the higher 
temperature there (the density is lower) than in its surroundings. 
The volume flow rate in the plume entrains the surrounding air, and 
the flow rate in the plume increases with height. At the vertical 
level z (the z-level of the front, see Fig. 1) the flow rate front 
in the plume is equal to total ventilation flow rate. The flow in 
the room is divided into two zones at the front: a lower zone with 
clean cool supply air, and an upper zone where contaminated heated 
air is recirculating (for further details, see Section 3). 

As displacement flow systems are now increasingly replacing the tradi- 
tional mixing flow systems, it is of great interest to perform a 
numerical study of the flow in a displacement system. The object of 



the present study is to calculate the flow in such a configuration 
using finite-difference methods, and to compare the calculated results 
with experimental data [3] in order to investigate how well such flows 
can be predicted using finite-difference methods. No such investiga- 
tion has, to the best of the author's knowledge, previously been 
carried out. 

Figure 1. A schematic figure for a displacement flow system. 

The experiments (and the calculations) were carried out in a water box 
model; water was chosen as medium because it is easier to carry out 
visualization experiments in water. 

The finite difference method used is briefly presented in Section 2, 
and in Section 3 the function of displacement flow systems is 
described. Results are given in Section 4, and conclusions are drawn 
in Section 5. 

2 SOLUTION PROCEDURE 

The computer program by Davidson and Hedberg [4] has been used. The 
program solves equations of the type 

by expressing them in finite difference form. The finite difference 
equations are solved by a method which is based on the SIMPLEC proce- 
dure by Van Doormal and Raithby [5]. The four main features are [6]: 



Table 1. Definition of I' and S for conservation equations 4 d 

Equation d r d 
S d 

Continuity 1 0 0 

Momentum U 'eff 
- ap/ax 

Momentum V 'eff - ap/a~ 

Momentum W 
'eff -a~/az + pPg 

Temperature t P/aR+P t/a 0 

Turbulence energy k 'lef flak 
G - p e + G  B 

Turb. dissipation E 'eff/aE E/k[C1c(G+GB)- C 2 E ~ E I  

Notes: 

2. Turbulence constants [7] 
C = 0.09 ; CIE= 1.44 ; C = 1.92 ; a = 1.0 ; a =1.3 

EL 2 E k E 
a = 0.9 
t 

i) use of staggered grids for the velocities; 

ii) formulation of the difference equations in implicit, conserva- 
tive form, using hybrid upwind/central differencing; 

iii) rewriting of the continuity equation into an equation for 
pressure correction, where the latter is used to correct the pres- 
sure and the velocities; and 

iv) iterative solution of the equations. 

A transient formulation was adopted as a convenient means of introduc- 
ing relaxation into the iterative solution. When only the steady-state 
solution is of interest, the time step, A T ,  is used as a free 
parameter through which the convergence rate may be optimized. 



In the present calculations the dependent variable in Eq. (1) takes 
the following forms: U, V, W, t, k, E and 1 (continuity equation). The 
corresponding coefficients, rd, and sources, d , are defined in Table 

1. The Boussinesque approximation was used for the gravitation term in 
the W-momentum equation. 

2.1 Boundary Conditions 
The xz-plane y = L/2 is a symmetry plane (see Fig. 2), and the cal- 
culations were consequently carried out in one half of the room only 
(O<y<L/2). At the symmetry plane zero gradient was imposed for all 
variables except for the V-velocity, which was set to zero. 

Constant profiles were used at the inlet. The inlet velocity and tem- 
perature were set according to the experiments; the turbulent 
quantities were set to zero since the flow through the inlet was con- 
sidered to be laminar (for n=2 the Reynolds number based on the inlet 
velocity and height of the inlet was 280). 

Conventional wall-functions [7,8] were used for velocity components 
parallel to the walls, k and E at all walls; zero heat flux (adiabatic 
walls) was applied for the temperature. 

At the outlet the exit velocity was set according to mass balance and 
zero stream wise gradient was imposed for the remaining variables. 

The heat source in the middle of the room (see Fig. 2) was evenly dis- 
tributed in the volume bounded by the dotted lines. 

Figure 2. Configuration. The room is cubical with side-length L (=0.5 
m). The height of the inlet is 0.2L. xz-plane y=L/2 is a symmetry 
plane. A heat source, Q, is introduced (uniformly distributed) in the 
region bounded by dotted lines in the middle of the room 
(0.48<x/L<0.52, 0.48<y/L<0.52, O<z/L<O.22) 



3 .  VENTILATION BY DISPLACEMENT 

In displacement flow systems the clean air is supplied through a large 
inlet near the floor, and the air is extracted near the ceiling; the 
temperature of the incoming air is a few degrees below that of the 
room temperature. Figure 1 shows schematically how ventilation by dis- 
placement works. The incoming air is heated by persons and/or 
machinery in the room, and the heated (and contaminated) air rises due 
izo buoyancy. Above the heat source a turbulent buoyant plume is formed 
which entrains surrounding air on its way upwards; thus the air flow 
rate in the plume increases with height. When the air in the plume 
reaches the ceiling it spreads laterally. As the air flow rate in the 

plume ('plume ) is normally much greater than the total ventilation 

flow rate (tin), a fraction (P - $. ) cannot, due to continuity, plume In 
be extracted through the outlet, but it must turn downwards. At each 
horizontal plane above the heat source the upward directed air flow 
rate in the plume must, due to continuity, exceed the downward . 
directed flow rate by the total ventilation flow rate, Vin. At the z- 

level where the air flow rate in the plume is equal to the total 
ventilation flow rate, the downward directed flow will turn upwards 
again; this z-level is called the front. 

In this way the flow in the room is divided into two zones: 

i) the lower zone to which clean air is supplied (except in the 
plume where contaminated air is moving upwards); 

ii) the upper zone where contaminated air is recirculating. 

The plane which divides these two zones is called the front. It is, of 
course, desirable that the front is located above the occupied zone. 

When ventilation by displacement is compared with traditional mixing 
ventilation, the following points are worth noting. 

i) In mixing ventilation the contaminants are dispersed evenly in 
the whole room. This implies that, when the flow is stationary, the 
conditions in the room are the same as at the outlet. The aim of 
ventilation by displacement is to keep the contaminants isolated by 
quickly displacing (transporting) them to the region above the oc- 
cupied zone. In the ideal system this means that the conditions in 
the occupied zone are the same as in the supplied air. 

ii) Stagnation zones with low ventilation efficiency are often 
formed in mixing ventilation, whereas in ventilation by displace- 
ment this does not usually occur. 

iii) For a given ventilation air flow rate the z-level of the front 
is strongly dependent on the heat load, and the higher the heat 
load is, the lower the z-level of the front will be. The location 
of the front is a crucial parameter for the performance of the dis- 
placement flow system. It may happen that the front is located in 
the occupied zone [ 9 ] ,  which, of course, is not desirable. 



iv) In office buildings'cooling is needed almost throughout the 
year (even in Scandinavia!). Since, in displacement systems, the 
cool air is in the occupied zone (and the heated air above) less 
cooling effect (less under-temperature on the supply air) is needed 
in these systems compared with mixing flow systems. 

4 .  RESULTS 

The flow in a three-dimensional room is calculated, see Fig. 2. The 
width of both the inlet and the outlet is equal to the width of the 
room. In the middle of the room near the floor a heat source is intro- 
duced (dotted region in Fig. 2). The medium is water, and the inlet 

0 
temperature is around 13 C. Sandberg and Lindstrom [lo] and Sandberg 
[3] have carried out a number of experimental investigations on this 
configuration in which vertical temperature profiles have been 
measured; the calculated results are compared with these data. More 
details can be found in [8,11]. 

Table 2. Data for five different cases. 

Case Q*WI n[l/hl ui,[m/sl 

* 
Note that only Q/2 is introduced in the calculations, since the cal- 

culations are carried out in one half of the room only (y = L/2 is a 
symmetry plane). 

Calculations are carried out for five steady flow cases, see Table 2. 
All cases have been calculated using a rather coarse numerical grid 
with 19x11~18 nodes. Case 4200 has also been calculated using a finer 
grid with 35x19~38 nodes. In all figures presented below, the coarse 
grid has been used unless otherwise stated. 

The calculated velocity vectors for Case 4200 are shown in Figs. 3-5. 
It can be seen that the flow goes from the inlet towards the opposite 
wall. Near the heat source (x/L=0.5, y/L=0.5), the flow is, due to 
buoyancy, lifted up towards the ceiling, and a turbulent buoyant plume 
is formed. At the xz-planes where the heat source is introduced 
(y/L=0.5, see Fig. 3b), the direction of the flow is changed from 
horizontal in the positive x-direction to vertically upwards; in the 
other xz-planes the direction of the flow is not changed so much, see 
Fig. 3a. 



Figure 3. Calculated velocity vectors. Case 4200. xz-plane. a) 
y/L=O.l, b) y/L=0.45. 



Figure 4. Calculated velocity vectors. Case 4200. yz-plane. a) 
x/L=O.l, b) x/L=0.5, c) x/L=0.9. 
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Figure 6. Calculated velocity vectors. Case 4200, fine grid. xz-plane, 
y/L=O .45. 

Figure 7. Temperature profiles along a vertical line at x/L=0.5, 
y/L=O.l. Case 4200. Solid line: calculations, fine grid; dashed line: 
calculations, coarse grid; markers: experiments [ 3 ] .  



The calculated velocity vectors shown in Fig. 6 were obtained using 
the 35x19~38-node grid. When these results are compared with those ob- 
tained using the 19x11~18-node grid (Figs. 3-5), it can be seen that 
the flow patterns are very similar. The calculated temperature profile 
along a vertical line, obtained with the fine grid, is compared with 
that obtained with the coarse grid in Fig. 7, and, again, the results 
predicted using the two grids are very similar. 

The calculated temperature profiles along four vertical lines for Case 
4200 are compared with experimental data in Fig. 8a. It can be seen 
that the calculated results agree well with the experimental data; the 
experimental temperatures near the ceiling are, however, somewhat 
higher than the calculated ones. The reason for this may be that in 
the experiments warm water is trapped at the ceiling because the out- 
let is situated at some distance below the ceiling, or it may be that 
the ceiling is insuffiently insulated (the surrounding room tempera- 

ture in the experiments was approximately 20'~ [ 3 ] ) . 

In Fig. 8b the calculated temperature profiles for Case 4600 are com- 
pared with experiments. Here the experimental values are larger than 
the calculated ones. It should be noted that this already is the case 
already near the floor, which might be due to the possibility that in 
the experiments the water has been heated on its way from the inlet to 
the measuring points (which are located near the wall opposite the 
inlet). This heat may come from outside the water box model due to in- 
sufficient insulation of the walls, or it may be that heat diffuses 
from the plume or from the upper part of the room to this region. The 
question of how well the walls are insulated in the experiment is 
easily answered by checking how well the global heat balance is . 
satisfied [heat source=pV 

in (tout 
- tin)]. In Case 4200, 68 Watt is 

leaking through the walls, and in Case 4600 90 Watt. In the former 
case most of the heat seems to come through the ceiling. The diffusion 
from the plume and/or from the upper part of the room is probably more 
important in Case 4600 than in Case 4200, since the turbulent diffu- 
sion is larger in Case 4600, due to the velocities and the velocity 
gradients being larger. Another problem in the experiments for Case 

4600 is that the inlet temperature drifts between 12.5 and 12.8'~; 
tin= 12.6 has been used in Fig. 8b (as well as in Figs. 14-15, see 

below). This drift of the inlet temperature can also be the reason for 
why the experimental temperatures near the floor are higher than the 
calculated ones. Despite the discrepancies between the experimental 
and the calculated temperature profiles, their form is very similar. 

