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Preface 

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 
E A  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. 

Enera Conservation 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 pre-determined 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* 
I1 Ekistics and Advanced Community Energy Systems* 
I11 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* 
VIII Inhabitant Behaviour with Regard to Ventilation* 
IX Minimum Ventilation Rates* 
X Building HVAC Systems Simulation* 
XI Energy Auditing* 
XII Windows and Fenestration* 
XI11 Energy Management in Hospitals* 
XIV Condensation* 
XV Energy Efficiency in Schools 
XVI BEMS - 1: Energy Management Procedures 
XVII BEMS - 2: Evaluation and Emulation Techniques 
XVIII Demand Controlled Ventilating Systems 
XIX Low Slope Roof Systems 
XX Air Flow Patterns within Buildings 
XXI Thermal Modelling 
XXII Energy Efficient Communities 
XXIII Multizone Air Flow 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 aggreement 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, Germany, Finland, 
Italy, Netherlands, New Zealand, Norway, Sweden, Switzerland, United Kingdom 
and the United States of America. 
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SYNOPSIS 

The air diffusion in a room is dominated by the diffuser type and the air supply 
parameters of the diffuser. The design of a diffuser used in practice is often 
complex. Reliable information from simulations can be useful in improving 
diffuser design. And the correct airflow pattern computed can help us to 
understand the flow phenomenon in order to obtain a comfortable indoor 
environment. Accurate flow information around the diffuser is therefore required. 

A "HESCO-type diffuser was selected as an example for the validation exercise 
in the IEA Annex 20 project (Air flow pattern within buildings). It consists of 84 
small round nozzles that are arranged in four rows in an area of 0.71 m x 0.17 m. 
With the same effective area, the diffuser is simulated by 1, 12, and 84 simple 
rectangular slots and by the momentum method. In the momentum method, the 
supply air momentum is set to be that of the 84 small round nozzles. The 
simulation of the diffuser is incorporated in the airflow computation in a room. The 
three dimensional flow is computed by a flow program with a low-Reynolds- 
number k-E model of turbulence. 

Corresponding measurements from other researchers are used for comparison. It 
may be concluded that the momentum method and the method which uses 84 
simple rectangular slots predict air velocity and temperature distributions in the 
room similar to those from the experiments. The computing cost with the 84 slots 
method is extremely high. Hence, the momentum method is suggested to be used 
to simulate a complex diffuser in practice. 

INTRODUCTION 

The air diffusion in a room is dominated by diffuser type and the air supply 
parameters of the diffuser. The difficulty in analysis of airflow around a jet diffuser 
is that the geometry configuration of a diffuser used in practice is complex, and 
the flow is three-dimensional, turbulent, and with a considerably high Reynolds 
number. It is necessary to acquire accurate flow information around the diffuser 
and to simulate the diffuser correctly in airflow computations. 

There are several methods applicable for simulating a complex diffuser. The inlet 
box model used by Nielsen et a1 (1 979) is one of the earliest models. In principle, 



the model can be used for predicting room air motion with any kind of inlet 
diffuser. But the data used in the inlet box model must be obtained from 
experiment or a more detailed computation. However, the data needed in the 
model may not be always available. 

Recently, Nielsen (1990) imposed a formula for a jet diffuser based the results 
from experiment. Lemaire (1990) applied the formula to prescribe velocity profile 
of a diffuser so that room airflow can be computed. The results are promising. 
Since the formula varies with the diffuser type, this method requires a large 
amount of time and effort. 

Heikkinen (1990a) simulated a complex diffuser by a so-called basic model. In 
the basic model, the diffuser is simulated by a rectangular slot with the same 
effective area as the complex diffuser. The method was used to predict the 
airflow in a room with a complex diffuser under iso-thermal condition. It gave a 
reasonable indication of the airflow pattern in the room although there are 
discrepancies between the computations and experiment. But the method is not 
suitable for non-isothermal flow as will be discussed in this paper. 

The aim of the paper is to find a suitable tool to simulate the air velocity and 
temperature distribution in a room with a complex jet diffuser. The tool could be 
used to improve diffuser design. And the correct airflow pattern computed can 
give a better understanding of the flow phenomena which may be useful in 
obtaining a comfortable indoor environment. 

SlMULATlON OF A MULTIPLE-NOZZLE DIFFUSER 

A "HESCO-type diffuser as shown in Figure l a  was selected as an example for 
the validation exercise in the IEA Annex 20 project. The diffuser is a modern air 
terminal device and available on the market. It consists of 84 small round 
nozzles that are arranged in four rows in an area of 0.71 m x 0.17 m. The flow 
direction of each nozzle can be adjusted, and a flow which has a complicated 
three-dimensional structure close to opening with a high entrainment of room air 
may result. 

With the same effective area, the diffuser is simulated by two methods: the 
simple-rectangular-slot method and the momentum method. As shown in Figures 



(a) Sketch of the jet diffuser with 84 round nozzles (d) Simulated bv 84 slots 

(c) Simulated by 12 slots 

1 b-d, the 84 round nozzles can be simulated by 1, 12, or 84 rectangular slots, 
respectively. The total effective area of the 1, 12, or 84 slots is the same as that 
of the 84 round nozzles. The one slot method is defined as the basic model in the 
IEA Annex 20 project. In the momentum method, the supply air momentum, rnVin, 

is set to be that of the 84 small round nozzles: 

rn Vin == rn (volume inflow rate / effective area) (1 

where rn is the mass inflow rate. This method can be regarded as setting infinite 
nozzles/slots as shown in Figure Ie .  In the numerical approach, it is performed 
by characterizing the flow rate in the inlet with a fraction of the effective area 
over gross area of the diffuser. The fraction indicates the area of the grid cells 
within the inlet area available for the supply air. Different diffusers can be 
simulated by giving different supply momentum and its initial directions, . 

In the present study, the iow-Reynolds-number k-E model of turbulence is used 
(Chen et a/. 1990) to predict turbulent diffusion in airflow computation. This 
model has been verified to be more suitable for predicting indoor airflow and 
heat transfer since the agreement between the computed and measured results 
is very good. A more detailed description of the model and the comparison 
between the computed results and experimental data are given by Chen et a/. 
(1990) and Borth (1990). The turbulence model was implemented in the airflow 
program PHOENICS-84 (Chen 1990) that is developed by Rosten and Spalding 
(1987). The computations involve the solution of three-dimensional equations for 

the consetvation of mass, momentum (u, v, w), energy (N), turbulence energy 
(k),  and the dissipation rate of turbulence energy (E). The governing equations 

of the model can be expressed in a standard form: 



Inlet /h 

Figure 2 Sketch of the room with a jet diffuser. 

4 

div (p V $ -  r9 grad o)= S9 

where p is the air density, is the air velocity vector, l?m is the diffusive 

coefficient, a is the source term of the general fluid property, and $ can be any 
one of 1, uJ v, wJ k, E, or H. When $ = 1, the equation changes into the 
continuity equation. 

RESULTS 

For more reliable information, the simulation of the HESCO diffuser is 
incorporated in the airflow computation in a room as shown in Figure 2. The 
room is 4.2 m long, 3.6 m wide, and 2.5 m high with the diffuser placed in the rear 
wall near the ceiling. Since the room is symmetrical in plane z = 0, the 
computations are carried out for half of the room. The front wall has a hot window 
surface for modeling a summer cooling situation. The window size is 2.0 m in 
width and 1.6 rn in height with a surface temperature of 30°C and the rest 
enclosure surfaces 20°C. All 84 nozzles are adjusted with an angle 40° 
upwards. The actual inlet area (effective area) is 0.008 m2. The air change rate 
of the room is 3 ach which corresponds to a mass inflow of 0.0315 m3Is. This 
implies that the mean velocity of the supply air is 3.94 mls. The turbulence 
intensity of the supply air is estimated to be 10%. The supply air temperature 
specified by IEA Annex 20 is 15.0°C. An outlet is placed below the inlet with a 



dimension of 0.3 m in width and 0.2 m in height. Corresponding measurements, 
which were carried out in different IEA Annex 20 participating countries 
(Fossdal 1990; and Heikkinen 1990), are used for comparison. 

The same grid distribution (22 x 34 x 34) was used for all the computations for 
half of the room to eliminate the error caused by grid diffusion. In the one-slot 
method (basic model), the slot was simulated by 7 x 4 cells. Each slot has 4 x 2 
cells in the 12-slot method. However, only one cell is used for each slot in the 
84-slot method because of the huge computing cost. The round nozzles are 
simulated by rectangular ones as shown in Figures 1 b, 1 c, and 1 d. More than 
five hours of CPU time is used for each computation in a CRAV WMP super 
computer. The sum of the absolute mass residuals of each cell is about 10% of 
the mass inflow and the continuity error between the inlet and outlet is 0.5O/0 of 
the mass inflow. 

The computational results are illustrated in Figures 3 to 6. Figures 3a, 4a, 5a, 
and 6a are the velocity vectors in plane z =Q.O m (the symmetrical plane); 
Figures 3b, 4b, 5b, and 6b the velocity vectors in plane x = 4.10 m (near the 
window); Figures 3c, 4c, 5c, and 6c the velocity vectors in plane y = 2.425 m 
(near the ceiling via the inlet); Figures 3d, 4d, 5d, and 6d the velocity vectors in 
plane y = 0.10 m (near the floor); and Figures 3e, 4e, 5e, and 6e and 3f, 4f, 5f, 
and 6f the velocity scalar and air temperature in the symmetrical plane 
respectively. The results predicted by the one-slot and 12-slot methods are quite 
different from those by the 84-slot and momentum methods. The later two 
methods give similar results. 