It is further seen in Fig. 8 that the calculated temperature profiles 
are all very similar, which shows that the temperature is nearly a 
function of z only, i.e. t = function(z). 



t-t in 

0.0 
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Figure 8. Temperature profiles along vertical lines'. Line 1: x/L=O.l, 
y/L=O.l; line 2: x/L=0.9, y/L=O.l; line 3: x/L=O.l, y/L=0.4; line 4: 
x/L=0.9, y/L=0.4. Markers: experiments [3]. a) Case 4200. b) Case 4600 



Figure 9. Calculated horizontal W-velocity profiles. z/L=0.1,0.2, . . . ,  
0.9. Case 4200. Solid lines: fine grid; dashed lines: coarse grid. a) 
xz-plane, y/L=0.5, b) yz-plane, x/L=0.5. 



Figure 10. Calculated horizontal temperature profiles. z/k0.1,0.2, 
. . . ,  0.9. Case 4200. Solid lines: fine grid; dashed lines: coarse grid. 
a) xz-plane, y/L=O.S, b) yz-plane, x/L=0.5. 



Horizontal W-velocities and temperature profiles for the planes x/L = 

0.5 and y/L = 0.5 are presented in Figs. 9-10. Outside the plume, it 
is striking how constant both the W-velocity (which is close to zero) 
and the temperature are. The flow is very stratified outside the 
plume, and moves horizontally along the isothermals; this was also 
found by the author [12], where the flow in three-dimensional ther- 
mally ventilated rooms was calculated. Further it can be seen (in 
Figs. 9-10) that the profiles predicted with the two different grids 
differ rather much from each other. The profiles predicted with the 
coarse grid are somewhat asymmetrical around the mid-plane x/L .= 0.5, 
which shows that the plume is affected by the inlet wall jet, and that 
the plume is pushed away from the inlet by the wall jet. This 
phenomenon is, however, caused by the coarseness of the grid. Despite 
these differences between the predictions with the two grids, the 
predicted values of the z differ not more that 5 percent (see front 
below). 

0.1 
0.1 1.0 10.0 

Flow rate in plume 

Figure 11. Calculated flow rate in the plume scaled with the total 
ventilation flow rate. Case 4200. Solid line: fine grid; dashed line: 
coarse grid. 

A parameter which is of great interest to an engineer who is designing 
a displacement flow system is the flow rate in the plume; when this 
parameter is known the value 

of the 'front is easily obtained 

(z=z where = $. ) . The flow rate in the plume as a function front plume ~n 
of the vertical coordinate, z, is shown in Fig. 11, and, as can be 
seen, the discrepancy between the flow rate predicted with the two 
grids is rather large; this was to be expected, as the W-velocities in 
Figs. 9a and 9b are rather different. The flow rate in the plume as a 
function of z was calculated as 



The area of the plume, 6A(z), in the integral is thus defined as the 
region where the W-velocity at the z-level in question is larger than 

XWmax(z) LWmax 
(z) is the maximum W-velocity at level z]. The factor X 

was chosen as 0.05; an increase of X to 0.1 altered the calculated 
flow rate less than 5 percent. According to Chen and Rodi [13] the 

m 
flow rate in a plume varies as z where m = -5/3; the flow rate 
predicted with the fine grid gives m = -1.52 for z/L<O.6. For larger z 
the flow rate increases at a much lower rate, because the temperature 
difference between the plume and its surroundings (which is the driv- 
ing potential for the plume) decreases. 

From the flow rate in the plume the value of the z is, as men- front 
tioned above, easily calculated. For the coarse grid z /L=0.74 is front 
obtained, and for the fine grid, z front /L=0.68 (Case 4200); for Case 

4600 the value 0.62 is obtained. 

It is not clear how to define the experimental value of the zfront 

from temperature profiles; if the z is defined as the average of 
front 

the two levels where: 

i) the temperature exceeds the inlet temperature by At; and 

ii) the temperature is At below the temperature at the ceiling or, 
rather, below the outlet; 

where At is, say, 0. 1°c, then the experimental values z 
front /L=o .45 

for Case 4600, and z /Ls0.7 for Case 4200 are obtained. The calcu- 
front 

lated value thus agrees well for Case 4200, but less well for Case 
4600. It is hard to tell whether this discrepancy is due to inac- 
curacies in the experiments or in the calculations, and it should be 
remembered that the front is not very distinct for this case, since 
the temperature increase from minimum to maximum occurs over a very 
long distance (=0.4L). 

What happens when the heat load is increased? The velocity and the 
flow rate in the plume should increase and, consequently, the value of 
the z should decrease. This is because the larger the heat source 

front 
is, the larger the flow rate in the plume, and the lower the z-level 
where the flow rate in the plume is equal to the total ventilation 
flow rate, i.e. where z-z 

front (see Section 3). In Fig. 12. the cal- 

culations with different heat loads (4200, 4300, 4400, 4600) are 
presented. It is seen that the value of the zfront does decrease with 

increasing heat load as expected. 



Heat S a r c e  CkWl 

Figure 12. Calculated zfrOnt /L as a function of the heat load. Cases 

4200, 4300, 4400, 4600 

Figure 13. Calculated velocity vectors. Case n4. xz-plane, y/L=0.45. 



Whereas a higher heat load gives a lower value of the z 
front ' a larger 

total ventilation flow rate (higher inlet velocity) gives the opposite 
result: a higher position of the front. Calculations with different 
inlet velocities were carried out in order to plot the position of the 
front versus the number of air changeshour, n. It was found, however, 
that the inlet wall jet disturbs the plume for high velocities, see 
Fig. 13. It can be seen that near the floor the wall jet passes the 
heat source (at x/L=0.5) without being lifted (compare Figs. 3b, 6). 

4.1 Com~utational Details 
All calculations have been performed on a VAX 2000, which is about 
half as fast as a VAX 785 for this type of application. The CPU time 
required for a convergent solution varied between 26 hours (Case 4200) 
and 48 hours (Case 4600) using the coarse grid. The CPU time using the 
fine grid was approximately 80 hours. Time steps of five seconds were 
used, and two to four thousand time steps were needed in order to get 
a convergent solution. 

It is well known that for buoyancy driven flows (as in displacement 
flow systems) it is hard to get convergent solutions [14,15]. For Case 
4600 no steady solution could be obtained, but the flow had to be cal- 
culated transiently. The time variation of the flow was, of course, 
very small after 60 minutes in real time. 

5. CONCLUSIONS 

The flows in displacement flow systems have been calculated and com- 
pared with experimental data. The predicted flow pattern was shown to 
agree reasonably well with experiments. The calculated results show 
the typical, for displacement flow systems, division of the flow into 
two zones: one lower well ventilated zone, and one upper zone where 
warm fluid is recirculating. The calculated temperature profiles have 
been compared with experimental ones, and the agreement was good in 
one case (Case 4200), but less good in Case 4600. It is hard to tell 
whether the reason for this discrepancy is inaccuracies in the experi- 
ments or in the calculations. 

The z-level of the front (see Fig. 1) was well predicted in Case 4200 
(it differed less than 5 percent from the experimental value), but it 
was less well predicted in Case 4600 (25 percent lower than the ex- 
perimental value). The front is, however, not very distinct for this 
latter case, since the temperature increase from minimum to maximum 
occurs over a very long distance (-0.4L). 

The present calculations have been carried out in a water box model 
[3], which has different Reynolds numbers and Archimedes numbers than 
a full scale room with air as medium. There is a need for more numeri- 
cal studies of the flow in full scale rooms in order to further 
investigate the feasibility of finite-difference methods in calculat- 
ing the flow in displacement flow systems; in such calculations, heat 
radiation effects should be taken into account. 
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Discussion 
Paper 20 

B. Fleury (ENTPE LASH, France) 

1. Did you use free boundary conditions at the outlet? 
2. What type of computer did you use and how long does it take to converge (CPU)? 
Lars Davidson (Chalmers University of Technology, Sweden) 
1. Boundary conditions at outlet is unigradent conditions. 
2. Vb;u 2000 workstation CPU-time 26-80 hours depending on case. 8600 longest. mth Dec3100 worksta- 
tions which are used today the corresponding CPU-time would be 2-3 hours. 

G Gottschalk, (ETH Zurich, Switzerland) 

You have presented the solutions for vertical location of the front for powers 200 and 600 W in water 
experiment. What figures would you propose for thermal loads equivalent to their experimental date if 
recalculated to reality i.e. aidfull scale and expressed in w/m2 of the floor? 
Lars Davidson, (Chalmers University of Technology, Sweden) 
I do not know since in a full scale room (with air as medium) the Reynolds number is two orders of magni- 
tude larger thin the water box model and the Archimedes number is three orders of magnitude larger. 

Mike Holmes (Ove Arup , London, UK) 

Did you use the properties of water in your simulation or assume the water model represented air? The 
thermal conductivity is significant so if temperature difference is used as the driving force it is unlikely 
to represent the performance of real systems. Have you considered the use of saline solutions to gener- 
ate density differences? Much work has been done in the Department of Applied Mathematics, Cam- 
bridge, England by Paul Linden. 
Lars Davidson (Chalmers University of Technology, Sweden) 
Zdid use the properties of water; laminar Prandtl number, and coejjicient of thermal expansion. Z have not 
considered me of saline solutions but I would be interested to learn about your experiences. 

David Harrje (Princeton University, USA) 

To model a room situation, in our case with solar heating, we have used ethylene glycol and color 
schlieren to thermally map flow. At MIT, they have explored such modelling as well. Both studies were 
concerned with nondimensional factors, Re, Nu, etc. Perhaps those studies can help you in your re- 
search, and I will send you those reports. 
Lars Davidson (Chalmers University of Technology Sweden) 
That sounds interesting. I would be glad to have some of your reports. 





PROGRESS AND TRENDS IN AIR INFILTRATION AND 
VENTILATION RESEARCH 

10th AIVC Conference, Dipoli, Finland 
25-28 September, 1989 

Paper 21 

DISPLACEMENT VENTILATION FOR OFFICE BUILDINGS 

B. KEGEL AND U,W. SCHULZ 

Sulzer Brothers Limited 
CH-8401 Winterthur 
Switzerland 



DISPLA NT TILATION FOR OFFICE BUILDINGS 

A test room with a Displacement Ventilation System has been 
built. Air velocity and temperature profiles were measured 
at different places in the room under summer and winter 
conditions. 

Additional numerical simulations for the same conditions as 
in the experiment were performed. The measured and calculated 
values showed good correspondence. 

An office room is normally not occupied permanently, 
therefore its transient behaviour was also investigated. 
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5. Transient Behaviour of the Test Room 

6. Summary 
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INTRODUCTION 

The idea of using the Displacement Ventilation System 
for the air conditioning of office buildings is be- 
coming more and more popular nowadays. Nevertheless, 
many building owners and designers have reservations in 
applying it. 

On the other hand, numerous results from R&D projects 
and field measurements relating to displacement systems 
are already available. Performance has been good, and 
according to the application the system presents 
advantages compared to Mixing Ventilation- 
~ y s  tems . 
The demand for better and more efficient systems is gro- 
wing with our increasing comfort requirements in 
buildings. 

It is not only the behaviour of the room with a displa- 
cement system that is not yet exactly known. Human 
perception and its effect on the momentary requirement 
for comfort also are not sufficiently understoqd. 

Thus today's investigations on displacement ventilation 
have to deal with the air flow patterns and temperature 
distributions in the room, as well as with the sensati- 
on of comfort of human beings, a rather complex situati- 
on, as the comfort problem does not have a simple solu- 
tion. 

To find some practical solutions, we tested two typical 
cases: 

a) a winter condition, with and without add,itional 
heating 

b) a summer condition with two different local dist-' 
ributions of the solar heat load. 

For both, the measurements and their impact on comfort 
were discussed. 

In addition, both cases were calculated with the 
AIRCOND numerical simulation program. Simulation was 
performed before the experiments. 