The computed results have been compared with the experiments carried out by 
Fossdal (1 990), and Heikkinen (1 990). Although the experiments are conducted 
on the same specification by IEA Annex 20, there are differences between the 
measurements as shown in Figures 7 and 8. The comparisons are only indicated 
for the symmetrical plane because it is the most important plane. We have noted 
that there is an asymmetry in the experiments but the asymmetry is not 
significant. The comparison for the velocity profiles concludes that the 84-slot 
and momentum methods are in reasonable agreement with the measurements. In 
general, the computed air temperature is about 1 K lower than the measured 
(Figure 8). There are differences in the thermal and flow boundary conditions as 
given in Table 1. 
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Figure 3 Velocity and temperature distributions simulated by the one-slot 
method. (a) velocity vectors in plane z = 0.0 m (symmetrical plane); (b) velocity 
vectors in plane x = 4.10 m; (c) velocity vectors in plane y = 2.425 m; (d) 
velocity vectors in plane y = 0.10 m; (e) velocity scalar in plane z = 0.0 m; (f) 
temperature in plane z = 0.0 m PC). 

Higher surface temperatures in the experiments will result in a higher 
temperature of room air. However, the heat exchange between the window 
surface and room air, which is computed by the low-Reynolds-number model, 
may be a little bit smaller since the grids used in the boundary are not sufficient. 
This will give a lower temperature of room air. Figure 7 shows that the 
temperature profiles by the 84-slot and momentum methods are very similar to 



Figure 4 Velocity and temperature distributions simulated by the 12-slot 

method. (a) velocity vectors in plane z = 0.0 m (symmetrical plane); (6) velocity 
vectors in plane x = 4.10 m; (c) velocity vectors in plane y = 2.425 m; (d) 
velocity vectors in plane y = 0.10 m; (e) velocity scalar in plane z = 0.0 m; (f) 
temperature in plane z = 0.0 m PC). 

those measured regardless the average temperature of room air. 

The simulated velocity distrbution by the one-slot method (Figures 3a and 3c) 
shows that the jet deflects from the ceiling in the mid-length of the room. The 
simulation by the 12-slot method presents similar results. This implies that the air 



Figure 5 Velocity and temperature distributions simulated by the 84-slot 
method. (a) velocity vectors in plane z = 0.0 m (symmetrical plane); (b) velocity 

vectors in plane x = 4.10 m; (c) velocity vectors in plane y = 2.425 m; (d) 

velocity vectors in plane y = 0.10 m; (e) velocity scalar in plane z = 0.0 m; (f) 
temperature in plane z = 0.0 m PC). 

velocity decay from the jet is too fast by comparing the corresponding 
experimental data as shown in Figure 7. It is difficult to identify which 
computation, by the 84-slot method or by the momentum method, is in better 
agreement with the measurements because there are some differences in the 
two sets of experimental data. 
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Fjgrrue 6 Velocity and temperature distributions simulated by the momentum 

method. (a) velocity vectors in plane r = 0.0 m (symmetrical plane); (b) velocity 
vectors in plane x = 4.10 m; (c) velocity vectors in plane y = 2.425 m; (d) 
velocity vectors in plane y = 0.10 m; (ef velocity scalar in plane z = 0.0 m; (f) 

temperature in plane z = 0.0 m PC). 

The computing cost with such a fine grid is too high to be used at present in 
practical applications. It is found that the inlet simulated by 28 slots gives very 
close results to those by 84 slots. If less slots are used, the grid employed for 
simulating the inlet can be reduced. As a result, computing cost will be lower 
considerably. The momentum method could be the most economical one among 



Computed by I-slot 
Computed by 12-slot 

-.-.-.-.. Computed by 84-slot 
Computed by the 
momentum method 

0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.1 0.2 0.3 0.4 0.5 0.6 
Air velocity (mls) Air velocity (mls) 

a b 

Figure 7 Comparison between the computations and measurements on 
velocity in z = 0.0 m plane. (a) at x = 1 .4 m section and (b) at x = 3.0 rn section. 
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Fjgure 8 Comparison between the computations and measurements on air 
temperature in z = 0.0 m plane. (a) at x = 1.4 m section and (b) at x = 3.0 m 
section. 

those method because only a few grids are required for describing an inlet. 
Another computation by the momentum method is done with a grid distribution of 
22 x 29 x 15. The results are nearly the same as those by 22 x 34 x 34. 

Hence,the momentum method is recommended to be used to simulate a complex 
diffuser in practice. 



Table 1 Boundary conditions in the experiments and computations. 

A number of approximated methods have been used to simulate a high- 
momentum jet diffuser with 84 round nozzles. Corresponding measurements from 
other researchers are used for comparison. The momentum method and the 
method using 84 simple rectangular slots predict air velocity and temperature 
distributions in the room similar to those from the experiments. The computing 
cost with the 84 slots method is extremely high. Hence, the momentum method is 
suggested to be used to simulate a complex diffuser in practice. 
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Synopsis 
A new handbook, describing in details the measurement techniques which could be 

used to better understand the infiltration and ventilation in buildings is presented. This 
handbook results from the cooperation between Annex 20 and Annex 5 of the XEA ECB 
program. It presents the techniques for detecting and measuring as well the air leakages as the 
air flows in buildings and in ventilation systems. Methods related to ventilation efficiency 
and effectiveness, like the measurement of the age of air, are also described. 

Introduction 
Improving comfort and indoor air quality as well as minimizing the pollution and 

energy consumption are of growing importance in many countries. For that purpose, the use 
of theoretical models and simulation computer codes is useful. Planning rules are also 
published to increase the quality of the construction and the performances of the ventilation 
systems. 

The reality however does not always follows theoretical models, nor is the actual 
work always a perfect execution of the proposed design. This results sometime in 
uncomfortable or even sick buildings (too leaky or too tight envelope, too much 
contaminants), in dysfunction of the HVAC system (too much or not enough air, shortcuts, 
spreading of contaminants) or high energy consumption. On the other hand, some theoretical 
models or computer programs do not follow the reality, that is do not reproduce it in a 
satisfactory way. 

In order to assess the reality, to control the building and ventilation system 
performances and to evaluate models and computer programs, measurements are of great 
help, if not unavoidable. Such measurement techniques are described in the literature, but, 
except the AIVC Measurement ~uide[l] ,  no comprehensive review, describing the many 
techniques in much detail, was available. 

As a result of a close collaboration between the Annex 20, subtask 2 contributors 
and the AIVC, a technical handbook was prepared, based on the AIVC Measurement Guide, 
but greatly extended to take into account the latest developments in measurement methods 
related to ventilationl21. It is concerned with the measurement of those parameters which are 
important in gaining an understanding of air infiltration and ventilation. 

A short history 
From the early beginning of the IEA-ECB Annex 20 "Airflow Patterns Within 

Buildings", it was decided, within the subtask 2 "Multizone Air Flows" to contribute to the 
development of new measurement techniques, adapted to the study of air flow patterns in 
multizone buildings. As usual in such international programs, it was intended to publish a 
report describing the methods developed in the frame of the Annex 20. These methods would 
be enhanced pressurization tests and multizone tracer measurement techniques. 

Since the AIVC was interested in picking some information from this report to 
complete its Measurement Guide, it was proposed that the Annex 20 report would be several 
packs of sheets which could be inserted in the AIVC Guide. For that purpose, information 
was gathered as well from the literature (using AIRBASE) as from every Annex 20, subtask 
2 participant. On that base, two reports, one on enhanced pressurization test methods and the 
other on multizone tracer measurement techniques, were drafted. Looking at these drafts, two 
facts were clearly seen: 

a) because of the particular structure of the AIVC guide, it would be difficult to 
integrate these drafts into the Guide, and, 

b) it might be interesting to extend the description as well to the techniques related 
to the age of air and to ventilation efficiency and effectiveness, as to 
measurement methods which could be applied to ventilation systems. 



Therefore, the authors agreed with the Head of AIVC to make together a completely 
new edition of the AIVC Measurement Guide. Texts, figures and informations corning from 
the Guide were merged with the draft Annex 20 reports. This new, combined draft was 
completed with two more parts concerning measurement techniques related to indoor air 
quality and to ventilation systems and submitted to the Annex 20 participants and to the 
Steering Group of the AIVC. 

At that time, it appeared that this new draft, if useful for the scientists going to make 
measurements in the field, might be too complex and too detailed for non specialists, or, in 
other words, that the new draft was not for the same public as the AIVC Guide. It was 
therefore decided in the Steering Group of Annex 5 that the new draft will be published as a 
new Technical Note and that the AIVC Guide will remain, with some additions prepared by 
the AIVC. 

Content of the Handbook 
This handbook is hence the result of a strong collaboration between the Annex 20, 

subtask 2 and the Annex 5. The latest developments in measurement methods related to 
ventilation were described by Annex 20 participants and large portions of the Measurement 
Techniques Guide first published in 1988 by the AIVC and describing the techniques already 
known at that time were reviewed and integrated, in order to make this handbook as 
comprehensive as possible. 

The complete book is 286 pages thick, the relative importance or the various parts 
can be seen in Table 1. Its content is summarized below. 

Table 1: Number of pages, figures and tables in the various parts. 

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

Part I defines the parameters which are important, presents the reasons why they 
should be measured and gives a guide to the selection of techniques for particular 
applications. Summaries of the main techniques available are presented, which are cross 
referenced with the main body of the guide. This part intends to help answering the question: 
"Which measurement technique should I use to get the value I require?". This part contains 
the following chapters: 

Tables 

11 
11 
6 
5 
0 

15 
0 

48 

Part 

I 
II 
In 
IV 
V 

Appendices 
Index 

Total 

1. Structure of the Handbook 
2. Introduction 
3. Selecting a Technique 

Part 11, Air Leakage Measurement Methods, presents the theory and practice of 
measuring the airtightness of the building envelope and its components as well as of the 
internal partitions within the building. In general, this part answers the question: "How could 
I quantifi airtightness of a building as a whole, of particular zones or particular building 
components and how could I detect or visualize leaks?". 

Pages 

18 
74 
92 
24 
18 
56 
4 

286 

Figures 

4 
42 
28 
3 
7 

23 
0 

107 



One chapter is dealing with the measurement of the two basic physical variables in 
the representation of air leakage, namely pressure and air flow rate. A large number of 
currently available techniques and equipments for the actual determination of overall 
airtightness and components leakages, both qualitatively and quantitatively, are presented, 
often accompanied by an example from practice. The global structure is: 

1. Introduction 
2. Principles of the Pressurization Techniques 
3. Pressure and Air Flow Measurements 
4. Current techniques 
5. Treatment of Results 
6. Equipment 
7. Airtightness Measurement Techniques Standards 

Part III, Air Flow Measurement Methods, presents the theory and practice of 
measuring air exchange rates and the related contaminant flow rates, as well in single zone as 
in multizone buildings. Air exchange between a building and the external environment is 
examined, as is the air exchange between the various internal spaces of a building. This part 
is for those which have the following questions: "I would measure airflow rates within single 
and multi-zone buildings. Which are the methods? Which instruments could I use? How 
could I measure and interpret the results? The answers are found in the chapters listed 
below: 

1. Introduction, Objective of Measurements 
2. Basic Equations 
3. Principles of Different Methods for Determining Outdoor Air 

Flow Rates into a Building and Interzonal Air How Rates 
4. Treatment of Results 
5. Components of a Tracer Measurement System 
6. Examples of Systems 
7. Comparisons of Methods 
8. Standards 

Part IV, Measurement Methods Related to Efficiency, presents some 
measurement methods which may be useful to qualify the indoor air and the efficiency of the 
ventilation system. This part however does not describe the techniques for the measurement 
of contaminant concentrations. It will only help people which wonder "How old is my fresh 
air? Where are the dead zones? Does the contaminants stay long in my breathing area?". 
The addressed matters include the following: 

1. Introduction 
2. Definitions 
3. Local Age of Air 
4. Planning of Mapping Experiments 
5. Room Mean Age of Air and Air Exchange Efficiency 
6. Measurement Methods Related to Ventilation Effectiveness 

Part V, Measurements on Ventilation Systems, describes measurement methods 
able to qualify a system, namely to measure the flow rates in the ventilation network and to 
control its tightness. As well the simple measurement of the air flow rate in one duct as 
techniques allowing to assess all the flows in a ductwork are described. The answered 
question is here: "How could I control if my (mechanical) ventilation system works as 
planned?". The following chapters are found in this part: 

1. Introduction 
2. Measurement of the Air How Rate in a Duct 
3. Air Flow Rates in a Ventilation Network 
4. Efficiency of the Ventilation System 
5. Measurement of Air Tightness of a Duct or Network 



Appendices are provided either to give informations on general tools or to lighten 
the main text from informations which may be useful only to specialists. These are: 

A 1. Unit Conversion Tables 
A 2. Error Analysis 
A 3. Identification Methods 
A 4. Exarnple of Multizone Pressurization in a Realistic Case 
A 5. Strength of the Passive PFI' Sources 
A 6. Algorithm to Control a Constant Concentration System 
A 7. Glossary 

An index with some 430 enmes is located at the end of the book, to help users in 
looking for the good information. 

How to use this handbook? 
There are many measurement techniques which could be used to study the air flow 

patterns within buildings. Remember however that measurements are often time consuming 
and expensive. They generally require sophisticated instruments which are not always 
immediately available. For all these reasons, measurements should be carefully planned and 
performed only when required. Measurement is the answer, but what is the question?. 

I 1.3: Selecting a Technique 
Where is the problem? I 

Figure 1: Structure of the Handbook. 

To use this handbook (as any measurement technique) efficiently, one should first 
answer the following basic questions, in the following order: 

1) What is the problem to be solved? 
2) Which physical data may be useful to solve my problem? 
3) Out of these data, which could be simply guessed and which ones should really 

be measured? 
4) Which technique could be used to measure the required data? 
5) How should I use that measurement technique? 
6) How should I interpret the results to answer my questions? 



After, and only after answering these questions, the experiment can be defined, the 
instruments installed, the measurement peI-formed, the results treated and the problem solved. 

The presented handbook only helps answering questions 4) to 6), as it is shown in 
Figure 1, which represents the structure of the book. 

Conclusions 
This publication intends to help scientists wanting to make measurements in the 

field of air infiltration and ventilation in buildings. It should be used as a handbook and can 
be opened when required at the pages of interest. The index and detailed tables of content 
may help in finding the proper information. 

For some specialists, parts of the handbook will seem too simple, while newcomers 
may require some basic teaching before reading the details of some interpretation methods. It 
is impossible to prepare a text which is at the ideal level for any reader, but we nevertheless 
hope that every reader will find the necessary information. 
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Synopsis 
Airflow rates are directly affected by the amount of open area and consequently by 

the inhabitant behavior with respect to window opening. In this paper, a stochastic model 
using Markov chains, developed at the LESO to generate time series of single-window 
opening angle is modified to generate multiple window openings. It is based on data 
measured by the TNO Delft on 80 identical, 16 openings dwellings located at Schiedam 
(NL). The model is then validated by a comparison of the real and generated data. The use of 
this model within building air infiltration design programmes should improve significantly 
the likelihood of the latter. 

1. Introduction 

1.1. Importance of the Inhabitant 
The importance of airflow rates on heating cost and the elimination of pollutants 

within buildings is a fact and already many softwares are available to simulate thema]. 
However, it must be pointed out that all these programmes run with unoccupied buildings, 
even though airflow rates are closely related to the amount of open area and therefore to the 
inhabitant behavior concerning window opening. For instance, measurements conducted in 
25 Danish buildings shows that in average the increase in the airflow rate due to occupancy is 
more than 100%[21. 

In order to improve future programmes a model simulating window opening during 
the winter has been developed and was presented elsewherei31. This model was based on 
measured data from four offices of the three storey's LESO experimental office buildingi41. 
Using a method similar described by Fewkes & Ferris[%, the model generates time series of 
window opening angles with the same statistics (i.e. average opening angle, time correlation, 
temperature dependance, etc.. .) as the measured openings for the heating period. 

1.2 Driving variables 
From the work of IEA-ECB annex 8121 (and since the 7th AIVC conference), it is 

well known that the inhabitant behavior concerning the openings depends on several 
variables. Some of these may drive the opening and closing, some others only one of this 
action (e.g. the occunence of rain may enhance the probability of closing the windows). 
These driving variables are listed in Table 1 

Table 1: Possible driving variables for window opening and closing[31. 

I External variables I Internal variables I "Human" parameters I 
Outdoor temperature 
Solar radiation 
Wind velocity 
Rain 
Noise 
Odors and pollutants 

Indoor temperature 
Odors 
Contaminants 
Moisture 

Time of the day 
Type of day 
Type of building 
Habits 
etc. 

Several intercorrelations between the openings and some of these variables were 
examined. It was found that the most significant one is the outdoor temperature[31. Only this 
variable is taken into account in the present work. This has moreover the advantage of linking 
the model to a data which is generally available all around the World in each meteorological 
station. 

The indoor temperature was considered, but not retained as driving variable, the 
reason being that it is difficult to handle in multiroom infiltration programmes which are 
seldom combined with a thermal calculation code. 



1,3 Basic principles of: the model 
A simple way of introducing inhabitant behavior in a computer code is to record the 

windows and doors openings in a dwelling, at a convenient time interval and during a 
statistically significant time period. These recorded data could then be introduced as input 
schedule in the computer code, which receives that way exact information on the inhabitant 
behavior of the monitored dwelling. However, this method presents several inconveniences: 

1) The recorded data are valid only together with the meteorological data 
synchronously recorded on the same site. It is therefore not possible to translate 
the recorded information to other buildings under other climates. 

2) Only the measured inhabitant is represented that way. Other behaviors could 
however be introduced by performing other measurements and storing other sets 
of data. 

3) The many recorded data use much memory space. The basic data used within the 
framework of this paper filled fifteen 1.44 Megabyte disks, that is about 20 
Megabyte for 80 dwellings. 

The purpose of the model is to generate window opening sequences which are 
similar to the measured ones, but with a very small amount of input data. These input data are 
obtained by statistical treatment of measured data. The opening sequence is reconstructed by 
random generation according to some rules resulting from that statistical treatment. 

The simplest generation is to close and open the windows following an independant 
stochastic process, according to frequency and opening time distributions. However, this 
method does not provide realistic s uences, since it is well known that the opening time "b depends on the outdoor temperature 1 and it was shown[3] that the opening angle of a 
window is autocorrelated, which means that the state at a given time depends on the 
preceding states. 

The next step in complexity is the Markov chain, in which the state at one time step 
depends only on the preceding state. Markovian processes present a non-zero autocorrelation 
function, but a differential autocorrelation function? which is zero, except at the origin. The 
Markov chain has proven to be a suitable model for simulating window opening anglesD1. 

2. Data Used For The Model 
The model developed here is based on measurements recorded every 10 minutes in 

80 dwellings of a 10-floor building located at Schiedam  etherla lands)[^^^**]. All the 
dwellings are similar (Figure 1) and there are 14 dwellings per floor. Each dwelling has 14 
windows and two doors, located on both facades as shown on Figure 1. 