These experiments describe the situation for steady sta- 
te conditions. As the time constant of an office room 
is of the same order of magnitude as the daily working 
hours. the transient behaviour of the room was also in- 
vestigated. 



2, TEST ROOM 

An office for two persons (15 m2/person) was built as 
a test room in our laboratory. Floor plan and 
measuring points are shown in Fig. 2.1. 

The room represents a typical office having one 
outside wall with windows. 

Internal Wall 

al u 
3 
m 
U. 

Pig. 2.1 Floor plan of the test room with furniture 
and location of the internal loads. In addi- 
tion the measurement points for the tempera- 
tures and air velocities are indicated. 

Dimensions : 6.70 x 4.50 x 2.65 m 

Room volume : 80.0 m3 

Floor heating : 20. .33OC 

Radiators : 2 x 0..600 W 
Below the window 

Ventilation system : Displacement outlet 
REPUS RAC 25-10 
Surface area 0.95 m2 
Air volume 0..820 m3/h 
Temp. 12. . 20 °C  



Internal load 

Windows 

: 2 persons 2 x 80 W 
2 PCs 2 x 120 W 
Lights 464 W 
Extract light fittings 

: 2 x 3.1 m2 
Temp. 8..20°C 

Walls : U value 0.25 w / m 2 ~  
M* (spec. mass) 50 kg/m2 

Temperature measurement : Fe/CuNi elements 
Time const. 1 sec 
Range -200..9OO0C 

Air velocity measurement: Sulzer Low-Velocity 
Hot-Wire Anemometer 
Time const. 0.1 sec 
Range 0.04..0.50 m/s 

3. EXPERIMENTAL INVESTIGATIONS 

Related to displacement systems, mostly the maximum 
internal heat load is mentioned. For all-air systems, 
it will be around 30 w/m2, for certain situations even 
as high as 40 w/m2. 

Since in practice lower heat loads often occur, the 
measurements were taken for different conditions. For 
the maximum internal load during summer condition, the 
temperatures and air velocities were measured at diffe- 
rent locations in the room. The same measurements were 
taken for winter conditions, where the internal load 
compensates for the transmission heat loss of walls 
and windows. 

The aims in both cases were to: 

1. investigate the stability of the air flow in the 
room and 

2. measure and assess the temperatures and air veloci- 
ties with regard to comfort criteria. 

3.1 Winter Conditions 

For comfort reasons, the cold air downdraft from win- 
dows is often compensated with radiators below 
the window. 



With new windows having a U value between 1.3 and 
2.1 w / m 2 ~  and mixing ventilation, radiators do not ne- 
cessarily have to be underneath the window. Whether 
this would apply also for rooms with a displacement 
system was tested in two similar cases: with and 
without radiator. Details for both cases are listed in 
Table 3.1. 

All the measurements were made at steady state con- 
ditions with a constant air inlet temperature. No 
control for the room temperature was used. 

Winter without Winter with 
heating heating 

Persons 

PCs IWI 2 x 120 2 x 120 

Lights [wl - - 

Radiator [wl - 270 

Window [wl -250 -280 

Tot.int. spec. load [w/m2] 13 

Air change rate [l/hl 4 

Air inlet temp. roc] 19.3 19.5 

Table 3.1 Internal load, transmission losses and key 
data of the ventilation system for winter 
conditiops. 

Air velocity and temperature profiles for both win- 
ter cases are shown in Fig. 3.2. The most impressive 
result is the small temperature gradient within the 
occupied zone. This was found to be true even when 
the radiator was used, thus the assumption was 
disproved that the air rising from the radiator 
would induce so much room air that stable air 
stratification is disturbed. 

Both winter cases have similar air velocity and tem- 
perature profiles in the occupied areas. Most criti- 
cal for the comfort are the first few centimetres ab- 
ove the floor (supply air layer). There the veloci- 
ties are below 12 cm/s and the temperature is 
20,s OC, leading to a FANGER PPD rate of less than 
10 %. 
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Fig. 3.2 Air velocity and temperature profiles for 
the winter case with and without radiator 
heating. 

The two experiments were made with low values of 
internal loads (13 w/m2 and 22 w/m2). 
Additional experiments with lighting showed that the 
characteristics of the air velocity are not 
influenced. The room temperature increases by 1.0 K 
below the ceiling and by 0.2 K at foot level, cor- 
responding to 25 % of the installed electrical power. 



The above results apply only for walls and fenestra- 
tions with low U values. The U values we simulated 
were: 

Wall 0.3 w/mZK 

Fenestration : 1.4 w / ~ ~ K  

For offices with more than one exterior wall, 
further investigations are necessary. 

As it is not possible to provide space heating with 
a displacement system, an additional heating system 
would always be necessary providing heat during 
nights and weekends. If the internal heat load com- 
pensates for the transmission losses, it is possible 
to shut off the heating without any loss of comfort. 

For buildings with less insulated windows, the 
radiator heat load may be reduced in accordance with 
the internal load during occupation. In this case 
the window sill construction has to be optimized to 
obtain the best possible configuration of the 
downward and upward air flows along the window. 

3.2 Summer Conditions 

During summer. the transmission heat for well insula- 
ted facades is of minor importance. However the heat 
gained by solar radiation through the windows may 
represent a substantial addition to the internal 
load of the room. 

The temperature gradient in the room is affected by 
the capability of the walls to absorb the solar 
radiation. Surfaces having a slightly higher tempe- 
rature than the room air emit their energy mainly 
through radiation. In cases where the temperature is 
increased, the convection heat exchange becomes more 
intense. And with more convection, the temperature 
gradient in the room also becomes bigger. 

The designer has some influence on the effect of the 
heat gains from solar radiation in the space by se- 
lecting proper materials and colours. Having for 
example a light coloured floor, the reflectivity is 
increased, thus a uniform distribution of the heat 
within the space and a small temperature gradient 
may be achieved. On the contrary, internal heat 
gains from people, PCs etc. are independent of the 
colour of the sufaces, as the absorbtion coefficient 
for long wave radiation is constant. 



In the summer case 1, solar radiation of 1010 W 
(34 w/m2) was distributed over the entire floor. 

In the summer case 2, 530 W (18 w/m2 for the entire 
floor area) was distributed over one quarter of the 
floor area near the window; a somewhat more reali- 
stic case, as during summer the solar radiation does 
not reach the far end of the room. A comparison of 
both cases demonstrates the important influence of 
the heat distribution on the temperature and 
velocity profiles within the room. 

Details of both cases are listed in Table 3.3. 

Summer 1 

Persons [wl 2 x 80 

PCs [WI 2 x 120 

Lights M I  - 

Solar radiation [W] 1010 

Tot. spec. load [w/m2] 47 

Air change rate [l/h] 6 

Air inlet temp. [OC] 16,9 

Summer 2 

2 x 80 

2 x 120 

- 

530 

31 

6 

19,3 

Table 3.3 Internal load, solar radiation heat load 
and key data of the ventilation system 
for summer conditions. 

With regard to the comfort requirement the situation 
with the heat load over the entire floor (summer 
case 1) was found to be better than the case where 
the heat is only emitted in the window area. 

The characteristic values at the desk area are: 

Summer 1 Summer 2 

Temp. gradient : 2.0 W0.1-1.3 m 2.9 W0.1-1.3 m 

Velocity at 0.1 m: 0.15 m/s 0.20 m/s 
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Figure 3.4 shows how the air temperature rises over 
the heated floor area in case 2. The heated air 
causes high air velocities in the window area. On the 
other hand, the air velocity near the outlet is high- 
er in case 1. This is due to the increased tempera- 
ture difference between the supply and the room air. 

For the influence of the outlet construction on the 
air velocity distribution, see H.M. MATHISEN 1988 
and P.V. NIELSEN et.al. 1988. 

The major differences between the two summer cases 
were in the energy density and the area of the hea- 
ted floor. 

With 70  w/m2 in the window area of case 2, the floor 
temperature was higher and therefore the convective 
heat exchange more intensive than for case 1. This 
convective heat flow caused the high temperature 
gradient in case 2, although the solar heat gain of 
case 1 was twice that of case 2. 

As a design guideline it can be said that surfaces 
impinged by solar radiation should be of light co- 
lour and of a material with a high energy absorbtion 
capacity, so that the surface temperature can be 
kept as low as possible. 

In addition to the above-mentioned recommendations, 
solar protection devices should be installed on all 
sun-orientated windows, as the unprotected solar ra- 
diation often exeeds the allowed internal load. 

4. RICAL SIMULATION OF ERATURES AIR 
VELOCITIES 

The experiments as described above were simulated 
with the numerical program AIRCOND. 

The characteristics of AIRCOND are as follows: 

- finite volume method 
- 3-dimensional 
- nonsteady flow 
- incompressible flow 
- laminar / turbulent flow 
- logarithmic wall function 
- Newtonian fluids 
- cartesian coordinates, orthogonal grid 
- boundary conditions on walls fixed 
for either temperature or heat flux 

- turbulence : k-E model 



The results of the simulation and the experiment for 
summer case 2 are compared in Fig. 4.1. This example 
is also representative for the other cases, as the 
results are similar. 

It is interesting to observe the similar shape of 
the computed and measured velocity and temperature 
distribution shown in Fig. 4.1. 

The velocity profiles coincide extremely well. Most 
of the differences of 1 to 3 cm/s are caused by 
having only 6 measurement points in the height of 
the rooms, whereas with the simulation 18 points 
were calculated. 

For the measuring points 5 to 8 at floor level, the 
calculated velocities are up to 4 cm/s below the mea- 
sured ones. The reasons for this are not yet 
completely understood. 

The deviations of the temperatures exceed those of 
the velocities. All the calculated values are syste- 
matically about 1 K lower than the measured ones. 
Nevertheless the shapes of the curves correspond to 
each other. 
The reasons for these differences are as follows: 

1. The air inlet temperature is 0.3 K lower for the 
simulation than for the experiment. 

2. The measured temperatures are global, not air 
temperatures. For our room configuration the 
global temperatures are 0.2 to 0.3 K higher than 
the air temperatures. 

3. The simulation program does not consider the 
radiation within the room. 
The radiant heat transfer between internal 
loads and walls was estimated. These values were 
then used as boundary conditions for the simula- 
tion. 
If the radiant heat exchange is estimated too 
high, then the calculated air temperature is 
lower than the measured values. 

Generally it can be said that the results for the 
air velocities are reasonable. The absolute tempera- 
tures have some deviations, but the shape of the 
temperature distribution (relative temperature) is 
correct. 





Fig. 4.2 Calculated air velocities for the summer 
case. Fig. A shows the velocities in the 
center of the room; Fig. B those in the 
middle of the free section between the 
desk and the bookshelf. 



In addition to the experimental results, the simula- 
tion shows some interesting results: 

1. A reduction of the free floor area causes a 
substantial increase of the air velocity above 
the floor. In our test room the free floor area 
was reduced by 66 % due to two desks, book- 
shelf~ and cylinders (simulating persons). 
Fig. 4.2 B shows the increase of the thickness 
and velocity of the supply air layer. 

This effect can be reduced by increasing the cross 
section area, e.g. moving the bookshelf away from 
the narrow zone of the desks. 

2. Rooms with displacement ventilation normally have 
a very little horizontal temperature gradient 
(such as the rear side of the room in Fig. 4.3). 

The high and local internal heat load of summer 
case 2 caused a temperature difference of 2 K 
between the window area and the back of the room. 
The two desks and the high load of 70 w/m2 
in the window area prevented a uniform tempe- 
rature distribution in the occupied zone. 

Fig. 4.3 Calculated air temperatures for summer 
case 2. The temperatures apply for a cross 
section through the center of the 
simulated person. Note how the lower part 
of the room is divided into two sections 
by the "wallN of desks, bookshelves and 
persons. 