Measurements of the window opening (using switches) were taken at very short time 
intervals (20 seconds). In order to discretize the time scale as required by the Markov chain, a 
time step of 10 minutes was adopted as a compromize, large enough to limit the number of 
data, and not too short in order not to loose too much accuracy. The opening time during 
these intervals was calculated for every window. When that opening time was larger than 5 
minutes, the window was considered open during 10 minutes, and considered as closed if the 
open time was less than 5 minutes. 

Each dwelling having 14 windows and 2 doors, the status of these was recorded as 
two bytes of 8 bits, that is 2 ASCII characters. Meteorological variables such as outdoor 
temperature, wind speed, solar radiation and rain as well as inside air temperature and inlet 
and outlet heating water temperatures were also recorded. 

t The differential autocorrelation function is the autocorrelation function of the difference between two 
successive states. 



Balcony side 

Entrance side, on gallery 

Figure 1: Floor plan of a dwelling and position of windows and doors in the facades and the 
corresponding numbersr61 



The measurements used for that study were taken during 118 days from winter to 
summer. These were taken out of longer files, using the following criteria: 

- both meteorological data and window openings should be available at each time 
step, 

- there should not be more than 20 minutes between two measurements, i.e. not 
more than one missing measurement. If one measurement was missing, the 
preceding data were taken without change. 

- series of data with less than 100 measurements (that is shorter than 16.7 hours) 
were eliminated. 

This resulted in a file of 17 043 measurements at 10 minutes interval, which is a 
pack of several smaller files. The transition between two files (i.e. during apparent time 
intervals larger than 10 minutes) were not taken into account in the analysis. The final 
number of valid transitions is then 16 976. 

3. Setting up the Model 

3.1 Existing model 
The existing modelr3l was developed to generate time series of window opening 

angles, which was divided into 6 classes: [O-1[ (closed), [I-151, [15-35[, [35-60[, [60-901, 
[go-1201 degree. Moreover, it was based on measurements performed in offices with a single 
openable window. The effect of the outdoor temperature was taken into account by dividing 
the domain of that variable into 4 classes: [-273-0[, [O-8[, [8-16[, [16--[ "C. and four series 
of data were generated and used for each of these four temperature classes. 

3.2 Reasons for modifications 
The Schiedarn measurements are window and door openings (that is either 0 for 

closed or 1 for open) and one dwelling has 14 windows and two doors, whose opening 
probabilities are likely to be correlated. The existing model should therefore be modified first 
to provide time series of openings instead of angles, but also to take account of the many 
windows in a dwelling. 

The difference between the opening angle and the opening indicated by a switch is a 
trivial but important change: the 6 classes of opening angle of the preceding model are 
replaced by only two: closed or open. Since the air flow rates through a window depends on 
the opening angle[sl, it is an important issue and maybe a dramatic approximation. However, 
there are, at our knowledge, no available data providing the opening angle for many windows 
in dwellings and this model should be based on existing measured data. 

3.3 Which user should be simulated? 
It is well known121 that the inhabitant behaviors differ much from each other, and 

these differences give the basic reason to take them into account in the simulations. Since the 
measurements were performed on 80 dwellings, there is a large choice of behaviors. Whose 
of these should be chosen? Which criteria could be used for that choice? 

The criteria could be the total opening time of all the windows and doors, the total 
number of changes or some more complex criterion such as the extra air change rate induced 
by the behavior. The latter is too complex to be handled and the total opening time was taken 
as criteria, since it is more related to air flow rates than the number of opening. 

One can choose an "average" inhabitant, a "closer", or an "opener". Note that the 
definition of the "average" dwelling is not obvious. First of all, none of the 80 dwellings has 
opening times close to the general average for each window. Therefore, it makes no sense to 
generate an artificial average user by averaging the data over the 80 dwellings. It is proposed 
here to choose one user which is close to the general average. 



This could be the one with the average opening time, p, closest to the general 
average (the average being taken as well on time as on the windows), or the one which is the 
closest for each window and door, that is the one which has the smallest standard deviation, 
o, to the average for each opening, summed over the 16 windows and doors. 

Some figures are given in Table 2, which shows the dramatic differences between 
the dwellings. In this Table, p is the average of the corresponding line and o is the standard 
deviation between the corresponding line and the global average. Note that the database used 
to make that table and hence choose the interesting users is slightly smaller than the complete 
database used for the rest of the work. 

Table 2: Relative windows (and doors) opening times, in 0100, for some selected dwellings. 

3.4 How take account of several windows? 

Side 

Type of room 

The proper way allowing one to take account of the presence of 16 windows in a 
dwelling is not so obvious, since there are several possibilities. The model based on Markov 
chains reproduces transitions between states. The variable(s) representing the state should 
therefore be first defined. 

Having 16 openings, a basic state of these could be represented by a 16-bit word, 
each bit representing one opening, and be 0 when the window is closed and 1 when open, 
There are theoretically 216 (about 65 000) such states, hence 216x216 possible transitions 
whose probabilities could be represented in a square matrix with more than 4 billion numbers 
for each temperature class. Most of the elements of this matrix are zero and will not be stored 
but, nevertheless, this solution is neither practical nor possible. In particular, there are not 
enough available data (only about 17 000 transitions) to calculate the transition probabilities. 

Opening No: 1 2  6 7 3 4 5 1 0 1 1 1 2 1 3 1 4  8 9 1 5  16 m s 

Global average 156 90 24 19 137 14 6 45 13 20 142 77 257 89 167 36 81 

Average users (see text above): 
smallests 135 0 2 0107 1 1 7 0 1143 12303 0 15 0 45 58 
closest m 18 4 6 0145 2 2 0 0 6 3 2 0 1 8 6 0 7 9 9 1 3 4  0 85113  

"Closed"user 168 0 7 0 47 10 1 0 0 3 39 10 12 0 4 0 19 93 
"Open" user 108 340 0 0 684 0 1 333 1 30 764 938 616 330 11 53 263 345 

Gallery side Balcony side 

At the other end of the spectrum, each window could be considered as independent, 
with two states. In this case, the window and door openings of the dwelling would be 
modelled by 16 transition matrices, 2 x 2, that is 64 transition probabilities for each 
temperature class. This model can obviously not reproduce any intercorrelation between the 
opening sequence of different windows 

Any intermediate model could be chosen between these extremes. As a first 
approximation, the simplest model is developed and tested below. 

Bedroom 

4. Independent windows model 

Bed Kitch. 

The 16 windows and doors are assumed to be independent from each other and are 
treated separately. The state variables are the state of each window or door, e.g. 0 for closed 
and 1 for open. There are hence four transition probabilities (0 to 0,O to 1, 1 to 0 and 1 to 1) 
for each window and each temperature class. 

Large bedroom 



4.1 Treatment of the data 
To fill-up these 16 x 4 matrices (16 for each temperature class), the measured data 

were treated the following way: 

1) A building is chosen and a file is generated from the big basic data file. This file 
contains, for the 17 000 time steps of 10 minutes, the meteorological data and the 
16 window (or doors) openings of the chosen building. 

Then, at each time step t, and for each window or door: 

2) the outdoor temperature is examined and the corresponding class noted, 

3) the type of transition from the preceding state to the present one is determined 
and the corresponding element in the transition matrix for that window and that 
temperature class is incremented by 1. The elements are arranged as shown 
below: 

Open to Closed Open to Open 

4) When the complete file is treated that way, the elements of the transition matrices 
are divided by the sum of their lines or by 1, whichever is larger. This gives the 
16x4 matrices of transition probabilities, for each window and each temperature 
class. Their elements are the transition probabilities to pass from the initial state 
to the next state. Since the windows are moved at time intervals which are 
generally much more than 10 minutes, these matrices are mainly diagonal. 

If a line does not contain any transition, the window is either always closed or 
always open. The corresponding transition matrices are then arificially modified 
as shown below: 

Always closed Always open 

This slight change ensures first that the sums of the lines are equal to one, as 
should be the sum of transition probabilities, and secondly that the correponding 
window will be put in its permanent state at the first time step, even if the starting 
state does not correspond to the reality. 

4.2 Results 
The four dwellings presenting an interesting average opening time as shown in 

Table 2 were treated that way. The 16 976 valid measurements were distributed between the 
temperature classes the following way: 

Temperature class [- 273,0[ 10, 81 [8,16[ [16, + 4 
Number of measurements 2743 7495 4241 2497 

The Markov transition matrices are given in appendix 1, and can be used in 
computer codes as described in Section 4.2 below. 

Some interesting statistical data are shown in appendix 2. Note that, for all the four 
chosen dwellings, the window 7 is always closed and the entrance door (5) has a high 
probability of closing when open. Each dwelling has at least two windows which are always 
closed. The generous opener (dwelling 41) has three windows which are open more than 95% 
of the time and his windows 2 and 14 are always open. 



4.3 Generation of opening sequences 
The technique used to reproduce synthetic data of window opening angle refers to 

the inverse function method[lOl. This method is commonly used with stochastic processes and 
therefore will just be presented roughly here. 

The inverse function method allows the generation of time series of a stochastic 
process given its distribution function. The only requirement is to dispose of a random 
number generator with a uniform probability density function between 0 and 1. The 
generated numbers, going from 0 to 1, are compared to the distribution function as shown on 
figure 2: for every number given by the generator, there corresponds only one state. In our 
case, the distribution functions have only two steps and are deduced from the lines of the 
Markov matrices. 

Probability function 

Discretized state 

Figure 2: Generating a new state according a distribution function. 

The following reconstruction procedure should be used for that model[3]: 

1) At time to, a starting pattern of open windows is chosen arbitrarily. 

2) The value of the outdoor temperature is examined, and the corresponding 
temperature class T ([- 273,O[, [Q, 8[, [8, 16[, [16, + -[ ) is noted. Choose the 16 
transition matrices, &,T 0' = 1-16), corresponding to that class. 

3) The line of the transition matrix corresponding to the state of the window j, 
contains the transition probabilities P(So, S1) to have the window in state Sl, at 
time tl, knowing its preceding state So. Build the from that line of the matrix: the 
probability to become (or stay) closed is given in the first column and the 
probability to become either closed or open is 1.. 

4) The new state is generated at random according the distribution function, using 
the inverse function method. 

5) Repeat the procedure from step 2 for the next time steps. 

To take account of the very low night activity, the openings could be left unchanged 
from midnight to 7 AM. This was however not done in this work. 



5. Evaluation of the Model 

5.1 Comments on the evaluation procedure 
It should first be stated here that a good evaluation procedure is to compare the air 

flow rates measured in a dwelling with the corresponding air flow rates obtained by a 
computer code using the presented model with its Markov matrices based on measurements 
in the same dwelling. Another, simpler possibility could be to compare computer code results 
for the same dwelling, obtained on one hand with measured opening schedules and on the 
other hand with opening schedules generated by the present model. These methods could 
however not be used within the present work, by lack of time to adapt an existing multizone 
infiltration code. This adaptation would require not only the present model but also a routine 
calculating air flow rates through large openings. This could be performed within the Annex 
23 of the IEA-ECB research program. 

A first estimate of the performances of this model can however be obtained by 
comparison of major characteristics of the generated data with reality. The compared 
characteristic are opening duration, frequency of changes, relation with the outdoor 
temperature and inter correlations between openings. 

For that purpose, 6 opening schedules were reconstructed using the procedure 
described in Section 4.3 and the Markov matrices corresponding to the dwelling 43, whose 
total opening time was the closest to the global average. A different seed for the random 
generator was used for each schedule, but the real first state (i.e. the real status of the 16 
openings at the first measurement) was always used as starting state. The reason is, that, 
when starting from a non realistic state (e.g. all windows closed), the Markov process takes 
some time to reach a realistic behavior. That way, even the first simulated days could be 
compared to the real data. 

From these six rebuilt schedules, some statistics were calculated and compared with 
the same statistics extracted from the measured schedule. These comparisons are presented 
below. 

5.2 Average duration of the openings 
Table A 3.1 in Appendix 3 presents the number of 10 minutes time intervals during 

which the windows and doors are open, as well for the 6 calculated behaviors as for the 
measured one. It can immediately be seen that the average synthetic behavior is close to the 
measured behavior, except maybe for the window 13, in which a relative difference of more 
than 30 % is observed. 22 test, however, is not passed, even with a low probability. 

The dispersion between the various rebuilt schedules varies with the opening. Large 
variations are seen in openings 1,2,4, 10, and 13 again. These openings are characterized by 
being seldom changed but changed anyway. In other words, they have many transitions from 
closed to closed and open to open, but very few (less than 5) transitions from open to closed 
or closed to open. In particular, window 13 started open and was closed once during the 
measurements. 

In this case, the accuracy of the off-diagonal transition probabilities is poor (since 
based on a few transitions) and the re-calculated behavior is therefore not very accurate. This 
limit does not come from the model itself, but from the relatively small number of 
measurements on which the model is based. A good reproducibility of the total open time is 
obtained when the number of off-diagonal transitions is either 0 (always closed or open 
windows) or larger than 10. 

This leads us to a first limitation: The complexity of the model should be adapted 
to the available data. In particular, it has no meaning to prepare detailed Markov matrices 
with many possibilities of transitions, if some of the transitions are poorly represented in the 
available data. 



5.3 Number of transitions 
Table A 3.2 in Appendix 3 presents the number of transitions from one state to the 

other. Here again, there is a good agreement between calculated and experimental data, the 
largest dispersions being for windows having few changes of state. This small discrepancy 
also comes from the reason evoked above. In this case, ~2 test is passed, with a probability of 
97.5 %. 

Markov transition matrices were also rebuilt from the calculated data. They were 
found very similar, when not identical, to the Markov matrices built from the measured data. 
However, for particular windows like window 13, one rebuilt matrix (for temperature class 3) 
was purely diagonal, which looks strange, like if the window was closed and open, but 
without transition. In fact, the only transition was done in another temperature class and such 
a matrix tells that, for that temperature class, this window remains in the state it was when 
entering the temperature class. 

5.4 Histogram of opening times 
Figure 3 shows, always for dwelling 43, histograms of opening times, that is the 

number of windows open during less than 1 hour, between 1 and 2 hours, etc.. . . up to open 
more than 16 hours. The front histogram represents the experimental data, the next 6 ones are 
the 6 re-calculated data and the last one, in the back, is the average of these. This picture 
shows a good agreement between these data, except for the large opening times, where the 
algorithm overestimates the number of windows remaining open during more than 16 hours. 
Therefore, the ~2 test is passed only with a probability of 10%. 

Average 

Number of opening hours 

Figure 3: Histograms of opening times for dwelling 43. The experimented data are in front 
and re-calculated data are in back. The last histogram in the back is the average of re- 
calculated data. 

5.5 Temperature dependanee 
Probability density function for the number of open windows in dwelling 43 and as a 

function of the outdoor temperature are presented on Figures 4 and 5, respectively for the 
experimental data and for one rebuilt set of data. Both figures show that the number of open 
windows increases with the outdoor temperature, and that general tendency is hence 
reproduced by the model. 



Number of open windows - ' 8 

Figure 4: Probability density function for the number of open windows in dwelling 43 and as 
a function of the outdoor temperature. 

Number of open windows 8 

Figure 5: Probability density function for the number of open windows and as a function of 
the outdoor temperature for the data rebuilt using the model, based on measurements on 
dwelling 43. 



However, large differences can be seen at very low and at high temperatures. At low 
temperatures (less than -6 "C), the algorithms underpredicts the probability to have all the 
windows closed and, therefore, overpredicts the probability to have one (or more) window 
open. At high temperatures (more than 12 "C), the model results in a probability density 
function which is narrower than the measured one. This summer phenomenon was already 
mentionned by Fritsch et Al.[3l who have restricted therefore the validity of their model to the 
heating season. 

The small number of samples could also be a cause of that discrepancy. In the 2 
degree wide classes which were used for these Figures, the 17000 measurements were 
inhomogeneously distributed: more than 500 measurements per degree class from -4 up to 8 
"C, and 300 or less above 16 and below -6 "C. 

5.6 Correlations and variances 

The next stage was the comparison of the inter-correlations calculated from the 
synthetic and real time series of window openings. These cross correlation between the 16 
windows and doors themselves and between these and the outdoor temperature and the 
number of open windows are shown on Tables A3.3 and A3.4 in Appendix 3, for the 
measured and re-calculated data respectively. These tables are symmetric, and on their 
diagonals are the variances of each opening. 

The variances are very similar and, linking that result with the conclusions from 
Sections 5.2 to 5.4, one can say that the model reproduces the window openings with the 
same average opening time, the same average frequency of changes and the same variance. 
The slight exception is window 13, which moves only once during the measurement period 
used. 

The cross correlations do not give, as one could expect, good results. First of all, 
there are correlations or anti-correlations between some windows which cannot be neglected, 
as is shown in Table A2.3. For example, there are some correlation (about 0.3 or more) 
between the following windows: 

1 and 2: fanlights of the gallery-side bedroom, 
8 and 9: fanlights of a balcony-side bedroom, 
12,14 and 15: the balcony-side door and two bedroom windows located on the same 

facade. 

The reason for the first four is quite obvious: these windows are open at the same 
time, either when going to bed or when waking up. Note that windows 1 and 2 are seldom 
open when windows 8 and 9 are open 60 to 80% of the time. 

Windows 12, 14 and 15 are the most manipulated but the average opening time is 
relatively low: from 5% for the door 12 up to 34 % for window 14. It seems that they are 
open every day during a few hours to ventilate the dwelling. 

There are also some anti-correlations, for example between the fanlight 8 and the 
window 15 located just under it. Window 13 also presents anti-correlations with several other 
windows, but, as already seen, one cannot have much confidence on the results implying the 
window 13. 

The general conclusion of that is that there are some correlations (positive and 
negative), which m y  not be the same for every user, but which cannot be neglected. 
Therefore, the model presented here cannot be perfect, since it is based on independent 
windows. 

This model, however, reproduces some correlations, as it is shown on Table A2.4. 
For example, openings 12, 14 and 15 as well as fanlights 8 and 9 are also slightly correlated 
in the reconstructed schedule, but with a lower correlation coefficient. On the other hand, the 
correlation between windows 1 and 2 disappears completely. These correlations remain 
because of the deterministic temperature dependance, and does not result from the model 



itself. 

5.7 Time schedule 
The daily time schedule can be reproduced only approximatively by this model, 

since it can only be introduced in a very rough way: by blocking the opening in their actual 
state during sleeping hours. In fact, no attempt was made in this direction for the present 
work, and the comparisons were made between the real time series and a series recalculated 
without any time-related constraint. Taking account of the real time schedule may give a 
more realistic result without making the model too complicated. 

6. Conclusions 
A stochastic model, allowing one to re-calculate the window opening for dwellings 

was developed from an existing modelf31 and based on measurements taken in a large multi- 
family building located in the Netherlands[6Js81. This simple model requires only 16 numbers 
per opening, that is one 2 by 2 matrix for each temperature class and each opening. Since the 
sum of the lines of these matrices is one, even only half of these numbers should be really 
stored, that is a total of 515 numbers for 16 windows and 4 temperature classes 

This model is simple. It assumes that the different windows of a dwelling are 
independent and refers to a basic stochastic process: Markov chains. The outside temperature 
acts as a driving variable for windows opening or closing. The required data are given for 
four different types of inhabitants, and allow therefore to simulate the effect of various 
behaviors on the ventilation in dwellings. 