It would have take.n a lot of time to measure the same 
number of points that were numerically calculated. 
Having the temperatures and velocities for many 
points all over the room allows much better inter- 
pretation than with the few values of the measure- 
ments. This is another important advantage of the 
numerical simulation. 

5. TRANSIENT BEHAVIOUR OF THE TEST ROOM 

In a room with a mixing ventilation system, the kine- 
tic energy of the supply air is always higher than 
the kinetic energy of the buoyancy airflow from in- 
ternal loads. This means the temperature gradient is 
small and internal surface temperatures are equali- 
zied with such a system. 

In a room with a displacement ventilation system, 
the buoyancy airflow is the only motor of the air 
movements. For this reason the air temperature is 
not uniform. As a consequence, the influence of the 
building structure on the transient behaviour of the 
room is increased. 
The utilization of a room featuring a displacement 
ventilation system causes its temperature to rise. 
In the upper part of the room (1,O to 1.5 m under 
the ceiling) the temperature rise is up to 3 K. over 
the floor it is around 1 K. (Experimental values for 
internal loads of 20 to 30 M/m2 and an air change ra- 
te of 4 to 6 per hour). 

In such a room (with an air temperature gradient), 
the upper parts of the surfaces (ceiling. wall) are 
cooler than the air, and the lower parts (mainly the 
floor and the first metre of the wall) are warmer 
than the air. The air temperature difference between 
floor and ceiling is more than twice the difference 
between the corresponding surface temperatures. This 
has to be taken into account using the comfort equa- 
tion. 

As the surface temperatures of the room are not 
equal.there is an intensive radiation heat exchange 
between the surfaces. For an internal load of 400 M. 
the radiation heat exchange from the ceiling to the 
floor is 64 W in our test room. This energy heats up 
the supply air and improves the comfort condition at 
floor level. 

In rooms with cooling panels on the ceiling, this 
radiation is missing at floor level. and the heating 
effect of the supply air is reduced. In addition. 
the cooled ceiling keeps the surface temperatures 
constant, so that the storage effect of the walls is 
not used in such room. 



For comfort reasons, it is also important to know 
that the air velocities do not change during the 
transient time. 

In our test room, it took between 20 and 35 hours 
until we reached the steady state condition. During 
the first 10 to 12 hours, a constant energy flux of 
0.5 to 1 w/m2 was stored in the room structure. thus 
reducing the load of the ventilation system by 15 to 
30 %. 

The temperature gradient in the room depends on the 
internal load and the air change rate: 

The higher the air change rate, the lower the tempe- 
rature gradient becomes. but as soon as a tempera- 
ture gradient has been established it cannot be redu- 
ced by means of an increasing air change rate. This 
means the entire room is cooled at a constant gra- 
dient if the air volume is increased. 

Further experiments on the storage effect and the 
temperature control in the room are in progress. 

As a result. it can be said. that for displacement 
systems the transient behaviour represents an addi- 
tional important parameter. Though it complicates 
the system. a proper application can reduce the 
energy consumption and improve comfort conditions 
at the same time. 

The experiments in the room with a displacement ven- 
tilation system showed that for winter and summer 
conditions. comfortable conditions can be obtained. 

In a well insulated building, heating can be shut 
off during the time of occupation. For summer condi- 
tions and intensive solar radiation through the 
windows, Venetian blinds are necessary. 

The result from the numerical simulation of the test 
cases showed a good correspondance with the measure- 
ments. The values for the air velocity coincide 
better than those for the temperature. 

It is a feature of displacement systems that the 
room temperatures vary within a few degrees during 
occupation. The transient behaviour of the building 
structure contributes therefore considerably to the 
resulting indoor climate. 
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Discussion 
Paper 21 

E. Olsson (Chalmers University, Sweden) 

1. Have you tried to change the level of the front by balancing heating and ventilation flow? 
2. What kind of turbulence and radiation models were used? 
Beat Kegel (Sulzer Bros, Switzerland) 
1. No, the aim of the experiments was to measure a characteristic ofice room not an optimisation of the 
fiont. 
2. Turbulence: k-e 

radiation: rough estimation ofthe radiative and convective heatflows used as boundary conditions. 

Marco Masoero (Politecnico dl Torino, Italy) 

If the major problem in summer operation is the heating of the floor surface due to incident solar radia- 
tion, would it make sense to use cool water pipes buried in the floor slabs as the cooling system? 
Beat Kegel, (Sulzer Bros, Switzerland) 
Maybe, but the time constant of such a system is too high so it would be very difficult to contml such a con- 
figuration. 

Charles Filleux, (Basler & Hofmann, Switzerland) 

a) Do the air change figures you give include recirculation air? They seem very high. 
b) Did you try to run lower air change rates and simultaneously lower the inlet temperature? 
Beat Kegel (Sulzer Bros, Switzerland) 
a) The experiments did not deal with the way the air comesfiom; quantity and temperature were the import- 
ant parameters. 
b) Yes, but we did not meet the comfort criteria anymore. 

B. Fleury (ENTPEMH, France) 

Can we get the turbulence intensity from the numerical results? 
Beat Kegel (Sulzer Bros, Switzerland) 
Yes, you can get the 50 and 84% time value of the velocities. 
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SYNOPSIS 

Whole-building pressurisation tests can quantify the air-leakiness of a building's 
external envelope. The resulting information can be used in assessing the quality of the 
building fabric. At present there is little information regarding the leakage 
characteristics of large, non-domestic UK buldings. As a step towards providing more 
information, the Building Research Establishment (BRE) has developed and constructed a 
multifan pressurisation system known as BREFAN to pressurise large buildings like offices 
and hangars. 

This paper presents results from field measurements in five large and naturally ventilated 
buildings. Using BREFAN, measurements in a medium-sized building specifically designed 
and constructed as a low-energy office (LEO), showed a reduction of 9% (at a pressure 
difference of 25 Pa between inside and outside) in its envelope leakiness after new and 
improved windows were installed as part of a programme of modifications. Using QZ5/S 
(whole building leakage rate at a 25 Pa pressure differential per unit permeable surface 
area) as an index of the leakiness of the building envelope, these results, when compared 
with measurements made previously in a conventional UK office, showed that the LEO 
building was twice as tight as the more conventional building. Comparison with 
measurements made in North American showed the LEO building was as tight as buildings 
found there. 

BREFAN measurements in a second building, a conventional hangar built in the early 1960's, 
showed it to be very leaky. At 25 Pa pressure difference, the opening of a roof vent 
increased the leakiness by 17% and unsealing a large folding door increased it by 8%. 

The envelope leakiness of the hangar was compared with measurements in three other large 
single-cell factory buildings using a different system of fans to pressurise the 
buildings. One of these, built 35 years ago, was as leaky as the hangar building. The 
other two buildings, built within the last decade under current UK Building Regulations, 
were shown to be twice as tight. 

KEYWORDS: pressurisation, fan pressurisation, pressurisation testing, air leakage, leakage 
area, air tightness, large building, nondomestic building, commercial building, office 
building, multistorey building. 



1. INTRODUCTION 

Air enters a naturally ventilated building either through purpose-built openings like 
windows or by uncontrolled leakage (infiltration) through cracks and gaps in the building 
envelope. In most circumstances, this adventitious leakage through the building fabric is 
a source of excessive ventilation which can lead to energy waste and, in some cases, to 
discomfort. 

The leakiness of the building envelope can be quantified by measuring the whole-building 
air leakage rate at an appropriate applied pressure differential between inside and 
outside. This is done by sealing a portable fan into an outside doorway and measuring the 
airflow rates required to maintain a set of pressure differences across the building 
envelope. Although the technique, equipment and protocol to carry this out are well 
established for dwellings1, this is not the case for large and complex buildings like 
offices. 

In North America, where most office-type buildings are mechanically ventilated, the 
ventilation system can be used2 to pressurise the building. For the UK, this is not a 
fully viable method since most buildings are naturally ventilated. In Canada, an 
alternative approach3 has been to use a large diameter trailer-towed fan with its own 
power generator. 

To avoid using a large, cumbersome fan, the Building Research Establishment (BRE) has 
developed a multiple-fan pressurisation called BREFAN. Novel features of this 
system include portability, ability to be powered from conventional 13 amp sockets and 
stable fan-speed control during multiple-fan operation. 

This paper presents results obtained from field measurements in five naturally ventilated 
non-domestic buildings comprising one office and four single-cell industrial units. 
Measurements in the medium-sized office building located at BRE are compared with earlier 
measurements4 to assess the effect of installing improved windows throughout the building. 

Measurements in a hangar, also at BRE and one of the four single-cell buildings tested, 
show the reduction in the overall envelope leakiness when a folding steel door is sealed 
or the increase when a roof vent is opened. 

Finally, to place the results in some context, a leakage index is used to compare the 
leakiness of these two buildings at BRE with similar buildings elsewhere. This comparison 
includes measurements from the other three industrial buildings which were pressurised 
with a different system of fans. 

2. EXPERIMENTAL ARRANGEMENTS 

2.1. BREFAN System 

The design and construction of the BREFAN pressurisation system is fully described fully 
in the earlier papers435 but, for completeness, the essential features are as follows. 
The system consists of three identical fan pressurisation units. Each unit is fully 
portable, powered from conventional 13 amp sockets and operated using a single- to 
three-phase speed controller to stabilise its speed during multiple-fan operation. 



Airflow through each fan is measured using a conical inlet 6. Each fan unit is capable of 
providing a flow rate of 5.5 m3/s against a building envelope pressure difference of 50 
Pa. The number of fans used in any building is set by that required to achieve a target 
pressure difference. Short lengths of flexible ducting are used to connect the fans to 
'false' plywood door panels which are temporarily sealed onto an outside doorway of the 
test building. 

2.2. Test Buildings at BRE 

Two of the naturally-ventilated test buildings are located at the BRE site in Garston. 
One is a three-storey building built as a 'low-energy' office  LEO)^ and the other is a 
conventional single-cell hangar built in the mid-1950s. 

The outside walls of the LEO consists of 9 mm thick clay tiles on the outside face 
followed in succession by 125 mm thick precast concrete panels, a 300 mm void filled with 
blown polystyrene beads and plasterboard (12.5 mm thick) with an aluminium foil vapour 
barrier. The building volume is estimated as 5315 m3 and the external surface area as 
1750 m2. 

Although the LEO building was formerly mechanically ventilated, the ventilation system is 
now disabled and the duct openings of its air handling unit (located on the roof) are 
blanked off. As part of a program to improve thermal insulation levels, the older 
double-glazed windows (with 6 mm air gaps) have now been replaced with new tighter units 
incorporating Argon fill. 

The hangar-type building is known in the UK as a 'Marston' shed. Originally a single 
building, its southern end was extended in the mid 1960's and joined to a similar 
building. A brick partition separates the two buildings with access between them via a 
horizontally-sliding folding shutter door. During the field tests, all measurements were 
carried out in the northern hangar of the combined building. 

The walls and roof of the hangar consist of corrugated asbestos cement sheeting fixed to a 
steel frame with hook bolts and lined internally with plasterboard. The volume and 
external surface area are estimated as 4690 m3 and 1400 m2 respectively. 

The other three .single-cell factory units tested were all located outside BRE and 
represented some of the UK stock of industrial buildings. Table 1 gives summary details 
of these test buildings, 

2.3. Test Conditions 

After the new windows were installed, a whole-building pressurisation test was carried out 
in the LEO using two of the fan units (Figure 1). During the test, all outside doors and 
windows were kept closed while all internal doors were wedged open. Using a nearby 
meteorological site, wind speed during the test was measured to be about 2 m/s at a height 
of 10 m. Inside and outside air temperatures were 6 0 and 17 OC respectively. 