A simplified evaluation procedure was conducted on the generated series. The major 
statistic characteristics were compared and found to be similar, except for the openings with 
very few changes. 

Two opposite limitations were found: on one hand, the model should be simple 
enough in order to be elaborated from a limited number of experiments. On the other hand, it 
could be improved to take account of the interactions between openings. An improvement 
which will not require more measured data is under study. 

Nevertheless, this model could be implemented in the multizone air infiltration 
simulation programs. Together with a model calculating the air flow rates through large 
openings, it will allow to take account of different inhabitant behaviors and to predict their 
effects on ventilation. 
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Table Al . l :  Dwelling No 1: Least square deviation to the global average. 
Table A1.2: Markov matrices of transition probabilities. 

Dwelling No 2 (Closed User) 

Window Temperature class ['C] 
Number 1 1-273-01 1 10-81 1 18-16] 1 116-4 

Widow Temperature class ['C] 
Number [-273-01 1 10-81 18-16] I 16-4 

0.9984 0.0016 0.9974 0.0026 0.9942 0.0058 0.9941 0.0059 
1 0.0139 0.9861 0.0087 0.9913 0.0041 0.9959 0.0054 0.9946 

I l l  I t  0 o I ;  O l o I : :  0 I 0 



Table A1.4: Markov matrices of transition probabilities 
Table A1.3: Markov matrices of transition probabilities. Dwelling No 43: Total average close to the global average. 



Appendix 2: Statistics. 
16976 valid measurement periods of ten minutes, distributed as follows between the classes 

Table A2.1: Number of time intervals during which the window, (i = 1 to 16) is open. - 

Dwelling 1 1  2 3 4 5 6 7 8 9 10 11 12 13 14 15 1 6 1 s u m 1  

I (smalla) 
2(closed) 
41 (open) 
43(samep) 

Appendix 3: Comparisons, made on dwelling 43. 

Table A3.1: Number of time intervals during which the window, (i = I to 16) is open. 

Table A2.2: Number of changes from open to dosed or vice-versa, for each window or door (i = 1 to 16). 

I 

Dwelling 

~ ( s m a t ~ o )  
2(closed) 
4l(open) 
43(samep) 

43 Rebuilt 1 154 1 2516 45 33 35 0 14458 10269 54 0 945 1325 5473 2797 0 38105 
43 Rebuilt2 293 33 2462 37 17 49 0 11766 7095 I34 0 624 362 5589 3931 0 1 32392 1 
43 Rebuilt 3 210 15 2323 16 38 50 0 12381 8029 48 0 689 1519 52.40 3507 0 34065 I I 

5850 0 3922 105 103 220 0 9302 0 2211 307 1036 2736 1565 2278 0 
5768 5727 2552 201 73 1226 0 2982 325 1 0 1807 3348 1985 1225 764 
5148 16973 11766 55 24 8 0 16976 3034 11570 0 5688 16196 16976 9827 859 

179 28 2532 36 32 60 0 12692 8599 60 0 837 1260 5781 3839 0 

- 

29635 
27984 

115100 
35935 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 

218 o 36 60 36 o 149 o 65 44 223 99 76 136 o 
74 5 120 81 48 50 0 26 2 2 0 162 8 93 78 10 
11 1 239 18 28 1 0 0 13 25 0 192 15 0 45 25 
14 4 291 16 36 14 0 27 39 2 0 152 1 139 215 0 

Dwelling 

Table A3.2: Number of changes from open to closed or vice-versa, for each window or door (i = 1 to 16). 

sum 

1530 
759 
613 
950 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 

43 ~ebuilt 5 
43 Rebuilt 6 

Average 

43 measured 

84 17 2785 34 32 22 0 12429 10976 17 0 641 383 5702 2951 0 
238 80 3013 64 40 31 0 11217 10539 151 0 975 67 5207 3314 0 

180 31 2660 35 30 40 0 11941 9286 68 0 783 863 5388 3316 0 

179 28 2532 36 32 60 0 12692 8599 60 0 837 1260 5781 3839 0 

Dwelling 

43Rebuilt 1 
43 Rebuilt2 
43 Rebuilt3 
43 Rebuilt4 
43Rebuilt5 
43 Rebuilt6 

Average 

43 (samep) 

36073 
34936 

34625 

35935 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 

12 2 287 12 40 10 0 26 38 4 0 160 1 152 200 0 
18 4 277 14 22 12 0 37 29 4 0 148 1 191 240 0 
25 2 256 10 40 14 0 34 38 2 0 152 1 162 228 0 
16 6 334 8 26 8 0 25 33 2 0 152 1 143 219 0 
9 4 340 16 42 12 0 28 45 2 0 138 1 138 223 0 

20 10 301 28 36 12 0 30 47 4 0 170 1 169 228 0 

17 5 299 15 34 11 0 30 38 3 0 153 1 159 223 0 

14 4 291 16 36 14 0 27 39 2 0 152 1 139 215 0 

sum 

943 
997 
964 
973 
998 

1056 

989 

950 



Table A33: Cross-correlations between windows, dwelling 43, Experimental Data 
On the diagonal (bold characters) arc the variances of each window opening. 

[ N o  1 2 3 4 5 6 7 8 9 1 0  11 12 13 14 15 16 T,, sum1 

T,, -0.01 -0.06 0.06 0.00 
Sum 0.16 0.04 0.41 0.05 

Table A3.4 Cross-correlations, dwelling 43. Rebuilt data 

No 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 T,, Sum 

1 0.02 -0.01 0.00 -0.01 0.00 -0.01 0.00 -0.01 0.05 -0.01 0.00 -0.03 -0.02 -0.05 0.02 0.00 -0.06 0.00 
2 -0.01 0.00 -0.02 0.00 0.00 0.00 0.00 -0.02 -0.04 0.00 0.00 -0.01 -0.01 -0.03 0.03 0.00 -0.08 -0.04 
3 0.00 -0.02 0.12 0.01 0.01 0.02 0.00 0.02 0.02 0.00 0.00 0.00 -0.06 0.07 0.02 0.00 0.07 0.23 
4 -0.01 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.02 0.00 0.00 -0.01 -0.01 -0.01 -0.02 0.00 -0.02 0.01 
5 0.00 0.00 0.01 0.00 0.00 0.00 0.00 -0.01 -0.01 0.00 0.00 -0.01 0.00 0.01 0.01 0.00 0.01 0.02 
6 -0.01 0.00 0.02 0.00 0.00 0.00 0.00 0.03 -0.03 0.00 0.00 -0.01 -0.01 -0.03 0.03 0.00 -0.01 0.04 
7 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
8 -0.01 -0.02 0.02 0.00 -0.01 0.03 0.00 0.21 0.15 -0.12 0.00 -0.03 0.10 -0.12 -0.03 0.00 -0.08 0.25 
9 0.05 -0.04 0.02 0.02 -0.01 -0.03 0.00 0.15 0.24 -0.08 0.00 -0.02 -0.13 0.01 0.04 0.00 0.12 0.30 
10 -0.01 0.00 0.00 0.00 0.00 0.00 0.00 -0.12 -0.08 0.01 0.00 0.01 -0.01 -0.04 -0.05 0.00 -0.02 -0.02 
11 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
12 -0.03 -0.01 0.00 -0.01 -0.01 -0.01 0.00 -0.03 -0.02 0.01 0.00 0.04 -0.03 0.19 0.13 0.00 0.22 0.26 
13 -0.02 -0.01 -0.06 -0.01 0.00 -0.01 0.00 0.10 -0.13 -0.01 0.00 -0.03 0.02 -0.09 -0.08 0.00 -0.02 0.05 
14 -0.05 -0.03 0.07 -0.01 0.01 -0.03 0.00 -0.12 0.01 -0.04 0.00 0.19 -0.09 0.22 0.27 0.00 0.69 0.56 
15 0.02 0.03 0.02 -0.02 0.01 0.03 0.00-0-03 0.04 -0.05 0.00 0.13 -0.08 0.27 0.18 0.00 0.33 0.45 
16 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

T,, -0.06 -0.08 0.07 -0.02 0.01 -0.01 0.00-0.08 0.12 -0.02 0.00 0.22 -0.02 0.69 0.33 0.00 0.68 
Sum 0.00 -0.04 0.23 0.01 0.02 0.04 0.00 0.25 0.30 -0.02 0.00 0.26 0.05 0.56 0.45 0.00 0.68 3.95 
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Svnopsis: 

Increasing interest is attributed to the problem of the accumulation of organic 

vapours emitted from indoor building materials due to an effective insulation of 

buildings with low ventilation rates. A measurement technique for determining 

emission rates using a 1 m3 laminar flow test chamber is described. The aim of 

this activity is to: 
- get compound-specific data on the emissions of various indoor building 

materials, 
- provide emission data for the development and verification of models 

used to predict indoor concentrations and 
- determine the effect of environmental variables as temperature, 

humidity or air velocity on emission rates. 

n e  work of a COST 613 working group leading to a guideline for 

measurements using test chambers was an important step to internationally 

harmonize analysis and data evaluation methods. 

List of abbreviations 

EMPA Swiss Federal Laboratories for Materials Testing and Research 

EPA US Environmental Protection agency 

VOC Volatile Organic Compounds 

W/MS Gas chromatography combined with mass spectrometry 

m/mD Gas chromatography with flame ionization detector 

COST 613 European Concerted Action "Indoor Air Quality and its Impact 

on Man". 