Three pressurisation tests (Tests Al ,  A2 and A3) were made on the hangar. Three fan units 
were placed (Figure 2) in a gap created by raising the vertical sliding door at the north 
end. For test Al,  the folding shutter door between the test hangar and the adjoining 
hangar was sealed with polyethylene sheeting. In test A2, a roof vent (measuring 1.5 m by 



0.35 m) was opened. In test A3, the roof vent was closed but the polyethylene sheet was 
removed from the door. Wind speed was about 2 m/s during the test and the inside and 
outside air temperatures were similar at about 22 OC. 

3. RESULTS 

Figures 3 and 4 show the airflow rates, Q, plotted against applied pressure differential, 
AP, across the outside wall envelopes of the LEO and the hangar respectively. For 
comparison, Figure 3 includes a best-fit pressurisation profile obtained previously4 for 
the LEO before the new windows were installed. 

Best-fit power-law profiles of the form, 

Q = K APn 

where the coefficient K and the exponent n (lying between 0.5 and 1 .O) are constants, were 
fitted to the data. This was done by transforming the above equation to the form, 

loge(Q) = loge(K) + n loge(AP) 

and fitting a linear regression line on the transformed variables. The computed 
coefficients and exponents (with associated 95% confidence intervals), together with the 
correlation (r2) for the goodness-of-fit, were evaluated and are as follows: 

Building Tesr Ln(K) Cot# K Exponent, n Corr. 9 
(m3/s)/Pan 

LEO -0.888 + 0.026 0.412 0.58 + 0.01 0.999 
HANGAR A1 0.713 T 0.143 2.041 0.64 -T 0.06 0.976 
HANGAR A2 1.125 -T 0.098 3.081 0.56 3 0.04 0.986 
HANGAR A3 0.913 - T 0.088 2.492 0.61 - + 0.03 0.992 

Note that no confidence interval has been ascribed to the coefficient K since the 
regression analysis was carried out on the log transform of this coefficient. 

4. DISCUSSION 

4.1. Leakiness of the LEO Office Building 

Using the coefficient and exponent given above, the whole building air leakage rate can be 
calculated for any applied pressure differential over the measured pressure range. For 
dwellings, it is usual8 to quote the leakage rate, Q50, at an applied pressure difference 
of 50 Pa. 

For some buildings, which are either large or excessively leaky or a combination of both, 
it is not always possible to achieve this target pressure. In such an instance, 
extrapolation to 50 Pa is considered acceptable9 if the maximum achieved pressure is 
greater than 35 Pa and the correlation, r2, of the best-fit line is better than 0.990. In 



large building pressurisation testing, it is not always possible to fulfill these 
conditions and a leakage rate of Q25 at a lower target pressure of 25 Pa can be used4. 

At 25 Pa, the leakage rate of the LEO with new windows is 2.67 m31s. This is a 9% 
reduction from the 2.93 m3ls obtained a year before the modification programme. Because 
of this time gap between the two tests, it is difficult to state categorically that this 
small reduction is due to the new windows since it is known that, for dwellings, seasonal 
variations do occur8 in their leakage rates. Measurements will therefore be repeated 
during the coming heating season to clarify this aspect. 

4.2. Leakiness of the Hangar Building 

The Q25 leakage rate for Test A1 with the partition door sealed was calculated as 16.0 
m3/s. Opening a roof vent (Test A2) or unsealing the partition door (Test A3) increased 
this to 18.7 and 17.2 m3/s respectively representing increases of 17 % and 8 % . 

Using the roof-vent open area of 0.53 m2 and a measured partition door periphery length of 
18.8 m, a first-order approximation indicates a nominal door crack width of 1.3 cm for 
this type of horizontally-sliding folding steel door. It should, however, be noted that 
in reality the cracks are not only distributed around the perimeter of the door but also 
between each leaf of the door. 

4.3. Comparison with Buildings Elsewhere 

It has been shown previously4 that the index Q25/S (where S is the total permeable 
external surface area) is a suitable measure of a building's constructional quality with 
regard to the leakiness of its envelope. In Figure 5, the envelope leakiness of the LEO 
and hangar buildings are compared with other office and single-celled buildings found 
elsewhere. Relevant leakage and physical characteristics of these buildings are tabulated 
in Table 1. 

Office buildings 

As mentioned earlier, data on office leakage is scarce. Apart from the LEO, only one 
other UK building (a conventional office built in 1963) has been tested4. Other available 
data is limited to the USA (6 offices) and Canada (12 offices . The leakage for each of 4 these two North American data sets have been aggregated and are given in Table 1. 

Figure 5 shows that whereas the LEO is as tight as the North American buildings, the 
conventional UK office is twice as leaky. Although it is not possible to generalise these 
findings to the majority of conventional UK office buildings, this comparison shows the 
tightness of a building designed to be relatively tight by current UK standards. 

Single-celled buildings 

It is useful to compare the leakiness of the hangar building with the following 
single-cell buildings elsewhere: 

(a) A 35-year old conventional masonry building in the UK. 



(b) Two factories built within the last decade to contemporary UK Building 
~ e ~ u l a f i o n s  standards. (It should be noted that the Regulations do not give guidance 
on air leakage but on thermal performance). 

(c) Three large buildings in Sweden. 

The measured air leakage characteristics [Jones and Powell, personal communication] of 
these three Uk buildings are tabulated in Table 1 together with similar detailsl0 for the 
Swedish buildings. Using the tabulated values, the leakage index Q2@ for each of the 
buildings have been calculated and shown graphically in Figure 5. 

It can be seen that the two older UK buildings, the asbestos-walled hangar and the masonry 
building, have similar high leakage indices of 41 and 45 m3Ihr per m2 respectively. A 
leakage of about 20 m31hr per m2 for the other two UK buildings built to current Building 
Regulations Standards show a halving of the leakage rates. However, the three Swedish 
buildings with leakage indices between 2 and 5 m31hr per m2 show that it is possible to 
reduce the envelope leakage of UK buildings much more with suitable construction 
techniques. 

5. CONCLUSIONS 

Whole-building pressurisation tests can quantify the air-leakiness of a building's 
external envelope. The resulting information can be used in assessing the quality of the 
building fabric. At present, there is only limited information regarding the airtightness 
of large, naturally ventilated non-domestic buildings in the UK. As a step towards 
obtaining this information, this paper presents results from measurements made in a small 
sample of office and single-cell industrial buildings in the UK. 

Measurements in a building, built specifically as a low-energy office, shows this building 
to be as tight as those found in North America whereas a more conventional UK office 
building was, twice as leaky. Installing improved windows appears to have increased the 
tightness of the low-energy building by about 9% but further tests will be made to ensure 
that this increase is not caused by a seasonal variation. 

Measurements made in older conventional hangars show these to be twice as leaky as those 
built according to current UK Building Regulatiorzs Sfandards. There is, however, interest 
currently in the UK to improve the design of 'new-builds' and build tighter, low-energy 
factory units1 l . Published measurements in large Swedish single-celled buildings show 
that a further 10-fold increase in tightness is possible with known construction 
techniques. 
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w energy office at BRE 5,3 15 Before new window 
After new windows 

6,254 =-built 
Ref4 as-built. 
Ref4 as-built 

year old hangar at BRE 4,690 door sealed (Al) 
roof-vent open (A2) 
door msealed (A3) 

15,000 =-built 

3,050 =-built 

4,955 as-built 
36,373 =-built 

wedish store (Code B in Ref 61,127 %-built 

31,622 =-built 

( * USqlCanadian office leakage coefficients in units of (d/hr)/pPpr unit permeable area) 

TABLE 1 - Building 









Test A1 - door sealed + vent closed 

o Test A 2  - door sealed + vent open 
A Test A 3  - door unsealed + vent closed 

Pressure Difference (Pa) 

FIGURE 4 - Pressure teats in the hangar building 





Discussion 
Paper 22 

J-M Fiirbringer (EPFL, Lausanne, Switzerland) 

a) In the measurements you present (pressurization) where do you measure the pressure difference 
across the envelope of the building? 
b) You present results for 4 Pa pressure difference, but a wind of 3m/s can easily produce a higher 
pressure difference between leeward and windward side. 
Earle Perera (Building Research Establishment, UK) 
a) We measure both at ground level and also at an upper location - especially in a multi-storey ofice build- 
ing. There is usually a measureable difference between the two (- 4Pa) but results presented in the paper 
relate to difference measured at ground level. 
b) Agree4 however measurements at the lower levels are carried out during calm periods - otherwise they 
are not used. 

W. Raatschen (Dornier GmbH, Germany) 

How did you get to the total permeability of the building or hangar? 
Earle Perera (Building Research Establishment, UK) 
A power law of the form Q = k( P)n is fitted by the least squares method to the measured values of 
e(rn3/hr) andpressure dgerence P(Pa). From this best fit law we compute the leakage rate at 25 Papress- 
ure difference as Q25 = k(25)n. 
By studying dimensional drawings of the building we calculate the total external surface area s(m2) of the 
building envelope which was subjected to pressure differences and permeable to airflow. The permeability ' 
index of the building is then quoted as Q25/S m3/hrlm2' 
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SYNOPSIS 

This paper examines some designs which lead to indoor airpollution 
.and exhorts mandatory maintenance of all building services which 
determine the health and safety of the building occupants as anin- 
tegral part of our city bylaws. Effect of poor maintenance of some 
of these systems on the indoor air quality is examined together 
with the effect of the interruption of the ventilation fans for 
energy conservation pwrposes, not always done legally. Amng the 
examples considered are the effect of underground parking and its 
ventilation system, proximity of the fresh air intakes to exhausts 
of the building and/or adjacent buildings and the drains of the 
plumbing system. The author's denied appeals to ASHRAE committies 
regarding adotion of ASHRAE Standard 62-1981R, done to ensurethat 
the ventilation fans are not turned off when such buildings are 
occuppied are discuused together with the City of Westmount'smain- 
tenance bylaw for apartment buildings adopted June 1989 which inc- 
orporates such a requirement. Our laws must ensure good air quality 
in our habitat as an environmental human right with the citizens' 
right of access to the information necessary to determine thequal- 
ity of their indoor air environment for their health and safety. 
Ekamples from present Quibec legislation are presented. 

This paper is a sequel to the author's summaryl,"Building Codes 
designed for ensuring good indoor air quality" presented at AIVC's 
8th Anniversary Conference, an eqxnded and updated version of 
which was presented at the "Healthy Buildings '88" Conference held 
in Stockholm last year2. 

Naturally building codes can not encompass all the complex system 
of multi-disciplinary parameters that determine the indoor air 
quality in buildings, namely: quality of the outdoor air, percent- 
age of the outdoor air in the ventilation air, design characterist- 
ics of the Heating, Ventilating, and Air Conditioning (HVAC) system 
structural and nonstructural materials used in the building, its 
furnishings, the use and activities within the building, and the 
age, maintenance and management characteristics of the building. 
Other bylaws and education must do their share to ensure good air 
quality indoors. And up-to-date codes are not much use if they are 
not respected or enforced. These papers1f2 presented what the codes 
can and must do to guard against indoor air pollution. 

That "Buildings like people can be sickly" and the "Sick Building 
Syndromeu has become a recognized and accepted fact is evidenced 
by itsf recent coverage in the staid "The Economist"(May 13) in an 
article entitled "Architect, heal thyself.'@ Therein, the "most rad- 
ical building doctorsM are reported recommending that "buildings 
should be designed for the people who work in them not for develop- 
ers or design awardsn. To qualify as "most radical" such a require- 
ment is most revealing. More often than not the architect considers 



the office building as an investment for his client. Maximizing 
profits would require maximizing the rental floor area thus dictat- 
ing as limited as possible vertical and horizontal space be alloca- 
ted to the HVAC system. Such restrictions do not lead to the best 
HVAC systems and can leas to minimum seperation,ift&t,htween the 
building's air intakes and exhaustssilpossibly contamination of the 
fresh air intakes3 f 4. 

Grant it, healthy buildings with spacious, well lit and well venti- 
lated offices, preferably with openable windows, do cost more money 
than the conventiona1,sealed rectangular boxes we call our work 
place. But the health and welfare of the building users throughoughout 
the life-time of the building and its maintenance ought to be con- 
sidered in the cost analysis of the building at the design stage. 
And advertised as such, because healthy buildings improve product- 
ivity of their users and that can save their employers more than 
the additional cost of the building.Judging by the response to the 
Healthy Buildings Conference in Stockholm last year1 and in London, 
as noted in The Economist article cited, earlier this year, there 
is increasing realisation that such buildings are good business too. 

Building codes and ASHRAE Ventilation Standards are deemed to apply 
only to the design and construction of the building but not its 
maintenance1 f 1 4, 5. Ironic indeed, considering the building codes 
and the ventilation standards have their very raison-dl@tre in pro- 
tecting the heallth safety and welfare of the building users. Many 
indoor air pollution problems arise from the bad maintenance of the 
essential building services especially the HVAC system.That is why 
the author has been advocating since 1981 that good maintenance of 
such services ought to be an integral part of our building codes 
and city bylaws6. This is among the major areas of emphasis in this 
paper, introducing the relevant clauses of Westmount ' s such bylaw7. 

It is apropos to mention here that concurrentlywith our conference, 
"Buildinq Patholoqy 89" Conference is taking place at Trinity Coll- 
ege, Oxford. According to its advertising pamphlet, it is the first 
international scientific conference on the inter-relationship of 
the building structure and materials with their environments and 
the living organisms within them concentrating on the environmental 
control of biodeterioration in building materials and aspects of 
the building environment affecting the health of the occupantsw. 
Thus although some aspects of building pathology were ?mown to cer- 
tain specialists, it is only now that the first such mltidiscipli- 
nary scientific study of building prformance inorder to improve 
design is taking place. There is still mch to do to reap the 
benefits in practice. 

2. BUILDING DESIGN AND INDOOR AIR POLLUTION 

The Sick Building Syndrome is sometimes called llOPEC's Revengeu by 
those who believe it is mainly the result of our buildings being 
built increasingly more airtight than before to prevent heat 
loss through air infiltration and thus saving fuel costs. But the 
matter is even worse because this trend was accompanied bya reduct- 



ion of the fresh air intake in the ventilation requirements when 
ASHRaE Standard 62-81 replaced ASHRAE Standard 62-73, a trend 
strongly objected to by the auth0r~,2,~-~ and reversed with the 
recent adoption of ASHRAE Standard 62-1981R. Thus under these cir- 
umstances, it was more important than ever before that the fresh 
air intake be realPy that, an indispensable first step. 

2.1 Contamination of the Fresh Air Intake 

Short-circuiting contamination of the fresh air intakes with exhau- 
sts of the building or adjacent buildings or contamination of the 
fresh air intakes due to their badly chosen locations, warned 
against in most cmdes8-10 is more common cause of indoor air poll- 
ution than is suspected or admitted. Yet, as noted for one in the 
authort s earlier paperl, many papers on indoor air quality in build- 
ings with prolonged complaints from the occupants, information is 
lacking on the location of the fresh air intakes and exhausts of 
the building and the nature of the exhausts. This is especially 
important in hospitals and university medical, science or other 
buildings where exhausts from research laboratories or other rooms 
may contain toxic chemicals and/or microbes or viruses not to ment- 
ion organic or inorganic wastes! emanations. 

Aerodynamic interaction of winds with the buildinq may cause such 
contamination of the fresh air intakes with the ahausts under 
unfavourable atmospheric conditions-is not specifically warned 
against in the codes and needs to be. Earlier this year in the Feb- 
lst, The mill Reporter published by the McGill University Relat- 
ions Office, in an article,"Making the McIntyre Medical Building 
Well Again- Complaints finally bear fruitu, it was reported this 
building occasionally suffers from this phenomenon during "air 
inversions" peculiar to Montreal because the site being next to the 
mountain, downward wind around the building brings ahausted air 
back through the air intakes. The article also noted that the same 
problem was so severe at the Stewart Biology Building that its ex- 
haust stacks were recently extended to increase the distance bet- 
ween them and the air intakes, adding that the feasibility of doing 
the same for the McIntyre building was still being studied. 

A critical analysis of this cause of indoor air pollution and req- 
uirements of the Canadian and ASHRAE Standards is given elsewhere3 1 4. 
Important buildings like the ones noted above especially at sites 
near mountains or downtown surrounded by other buildings would 
greatly benefit from model testing in boundary layer wind tunnels 
to determine the optimum design of their fresh air intake and exh- 
austs and their locations3. An example of such testing to determine 
air infiltration in multi-storey buildings was given elsewherell. 
Such tests could also give additional information for more econom- 
ical structural design for the wind loads and the savings could 
well pay for the tests, if not more aver the lifetime of the build- 
ing. 

Buildinqs housinq PCB-filled transformers and/or capacitors. For 
such buildings as already noted ealierl, contamination of the fresh 
intakes with the exhausts takes a special dimension of urgency when 



the exhaust is from an area housing PCB-filled transformers and/or 
capacitors, because in case of a fire due to incomplete combustion 
of the PCBs, dioxins and furans are produced among which are some 
of the most toxic compounds created by man. Recent examples and 
recommendations are give elsewhere4. Suffice it to mention here 
that the sooner they are rertloved from our buildings the better as 
the total cost of fires involving such units can be catastrophic 
especially if they occurred when such buildings were occuppied. 
For the now famous 1981 Binghampton, N.Y. fire, the cost of the 
cleanup and rennontions for the building - still unfinished- is 
almost three times the original $17 million cost of the building- 
still higher than reported last2. Fortunately, that building was 
unoccuppied at the time of the fire. How often can we be as lucky 
as that? 

For this section, the following example is apropos. The building, 
to be refered to later on2-6, is an air conditioned 16-storey office 
apartment complex built in the midsixties with three levels of un- 
derground parking and capped with rooftop mechanical room,laundry 
room and swimming pool. The "Bylaw Concerning Health and Sanitation 
in Buildingsn governin the design of buildings thenrand operative 
till 1987 when updatedqt2 , for the City of Westmount, ~ugbec, Can- 
ada where the building is located, stipulated, 
"All air sources for ventilating purposes shall be drawn from 
the exterior of the building, any intake being so located that 
the air entering the system will contain no more bacteria,dust, 
odors, toxic substances or moisture than the normal exterior 
air for the locality in which the building is situaited." 

But one fresh air intake of the building was located practically 
immediately adjacent to the kitchen exhaust of a public restaurant 
in the complex and the ventilation pit of the garage levels which 
also was the recipient of the exhaust from the electrical room,on 
the second garage leve1,housing a PCB-filled transformer and four 
capacitors. Moreover the building overhang of about 1% metres cov- 
ered the restaurant kitchen exhaust and the fresh air intake, the 
centre of which was within 6 metres from where the building's gar- 
bage was collected. To boot, this fresh air intake was next to the 
loading backdoor where trucks used toido1,Ior one,collecting the 
garbage thus additionally contaminating the fresh air intake with 
their exhausts. The restaurant was closed in 1980. This has been 
used as a classical e~ample~-~ where not to put a fresh air intake. 

Underqround Garaqes as Air Pollution Sources 

That pollutants generated by automobiles can infiltrate into the 
floors above the underground garages through the stairwells and the 
elevator shafts of the building is well known. Often they areamong 
the contributers to the sick building syndrome as noted in the 
examples given elsewhere12, where levels of Carbon Monoxide as much 
as ten times the outdoor ambient levels and well above the accepted 
norms had been recorded. And Carbon Monoxide is not the only toxic 
pollutant generated in car exhausts! 

That is why it is imperative that the garage ventilation system 
efficiently and continuously ventilate the pollutants to the out- 



side. Not only for the automobile exhausts but also because the 
underground levels , depending on the site, if the basement floors 
and walls are not properly designed, can be traps for radon and its 
pr~geny~infiltrating from the foundation soils, whose levels must 
be kept through ventilation to the outside to acceptable minimum 
levels1 12, 13. Exhausts from garages ought to be as far removed from 
fresh air intakes of buildings as possible to ensure against cont- 
amination and indoor air pollution. 

For the building quoted as an example in the preceding section, 
alterations were carried out to improve indoor air quality2r4. For 
one, all the ventilation pits were fitted with metallic caps that 
had flow grills in the vertical plane in compliance with the build- 
ing code. For the specific garage ventilation exhaust pit mentioned 
there, a further improvement was effected when its cap was replaced 
with another whose exhaust grill was so oriented so as to be the 
furthest from the fresh air intake. This latter change came after 
the author's official application under ~u6bec's Access to Infom- 
ation Act to examine the engineering drawings of the building's 
ventilation system to determine the locale of the fresh air intakes 
and exhausts,including their nature, of the building - and some 
months after the event described below. 

Careless Construction and Inadequate Inspections can also lead to 
indoor air problems and wen deaths. Compla.ints from the offices on 
the second floor of the building mentioned above with the occupants 
of one taken to hospital because of dizziness and nausea and the 
Westmount's Firemen's measurements of high levels of CarbonMonoxide 
(CO) lead to evacuation of the offices till the CO levels had sub- 
sided to acceptable levels that same day. The blood tests of the 
persons affected had also confirmed the CO exposure. It was report- 
ed that ah unblocked opening in the concrete structure had provided 
direct access of the CO from the garage ramp to the offices. The 
fatal potential for such carelessness can not be overemphasized. 
How often and forhowlong had the occupants of these offices been 
sufferring ill-health and malaise due to this carelessness till its 
correction? 

Faulty Desiqn and/or Poor Maintenance of Systems other than the 
HVAC System can be the cause of serious and even catastrophic ind- 
oor air pollution. While on the subject of pollution emenating from 
garages two further examples are apropos. Until the middle of last 
year, the Saturday test runs of the diesel-fueled emergency gener- 
ator caused fumes to infiltrate the underground garage area of the 
same building and its ventilation system because of bad maintenance 
and- as was found by the fire inspectors after a power outage then- 
faulty design. The garage ventilation fans were not connected to 
the emergency generator, 

Another example concerns uncorrected water leaks due to faulty des- 
ign and/or poor maintenancetl-iaclead to short-circuiting fires in 
circuit breakers housing PCB-cooled transfomers, for example, with 
potentially catastrophic consequences as noted earlier. 



3.  ENERGY CONSERVATION AND INDOOR AIR QUALITY 

The strong objections to the energy conservation measures in our 
buildings presented earlier at the start of section on building 
design and indoor air pollution and voiced for long now by the 
a~thorl-~ need not be repeated here. This was accompanied by object- 
ions to outdated building codes1 r2r4-6 and inaction of the author's 
City to act against the shut-off of the ventilation fans at night 
in his apartment building based on the prmis- never accepted by 
the author- that the City's relevant bylaw governing ventilation 
was for design and construction but not maintenance of the build- 
ing4-5, 1-2. 

That these strong objections bore fruit is evident because now 
the City of Westmount has one of the most up-to-date building des- 
ign and construction bylaws1$ and also maintenance bylaw for apart- 
ment buildings7 which prohibit such ventilation fan shut-of f . Also 
with the adoption of ASHRAE Standard 62-1981R, the trend towards 
reducing the fresh air intake in our buildings has been reversed 
as this Standard has gone back to requiring mean values of the 
recommended outdoor air intake specified in ASHRAE 62-73. In this 
latter, for officestfor example, the minimum outdoor air intake 
was specified as 7% Lbsec.person, it was reduced in ASHRAE 62-81 
to 2% L,/sec .person when no smoking was observed even though that 
standard had noted that the "supply of outdoor air shall never be 
less than 2.5 L,/sec.person" because this was "supply of the outdoor 
air necessary to dilute the C02 produced by metabolism and expired 
by the lungs". In Scandinavia and W. Germany such low fresh air 
intakes as 2.5 L//sec.person were not even contemplated on basis of 
preserving Acceptable odour conditions5. 