1. Introduction 

Public interest in indoor air problems has increased considerably during the last 

years. Due to better insulation of rooms for reasons of energy saving with 

correspondingly low air change rates in unventilated rooms and the use of a 

variety of artificial indoor materials there is a certain risk for higher 

concentrations of indoor air pollutants. 

Measurements of indoor air in fact often shows ~ i ~ c a n t l y  higher 

concentrations of air pollutants compared to ambient air 293P. Often the reason 
5 96 for this increased concentrations are building materials . 

Today there is still a lack of knowledge of type and time dependence of VOC 

emissions from building materials. 



2. Measurements in test chambers 

The characterisation of emissions from building materials in real rooms is 
nse number of parameters influencing VOC 

concentrations (sources like building materials, hnishing, paints, indoor 

activities; sinks like walls, plants, carpets; fluctuating room temperature and 

humidity, air change rate etc.). In order to obtain well defined and reproducible 

information about VOC emissions from a specific building material, 

measurements in test chambers with exactly controllable conditions are 

necessary. 

With the support of the Swiss Federal Office for Energy the EMPA started a 
project at the development of a method for the characterisation of VOC 

emissions from building materials using test chambers. 

International harmonisation of measurement methods is highly desirable in 

order to reach a good comparability of data obtained by different laboratories. 

An important step towards this goal was the participation in the work of a 

COST 613 working group leading to a guideline for measurement of emission 

factors from indoor materials using test chambers I, a guideline which made 
7 use of a preceeding work in the EPA . 

3. Design of the test chamber 

The test chamber used in this project has a volume of 1 m3. AU parts coming 

into contact with the air to be measured are of stainless steel. Temperature, 

humidity and air change rate are controlled. The fresh air is carefully purified 

from VOC to a low ppb-level. An independent control of the wall temperature 

allows to avoid cold spots in the system, minimizing thus wall absorption 

effects. With the internal air recirculation system a known laminar air velocity 

in the test chamber can be maintained and simultaneously the temperature can 

be controlled. Fig. 1 gives a schematic view of the test chamber design. 

4. Sample collection and analysis 

Normally air samples are taken at the exhaust of the chamber. An exactly 

known volume of air (typically 500 ml) is drawn through adsorption tubes 

filled with Tenax. diately after sampling the tubes are tightly sealed and 

transferred into the analytical laboratory. The analysis is done after themal 

desorption by GC/MS technique for compound identification and by GC/FID 
technique for quantitative analysis of time series. A more detailed description 

1 of these procedures can be found in the COST guideline . 



Pressurized 
Activated Carbon Filter 

Coarse Dust Filter 

5. Experimental parameters 

The first step in designing an 

Zero Air Generator (Aadco) experiment for chamber tests of 
Fine Dust Filter building materials is to determine 

the test objectives. For example an 
architect might be interested in I[ 

hmperature and Humidity control emissions fiom a variety of 

Volume Flow Control 

u. materials to be used under a given 

set of conditions for a specific 

building. In this case, the experiment 

Test Chamber 
would be designed to deal with 

many materials with one set of 

@ environmental conditions. The same 

may happen, if data for a source 
Recirculation 

@ Sampling point 
h a u s  @ emission inventory me to be 

collected. A manufacturer might 

Fig.1: Set-up of test chamber want to know the emission characte 
ristics of a specific product under 

both n o d  and extreme conditions. Researchers interested in the interactions 

among variables would use a more complex design involving ranges of several 

variables. 

Six parameters are generally considered to be critical: 
- Temperature (affecting vapour pressures, diffusion coefficients and 

desorption rates) 
- Humidity 

- Air exchange rate (defined as mass flow rate of clean air to the chamber 

divided by the chamber volume) 
- Air velocity near the surface of the materials being tested 
- Product loading (defined as the ratio of test specimen area to the 

chamber volume) 
- Product agelproduct history (influencing emission rates very strongly) 

For routine testing of indoor materials the following test conditions are 

recommended: 

Temperature: 230 C 

Relative humidity 45 % 

Air exchange rate 0.5 and/or 1 h-1 

Concerning product loading and air velocity realistic values should be chosen. 



6. Data analysis 

The aim of the chamber measurements is to identify the predominant or 

otherwise interesting components emitted from the investigated materials and 

to establish quantitative emission rates. These are normally expressed in 

mass. area-1. time-1 (e.g. mg m-2 h-1). 

6.1. Constant emission rates 

For materials with a relatively constant emission rate over the test period the 

chamber will reach and maintain a constant equilibrium value. The emission 

factor (ignoring sinks) will then be: 

E = Emission factor (mg m-2 h-1) 

Q = Flow through chamber (m3 h-1) 
c = Chamber concentration (mg m-3) 

A = Sample area (m2) 
- V - Chamber volume (m3) 

N = Q/V Chamber air exchange rate (h-1) 

L = A/V Chamber loading (m2 m-3) 

6.2. Decreasing emission rates 
The simplest model (ignoring sinks) assumes that the chamber is an idedly 

stirred tank reactor and that the change in emission rate can be approximated 
7 by a first order decay . 

leading to: 

Values of b and k can be obtained from concentration vs. time data series by a 

non-linear regression. 



6.3. General empirical model 

The following double-exponential equation for describing the time dependence 
8 of VOC concentrations has been successfully used by Colombo et al. . 

where c and t stiU denote concentration and time. a and b (mg m3) are the 

linear parameters and kl and k2 (h-1) the rate parameters of the equation. This 

model may equally well fit to data which, starting from zero, increase with 

time, eventually reaching an asymptotic steady equilibrium value, or to data 

which pass through a maximum and then decline to zero or to some 

intermediate equilibrium value. 

As an example for this type of data evaluation Figure 2 shows the time 

dependent conenoration of w-xylene emitted from kork plates. 

Fig.2: Emissions of m/p-xylene from kork-plates 

measured concentrations 

calculated concentrations using the best fit of the general empirical 

model: c = 273 (1 - e -"14 t, - 224 (1 - e -0.019 t 
) 



7. Conclusions and recommendations 

Emission factors obtained from concentration measurements in test chambers 

may represent a useful tool for builders, architects or designers of ventilation 

systems not only to choose the adequate material but also to estimate or model 

VOC concentrations to be expected in real rooms. 

However it is important that laboratories working in this field harmonize their 

procedures in order to supply comparable and consistent data, which 

in a later stage could be collected in a data base. 

The guideline prepared by the COST 613 working group will hopefully help 

to reach this goal. 
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Within the frame of the IEA Annex 20, laboratory and numerical experiments were 

conducted in order to study the flow within an isothermal parallepipedic testroom 

(L x W x H = 4.2 m x 3.6 m x 2.5 m). The air is injected through a complex diffuser 

(made of 84 nozzles) near the ceiling and is evacuated through a rectangular exit just below 

the inlet. 

While other participants to the Annex 20 made measurements on aeraulic testrooms, 

we used a hydraulic model scaled to the sixth. The parameters were determined according 

to a Reynolds similitude. For the experimental approach both Laser Doppler Anemometry 

and flow visualizations were used. Numerical simulations were carried out using the EOL- 

3d software developed at INRS. 

A comparison between experimental results and numerical predictions is presented. 

Symmetry, air diffuser modelling and low Reynolds number effects are discussed from 

both numerical and experimental point of views. The numerical predictions are in good 

agreement with the experimental results. 

u, v, w 
u7, v', w7 

u 
V 

vt 
0 

coordinates 

lines in the occupied zone 

length of the room or scale model 

width of the room or scale model 

height of the room or scale model 

y coordinate computed from the ceiling 

virtual origin of the jet 
thickness of a wall jet 

diameter of a nozzle 

velocity components 

fluctuating velocity components 

velocity scale 

mean velocity intensity 

mean turbulent velocity 
velocity standard deviation 



maximal radial velocity 

radial velocity 

velocity in the nozzle 

velocity boundary condition at the inlet (box model) 

time scale 
kinematic viscosity 

flowrate 

renewal time 
non dimensional function 

non dimensional function 

constant 

Three dimensional ventilation flows modelling in rooms is a fast expanding subject. One of 

the goals of IEA Annex 20 was to gather different methods to study well defined testcases 

in order to provide analysis tools to the conceptors. This paper presents two approaches of 

flow modelling. The first one is based on numerical simulations and discusses several 

ways of implementing boundary conditions associated to a complex air diffuser. The 

second one uses hydraulic simulations and represents the testroom by a water model scaled 

to the sixth. The parameters are determined according to a Reynolds similitude. This 

method is flexible and well adapted to flow visualizations. For quantitative analysis, mean 

and turbulent velocity measurements were performed by Laser Doppler Anemometry. 

The visualization of the flow was obtained by injecting fluorescein-dyed water through the 

inlet and enlightening different vertical and horizontal sections of the testroom with 

a rotating laser beam. 

The different techniques used in this work are first described. An analysis of the flow fields 

based on LDA measurements, flow visualizations and numerical simulations is then 

presented. The physical relevance of several assumptions usually used in numerical models 

is finally discussed with reference to the flow visualization results. 



The testroom (figure 1) (Heikkinen, 1989) is a L x W x H = 4.2 x 3.6 x 2.5 m3 

parallelepiped. It contains one inlet and one outlet. The air is injected into the room through 

a complex diffuser. The diffuser consists of 4 rows composed by 21 nozzles (diameter 

1.2 10-2 m and length 1.5 10-2 m). The nozzles are on a 0.7 1 x 0.17 m2 rectangle. They 

are oriented toward the ceiling with an angle b = 40'. The air exhaust is located below the 

inlet. It is a simple 0.3 x 0.2 m2 rectangle. 