It appears that the battle cry of the seventies- "Energy Conservat- 
ion is the moral equivalent of waru was taken too literally as hor- 
ror stories abound. For one, ventilation fans are sometimes turned- 
off under the guise of energy conservation to cover up malfunctions 
in the HVAC system andlor poor maintenance such as inadequate tem- 
perature control at peak load~l-~,~, f~. The two following horror 
stories, the first in the U.S. and the second in Canada illustrate 
its geographic scope and democratic strike: 

The first occurred in Birmingham, Alabama in a three storey office 
building with non-openable windows. After continued health compl- 
aints from the oc~~pants, investigations revealed "to conserve 
utility costs the building owner had elected not to install outside 
make-up air ducts on the building's HVAC system" without having 
contravened the local building bylaws!15 Unfortunately, not all 
cities in the U.S. require compliance with the most recent A S H .  
recommendations, if at all. Private enterprise or criminal neglig- 
ence? 

The second as reported by the April 1987 issue of l1Qu6.bec Sciencew 
in an article entitled "Ces Immeubles Qui Nous EtouffentM, hit no 
less than the offices of the Prime Minister of Quhbec in 1985. 
Apparently then, smell of lllatrinesw filled these offices to the 
embarrasement of the occupants. For a month and in vain, the search 



went on in vain for the source of the emanations. Finally, an insp- 
ector was called in from'~dssion de la sant6 et s6curit6 au tra- 
vail'and a major fault in the ventilation system was identified:the 
fresh air intake was practically nil. Previously where the fresh 
air met the exhaust air, a drain pipe had been installed to disch- 
arge the resultant water condensation through a double-goose neck 
"S" connection into the sewers ("vers les &outs1'). The "S" neck 
connection was'to prevent the odours feeding back indoors. This 
worked as long as there was enough condensationflowingthrough the 
drain pipe to fill theHS" neck. But as there has been practically 
no fresh air intake, the water in the "S" neck had dried up, and 
thus a free passage had been produced for the unwelcome odours not 
to mention the pollution into the Prime Minister's offices! 

3.1 SWITCH-OFF OF THE VENTILATION FANS 

Complaints to the City of Westmount in November 1985 concerning 
turning off at night till the early hours of the morning the exhau- 
st fans servicing the bathrooms and also the air intake fans ser- 
vicing the public corridors-and thus the apartments-for the apart- 
ment-office complex discussed earlier, revealed that the City's 
then applicable 'Bylaw concerning Health and Sanitation in Build- 
ings'"are complied with when the ventilation equipment having cer- 
tain capacity is installed in the premises in questionM- but that 
the "Bylaw regulates design rather than maintenance". 

On \January 20th, 1988, this switch-off of the fans was brought up 
by the author at the Qu6bec Rental Board- Regie du logement- as 
being detrimental to the health and safety of the occupants and in 
contravention of the provisions of Qu6becfs Act respecting the 
conservation of energy in buildings16, where it is clearly specif- 
ied that the reduction in the ventilation requirements shall be 
allowed only when the building is not occuppied. Thus accordin9 
to this regulation which is based generally on the provision of 
ASHRAE Standard 90 "Energy Conservation in New Buildin ~esign" and B the minim ventilation requirements of ASHRAE 62-1981 , while the 
fans' shut-off could ke acceptable for the first five office floors, 
st is not for the top eleven apartment floors, especially at night 
when all the tenants are sleeping. 

The fans were not turned back on 24 hours a day till February 3rd 
1988 that being two days before a hearing at Qu6bec's Commission 
d'accss & llinformation where the author was contesting the City's 
decision to deny him access- in compliance with the building's 
owner's instructions- to the reports based on which the daily 
schedule of the fans1 shut-off was approved. 

At that hearing however, the City's Director of Services claimed 
that they did not have "the" reports in question but "a" report - 
comprising of extracts of the reports-supplied to them by the owner 
of the building. The Commission accepted the City's claim and after 
a further hearing and almost a year after the first,the Commission 
ruled in may favour indicating that the documents sought were not 
proprietory technical information but proof of compliance with the 
relevant Bylaws. But the extracts received showed results of CO 



and C02 measurements prior the period of the fan switch-off! These 
two pages of measurements were CO records of less than 2 ppm for 
the second floor offices referred to earlier in section 2.2 & after 
that CO-scare-evacuation described therein. The second sheet show- 
ed CO and C02 measurements for "Etages r&sidentielsU andWAir ext6r- 
ieur" for another day:with the CO levels given as a stark zero and 
and 1-2 ppm respectively and the C02 levels given as 400 and 300ppm 
respectively without giving information as to where exactly they 
were measured nor the duration of the sample. Thus it is hard to 
imagine how based on this scant information the shut-off ofthe fans 
at night as described earlier was allowed for.more than two years 
in the apartment building! 

Westmount s Bylaw 10317 Concerninq Safety and Sanitation in Apart- 
ment Buildinqs adopted ,June 19, 1989 specifies that the "ventilat- 
ion system(s) in such apartment buildings is (are) maintained in 
good working order and is (are) in operation at all times". One 
wonders why it was not inacted years earlier when asked for by the 
author? But this still leaves office workers unprotected. The City 
officials noted that under ~ui!bec Cities and Towns Act, the City 
Council is not empowered to apply the same law to office buildings! 

The effect of interru tin ventilation fans is not well known and, 
even less, documented Pf2,2,6. Both ASHRAE 62-1981 h AS- 62-19818 
provide guidance for interrupting the use of the outdoor air when 
the buildings are used intermitently. The nature of the contamin- 
ants must be known. If they are result of outgassing of material 
or other sources within the building, it must be ventilated prior 
to occupancy. How often is there recorded reliable proof that the 
ventilationfans' switch-off after business hours has not comprom- 
ised the indoor air quality on return of building occupants? 

Appeal to ASHRAE: Following his presentation at the IAQ 86 Confer- 
ence in Atlanta ~ e o r ~ i a ~  and based on his bitter experience with 
the ventilation fans' switch-off in his building, on Dec.3,1986, 
theauthccrecommended on the officia1"Form For Commentarynon the 
Proposed ASHRAE 62-1981R that "the outdoor air requirements specif- 
ied therein be qualified as continuous supply when the tennants and 
,/or building users are therein. And that the ventilation fans be 
maintained and operated capable of this needn. Contrary to expected 
and inspite of my subsequent letters for response, I did not get 
it till June 5, 1988 and then to be informed by Mr. John E. Janss- 
en, Chairman of SPC 62-198113 that my request will be reported as 
"an unresolved issue". My appeal against publication of the Stand- 
ard without such a qualification was denied by both the Standards 
Committee and the Board of Directors Appeal Panel on the grounds 
that, "There is no indication that that any ASHRAE Standards' Comm- 
ittee Procedures were violated" and this was finally confirmed by 
the vote of the BOD on (June 25, 1989, even though on "substantive 
groundsw there was good reason behind my appeal. 

4. BAD MAINTENANCE AND INDOOR AIR POLLUTION 

The author has for long advocated the need for maintenance bylaws 
to ensure the good maintenance of all essential building services 



necessary for the health, safety and wellbeing of the tenants and/ 
or users of our b~ildin~sl-~. The new Westmount maintenance bylaw7 
for apartment buildings ensures that they are maintained "inaclean 
and sanitarycondition atall times" including as presented earlier 
that the ventilation system be in operation at all times. Inadequate 
maintenance and nonchalant attitude of some building managers reg- 
arding the needed good air quality can be a serious cause of indoor 
air pollution. In the early eighties, the ventilation of the corr- 
idors supplying the apartments in the building referred to earlier 
was often swictched off for several weeks, due to among others, in- 
adequate temperature control and chemical smells caused mainly by 
a defective oil-fired boiler whose exhausts on the roof also conta- 
minated the fresh air intake there under unf avourable winds1 2 r6. 

Legionaire's disease and humidifier fever are well known now. It 
was only recently,however,that a conference was convened to treat 
the maladies caused by poor maintenance of air-conditioners and 
humidif iers17. 

Other examples are not well known as noted elsewhere1 r 2  and the ex- 
amples given here. A badly maintained swimming pool, especially one 
on the roof of a building, or an incorrectly designed and/or badly 
maintained plumbing systems- witness the experiences in 1985 in the 
offices of the Prime Minister of Qubbec- can result in serious pro- 
blems. Water leaks can become host to algae and fungal growth in 
places unknown to the tenants but that effect their indoor air qua- 
lity and health and even lead to deaths. So can badly maintained 
saunas or poor drainage of roofs cause such growths in partition 
walls, among others. And if such microorganisms are carried by the 
ventilation system other areas can be affected. 

Infact, it is only recently that the consequences of these micro- 
organisms on our indoor air have received the inter-disciplinary 
examination needed in order to improve building design18- witness, 
for one, my comments on theWBuilding Pathology 89" Conference in 
the introduction. An extensive study on mycotoxins and extreme 
fatigue syndrome for St. Franqois d8Assise hospital in Qu6bec City 
is given elsewhere19. But no doubt good building design and good 
maintenance oftamong others, the HVAC system is a first essential 
to "Healthy Buildingsu. 

5. ACCESS TO INFORMATION ON VENTILATION SYSTIPE 

In order to determine the locale of the fresh air intakes and the 
exhausts of the building referredto inthe examples earlier, the 
owners were subpoenaed three times in 1979 by the Qu6bec Rental 
Board to bring the relevant engineering-drawings,but they were not. 
In 1985, the author tried again this time through ~u6bec's "Commi- 
ssion dlacc&s 2 l'information" after the City of Westmount denied 
the access on the premis that the owner's permission was not grant- 
ed. The Commission in a 16 page June 6,1986 ruling concurred with 
the city's decision noting that its governing "Act respectingacce- 
ss to documents held by public bodies and the protection of person- 
al information" takes no account of the applicant's status, as a 
tenant that is, and that these drawings beingMtechnical information 



supplied by a third person and ordinarily treated by d-th5rd persun 
as confidential" can not be re1eased"without his consentn unless 
the informationt'reveals the existence of an irrrrmrdiats hazard to the 
health or safety of persons or a serious or irreperable impediment 
to their riqht to a healthy environmentM. Our present laws are hea- 
vily lopesided towards protecting the rights of property owners and 
the permit granting cities vis 2 vis the tennants' environmental 
right to know5 1 2.  

The Commission interpreted "immediate hazardN as excluding- to my 
strong objections- potential and probable ones. When the author 
had countered that such interpretation would even exclude the risk 
of earthquakes even though the National Building Code requires des- 
ign for them, the retort was that that was outside the expertise of 
the Codssion. Moremr,that interpretation also excluded irtunedia- 
te risk whose cummulative effects aver time could cause "serious or 
irreparable impediment". Why should demonstartion of only'lirrepar- 
ableM impediment to one's right to a healthy environment be requir- 
ed for relaease of the information sought?(And let it not be forgo- 
tten that the Act grants access to onlywdocuments held", which may 
not contain - even by design- the information sought.) How manyure- 
parable" environmental damages can our physical and social systems 
withstand? And how is this "reparablen damage defined? Prudence - 
and yes humility- pays multifold in the long run in environmental 
protection and our laws must reflect it. 

Thus the Act's "right to a healthy environmentH must include the 
citizens' "right to knoww about contaminations in their habitat and 
the tenant's right to know about the design and operation of the 
building systems that determine his health and well-being, includ- 
ing information necessary- not just any conjured-up dwuments to 
comply with the word but not the spirit of the law- to determine 
the acceptability and legality of the energy conservation measures 
that affect his indoor air environment. Such were the author's arg- 
uments presented in his brief20 submitted to Q&becls legislative 
Committee examining the Access-to-Information Act's mandate. 

6. CONCLUSIONS 

After the bombingofthe House of Commons in 1943, Sir Winston Chur- 
chill urging that the Chambers be rebuilt exactly as they were be- 
forelbecause their physical characteristics have formed the very 
structure of British democraq, dramatically noted, "We shape our 
buildings, and afterwards our buildings shape us". Yes indeed. Some 
of our buildings are making us sick now. Not only architect, but 
also law maker heal thyself! The jurisdiction of our Clean Air Acts 
must be extended to cover the air indoors which may often be more 
polluted than that outdoors. And good maintenance of the building 
systems that determine the health and safety of the occupants must 
be mandatory part of our codes and part of the initial planning and 
dessign of buildings. 21 

The author gratefully acknowledges that this paper incorporates, 
expands, and updates parts of his earlier paper given in ref. (2). 
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1. I n t r o d u c t i o n  

The AIVC nowadays is  an e s t a b l i s h e d  "Centre" on i n f i l t r a t i o n  
and v e n t i l a t i o n  r e s e a r c h .  It i s  w e l l  known throughout  t h e  
world.  This  p o s i t i o n  has  no t  been reached e a s i l y .  But y e a r s  
o f  h a r d  working and c r i t i c a l  managing o f  t h e  Cent re  w a s  a  
n e c e s s i t y .  The Cent re ,  o p e r a t i n g  agent ,  s t a f f  and s t e e r i n g  
group, has  t o  t h i n k  about  t h e  f u t u r e .  Res t ing  on your wings 
is  dangerous and f i n a l l y  w i l l  l e a d  t o  a b o l i t i o n .  
The q u e s t i o n  is: 
What can a  c e n t r e  l i k e  t h i s  r e a l l y  mean f o r  s o c i e t y  i n  t h e  
f u t u r e  ? 
To answer t h i s  q u e s t i o n  one has  t o  go back i n  t i m e  and 
fo l low t h e  developments till t o  day. 

2 .  P a s t  and p r e s e n t  

2 .1  Pas t  

The c e n t r e  has  s t a r t e d  a s  a  r e s u l t  of  d i s c u s s i o n s  i n  t h e  
energy load  c a l c u l a t i o n  annex (Annexl) about t h e  r o l e  of 
i n f i l t r a t i o n  i n  t h e  energy l o a d  o f  a  bu i ld ing .  
The s p e c i a l i s t s  a t  t h a t  t i m e  d i d  use  codes mostly t a k i n g  
i n t o  account a  c o n s t a n t  v e n t i l a t i o n  r a t e .  I n f i l t r a t i o n  was 
i n  most c a s e s  no t  t aken  i n t o  account .  Many comparisons of 
measured and c a l c u l a t e d  d a t a  f a i l e d .  
The s p e c i a l i s t s  a t  t h a t  t i m e  thought  t h a t  i n f i l t r a t i o n  was 
an important  miss ing  f a c t o r .  From t h a t  moment on a  group of 
e x p e r t s  i n  i n f i l t r a t i o n  s t a r t e d  t o  d i s c u s s  about t h e  l e v e l  
o f  knowledge on i n f i l t r a t i o n  p roces ses  i n  b u i l d i n g s .  
They recognized b i g  d i f f e r e n c e s  i n  t h e  knowledge and 
unders tanding  i n  t h e  d i f f e r e n t  c o u n t r i e s .  One count ry  had a  
l o t  of exper imenta l  work done, whi le  o t h e r s  d i d  more on 
e x p l a i n i n g  t h e  p r o c e s s  of  i n f i l t r a t i o n .  They found many 
a s p e c t s  on which i n f i l t r a t i o n  was based where d a t a  and 
knowledge was miss ing .  
The conc lus ion  was t h a t  answering t h e  ques t ion  on energy 
l o a d  of i n f i l t r a t i o n  could  on ly  be a t t a c k e d  by a  c l o s e  
i n t e r n a t i n a l  coope ra t ion .  And a f t e r  some t i m e  of  p r e p e r a t i o n  
t h e  Centre  was inaugura ted .  



Eight countries ( U.K., U.S.A, Denmark, Sweden, Italy, 
Switzerland, Canada and the Netherlands ) from 1979 on 
worked together in a joint funded project. 
The main objectives of the Centre were very roughly 
summerized: 

- gathering all available published work 
- evaluation of that work 
- stimulate new research 
- disseminate information. 

The means to reach the goals were: 

- production of technical notes 
- producing handbooks 
- distribution of a newsletter 

(Air Infiltration Review) 
- organisation of conferences and workshops. 

A staff of about five people was trying to reach the goals. 
They were guided by a steering group, while the operating 
agent was managing all administrative and financial aspects. 
To give some examples of the results: 

- Yearly conferences with published proceedings 
- Handbook Air Infiltration Control in Housing 
- Air Infiltration Calculation Techniques Guide 
- Air Exchange Rate and Air Tightness Measurement 
Techniques Guide 

- Technical notes: 
* Air infiltration Glossary 
* Validation and Comparison of Mathematical Models 
* Windpressure Data 
* Ventilation Strategy 
* Survey of Current Research 
* Airborne Moisture Transfer 
* Standards on Ventilation and Air Tightness 

The aim to improve the understanding of the complex air 
infiltration processes and at the same time reduce 
infiltration in buildings became a reality. 
The success of the Centre was there. 



2.2 Present 

Many countries then began to realize that not being a member 
of this centre became a problem, They did not get all the 
avaivlable knowledge. Moreover the member countries made a 
lot of progress due to internatinal cooperation in research 
and in the application of it. Five new countries became 
member of the centre. 
At this moment the Centre is funded by thirteen member 
countries. West Germany, Finland, Norway, Belgium and New 
Zealand joint the centre since the inauguration as members. 
There are a few countries at this moment interested to 
become a member of the centre, for instance France and 
Japan. 
The role and work of the centre was not "steady state" but 
can be described as "dynamic". After some years focussing on 
infiltration the scope was broadened to ventilation. 
The centre got its present name: 
Air Infiltration and Ventilation Centre. 
Since a few years the air transport related indoor air 
quality and comfort aspects became part of the workprogram 
of the centre. Also the flow in the room and efficient ways 
of ventilation and removal of contaminants needed to be 
studied. 
The scope of the centre is growing and becomes wider- 
Some other annexes had finished their work. Interesting 
results had to be published. The centre could easily carry 
out this type of work because of their experience in writing 
technical notes. The summary report of "Inhabitants 
behaviour with regard to ventilation" was published by AIVC. 

Some new technical notes: 

* Multizone Simulation Study 
* Building Air Flow Simulation 
* Air Change Efficiency 
* Infiltration and Ventilation/ Comfort and Indoor 
Air Quality 

* COMIS Fundamentals 

are planned to be published in the near future. 



The work-power of the centre is at this moment about seven 
people. New is that people from other countries come to the 
centre to work there on special items for several months. 
This is an old wish which becomes reality at this moment. 
This is a new way to improve international cooperation. 

3. Perspective 

Past and present may be seen as successful international 
cooperation between countries in the centre. 
The real question for the members of AIVC is : 
What new facts can we deliver as a result of our work to the 
society. Moreover, is the money invested to reach that 
available and well spend. 
One has to realize that there is more than infiltration and 
ventilation research. The enourmes environmental problems in 
the world put also a pressure on us. We have to consider our 
contribution on solutions. Taking that as a starting point 
for our perspective, it seems to me that a variety of new 
items comes to us. 
The importance of infiltration and ventilation as a key 
parameter for indoor air quality and comfort must be our 
motivation to undertake new projects. Specially where the 
interaction between other specialists play an important 
role. Interdisciplinery work has to be undertaken. 
Hygienists, medical doctors, designers of new building and 
installations need our special attention. 
Infiltration and ventilation must be a normal partition in 
the education of all types of professions. We still have a 
lot of existing knowledge which did not really found their 
way to practice. 
On the other hand new research has to be started. There are 
still questions which cannot be answered with the existing 
knowledge. 
For instance the questions : 

-What is the overal exposure of a housewife, a 
young child, an elderly due to typical indoor air 
pollutants during their stay in our existing 
housing stock. 



-What effect can infiltration and ventilation have 
on that exposure. 
-Can we improve our ventilation systems in that 
way that a positive effect of it can be reached. 

The questions given have to do with indoor air quality. But 
at the same time we cannot have the situation that we waste 
energy and moreover are misusing energy and put an extra 
burden on the quality of our outdoor environment. 
From that standpoint one can easily see new investigations 
for our future. 
To give answers on the questions mentioned above, we need 
tools te evaluate situations in buildings. This tools will 
be mainly models. To be more specific, my opinion is that 
there will be a need for all kind of models coupled to 
eachother. 
Our models are far from adequate to answer all questions. 

Some items which need to be studied : 

-The interaction between multizone flow and room 
air flow. Specially when the connection between 
the two is a large opening ore even large 
openings. The flow through large openings (for 
instance the turbulence effects) is not quit 
well known and play on the other hand an 
important role in the transport of pollutants 
through the building. 

-The existing models must have the possibility 
to communicate with eachother. Again the flow 
over large openings is highly dependent on the 
temperature difference. If this will be only 
estimated in the ventilation models, we might 
miss a good insight in this effect. 



-Input data such as pressure coefficients and 
air leakage data need to be gathered and 
studied. The availability of it must be in the 
form of data- bases. 

-Absorption, desorption, condensation etc. are 
factors who strongly influence the pollutant 
levels in the rooms. Data from experiments is 
lacking at this moment. Models has to be 
modified on this point 

-The behaviour of occupants need to be studied 
in more detail than till now. Occupants spent 
their time in different rooms. They have a 
significant influence on the production of some 
pollutants and they are the predominant factor 
in the proper use of the ventilation systems. 

-Development of good design procedures 
controlling infiltration to minimize the use of 
energy is still not a fulfilled item. 

-The development of ventilation strategies 
depending on building style, behaviour, local 
circumstances like weather and concentrations 
of pollutants ouside the building is necessary. 

-Since energy is not any longer an economic but 
also an ecologic factor, we have the task to 
develop new ventilation systems which also for 
the transport of air use the real minimum of 
energy. Better fan efficiencies, grids and 
ductwork with lower pressure losses, better 
control systems need to be developed. 



4 .  C o n c l u s i o n s  

Looking t o  t h e  p a s t  w e  can  conc lude  t h a t  t h e  c e n t r e  h a s  
f u l f i l l e d  a v e r y  p o s i t i v e  r o l e  i n  t h e  i n t e r n a t i n a l  
c o o p e r a t i o n  on i n f i l t r a t i o n  and  v e n t i l a t i o n  r e s e a r c h .  
W e  have  made good p r o g r e s s ,  t h e  c e n t r e  i s  runn ing  w e l l ,  b u t  
w e  have  t o  be c a r e f u l l  n o t  t o  be a p a t h i c .  
The c e n t r e  must t r y  t o  a c h i e v e  a permanent p o s i t i o n  i n  t h e  
d i s s e m i n a t i o n  o f  r e s u l t s  i n  t h e  f i e l d  o f  i n f i l t r a t i o n ,  
v e n t i l a t i o n ,  a i r  t r a n s p o r t  r e l a t e d  a s p e c t s  o f  i n d o o r  a i r  
q u a l i t y  and i n d o o r  envi ronment .  
The c e n t r e  must p l a y  a major  r o l e  i n  i n i t i a t i n g  new r e s e a r c h  
on i t e m s  which a r e  i m p o r t a n t  t o  answer q u e s t i o n s  f o r  t h e  
f u t u r e .  
The means t h e y  u s e  a t  t h i s  moment a r e  a d e q u a t e  t o  r e a c h  t h a t  
g o a l s .  
The g roups  t o  b e  reached  need t o  be  w i d e r  t h a n  t h e  g r o u p  of 
i n f i l t r a t i o n  a n d  v e n t i l a t i o n  r e s e a r c h  p e o p l e .  