The flow is analyzed experimentally by hydraulic simulation. The testroom is represented 

by an altuglass model scaled to the sixth. The model and the hydraulic bench are sketched 

on figure 2 and figure 3. The scale model is placed in a 2.25 x 1.75 x 1 m3 closed 

experimental tank (1, figure 2). The front face of the tank is in glass and the bottom in 

altuglass. A pump (2) sucks the water out of the model and transfers it into a 3 m3 buffer 

tank (3). A flowmeter (4) monitors the pump flowrate. The air diffuser is modelised by 

4 rows of 21 nozzles of diameters 2 10-3 m and lengths 1.5 10-2 m that will be referred to 

as nozzles or grid diffuser. 

As it is suggested for the testroom, the nozzles are oriented with an angle of 40' with 

respect to the horizontal plane (1, figure 3). By conservation of mass, water comes from 

the surroundings of the model (2) and enters through the diffuser. Before entering, the 

flow is homogenized by a divergent-convergent system (3) equipped with grids. For flow 

visualization purposes, a dye (fluorescein) can be added (4) and properly mixed with the 

water sucked into the divergent-convergent zone. 

We only considered isothermal conditions ('I' = 15OC rt 2OC). 

A Reynolds similarity is used : 

(Re)a = (Uod/v)a = (Uod/v)w = (Re), 



where a is the subscript for air and w for water ; 

Uo is the fluid mean speed in the nozzle of diameter d ; 
v is the kinematic viscosity. 

The scaling relations are : 

dddw = 6 
v;SJ, = 15 

length La = Lw * 6 
time Ta = Tw * 2.4 

velocity Ua = Uw * 2.5 

flow rate C & = Q w * 9 0  

renewal time na = nw/2.4 

The velocity measurements were performed for the case na = 3h-l. 

a/ The following measurement lines in the comfort zone were considered : 

. line X parallel to the x axis : (y ; z) = (1; 0) 

. line Y parallel to the y axis : (x ; z) = (2.2 ; 0) 

. line Z parallel to the z axis : (x; y) = (2.2; 1) 

b/ Some measurement points along the faces of a box surrounding the inlet were added : 
0. - < x I 1. 

2. 5 y I 2.5 

1.3 I z I 2.3 

The three components of the velocity vectors were measured by Laser Doppler 

Anemometry. 

Longitudinal (u) and vertical components (v) were obtained by measurements through the 

front face of the experimental tank ; longitudinal (u) and transversal (w) components 

through the bottom face. 



Statistical mean velocities urn and standard deviations o = &? were computed from 

(N = 3 072) values of instantaneous velocities. 

The computations were done in two steps. First, values of urn and o were computed. Then 

all velocity values u such that I u - u,l > 6 o were eliminated and new values of urn and o 

were computed with the remaining data. The amplitude of the mean velocity and turbulent 

velocity were given by : 

The flow field can be traced by introducing a dye through the inlet (see section 2.3). Laser 

tomography is used for visualization : a laser beam reflected by a rotating mirror illuminates 

a section of the flow. The laser light is absorbed and re-emitted by the fluorescein particles. 

This produces a picture of the flow which can be recorded by photography and video, 

The following tests were performed : 

Confi pration bg 
- room and diffuser as described in section 2.2 

- na = 1.5 h-l (bgl) ; na = 3 h-1 (bg2) ; na = 6 h-1 (bg3) 

Configuration bs 
- room as described in section 2.2 

- air diffuser replaced by a slot (0.71 x 0.016 m2) 

- na = 3 h-1 

Configuration bb 
- room as described in section 2.2 

- air diffuser replaced by a basic rectangle (0.18 x 0.062 m2) 

- na = 3 h-1 



Configuration bs and bb were visualized because some participants to Annex 20 had done 

some numerical simulations of the room by replacing the real diffuser by a slot or a basic 

rectangle of equivalent areas. 

Numerical simulations were carried out with the EOL-3d software which is being 

developed at INRS. EOL has been specially devised to deal with ventilation flows ; in 

particular it contains several tools to analyze the results with an industrial hygienist point of 

view. Given a particular configuration, the user easily enters its geometry and the 

associated boundary conditions. The software helps to find the appropriate grid and to 

compute the flow. It offers the possibility of computing local ages of air, local purging 

flowrates, time evolution of local pollutant concentrations after a sudden contaminant 

release, local (or global) ventilation efficiencies. The two-dimensional version of the 

software (EOL-2d) working for both isothermal and non-isothermal flows is available. 

EOL-3d is still under development. 

The core of EOL is largely inspired by the works of the Imperial College group (Gosman et 

al, 1976) and of the University of Karlsruhe (Demuren et al, 1987). It solves the usual 

transport equations for momentum, mass, temperature, pollutant concentration ... Because 

of turbulence, only ensemble average quantities are considered. Eddy viscosity is computed 
using a k-E model (Launder et al, 1974). The partial differential equations are transformed 

into finite differences equations in implicit and conservative form using the hybrid scheme. 

The SIMPLEC algorithm is used to satisfy continuity. 

The main difficulty of the problem lies in the boundary condition associated to the air 

diffuser. It is out of the scope of most numerical methods to modelise 84 jets located on a 

small surface (0.7 1 x 0.17 m2) of a room. Indeed the required grids would be too large to 

be handled by the present computers. 

We used the box model method (Nielsen, 1989) which offers the advantage of being 

general and in principle applicable to any air diffuser. 



z = 0 being a symmetry plane of the configuration, the computations can be restricted to a 

half box. Nevertheless asymmetric solutions may be observed both numerically and 

experimentally. This fact will be discussed further. 

The boundary condition associated to the air diffuser is replaced by boundary conditions on 

two vertical faces of a fictive (half) box surrounding the inlet and bounded by the ceiling. 

The planes are 0.2 m high. One face is located at a distance of 1.0 m from the diffuser 

wall ; the other face is parallel to the symmetry plane and distant of 0.5 m from it. On each 

face, only ux and uz are imposed; uz is computed. A boundary condition u = Ux is kept at 

the inlet considered as a rectangle of dimensions 0.71 x 0.17 m2. Ux is such that 

na = 3 h-l. The boundary condition along the box can be considered as an added 

constraint for the flow field. Similar ideas were used by Lemaire et al(1990). 

The components ux and uZ along the box can be obtained from measurements or from 

scaling laws. We shall only present results for the second case. Indeed the results obtained 

from experimental data were not very satisfactory. This was due to the fact that in our 

hydraulic bench it was very difficult to get reliable results very close to the ceiling. The 

altuglass ceiling produced important light reflections which disturbed the LDA 

measurements. 

Scaling laws were determined by Skovgaard et al. (1990). The flow under the ceiling is the 

combination of a three-dimensional wall jet and a radial jet. An oblique impinging jet 
generates a wall jet with different velocity decays in different directions 0 (see figure 4). 

Figure 4 : Definition of coordinates 



with u, : maximal radial velocity 

uo : inlet air velocity 

Xo : virtual origin 
K(8) : angular function 

xo and K(8) are obtained from experiments. u, being known, the vertical velocity prof~le 

close to the ceiling is obtained from wall jet laws : 

h : universal function 
6 : boundary layer thickness 

ur(yY) : radial velocity at a distance y' from the ceiling (y' = H - y) 

D : experimental constant 

Three numerical simulations will be discussed. 

Simulation S 1 

Computation for half a room z > 0 
na = 3 h-1 

Boundary condition : box model 

Grid: 32 x 3 6 x  26 

Distances between the last grid points and the wall are all .05 m except for the 

ceiling where it is .02 m 

Simulation 52 

Computation for the full room 
na = 3 h-1 

Boundary condition : box model (full box) 

Grid:27x36x33 



Simulation S3 

Computation for the full room 

n, = 3 h-1 

Boundary condition : basic model 

Grid:27x36x33 

In the basic model the real diffuser is replaced by a rectangle (0.18 x 0.062 m2). The 

velocity distribution is uniform Uo is oriented toward the ceiling with an angle 6 = 40'. 

This corresponds to the experimental configuration bb. 

S 1 has been kept for quantitative comparisons with experiment. 

S2 and S3 have been considered to analyze symmetry problems and for comparison with 

flow visualization experiments. 

The injected fluid forms a highly turbulent tridimensional jet impinging with an angle on the 

ceiling (see figures 18 and 20). The jet widens as it flows along the ceiling to the 

downstream and lateral walls. When it reaches the downstream wall, the fluid spreads out 

to the sides and the bottom. In short, the jet wraps the testroom. 

At the lateral walls near the downstream wall and the ceiling, two streams counteract each 

other : the one coming from the ceiling in the direction of the main jet and the one bound to 

the return of the fluid that reached the downstream wall (see figures 20 and 25). Two 

vertical columns are created in the corners opposite to the diffuser. 

Other local features can be observed. First, a small transversal vortex is created in the 

triangle defined by the jet, the diffuser wall and the ceiling. The vortex rotates in the 

opposite direction to the main flow circulation and spreads out along the corner. Second, 

the bottom corners of the diffuser wall present a circulation also opposite to the main flow 

circulation. 



The horizontal sections show that the jet is highly turbulent on the ceiling (see figure 20) 

but not as much on the bottom (see figure 22). 

The numerical results used in this section are issued from the box model (case S1). The 

scheme converged after 1 785 iterations and 33 hours of CPU time. The experimental 

results correspond to the case bg2 : 84 nozzles diffuser and na = 3 h-1. 

Figures 5 and 6 are experimental and numerical tridimensional flow fields respectively. 

They both show the highest velocities near all but the lateral walls, due to the jet which 

flows along the walls. Figure 6 is in good agreement with the qualitative description. For 

example, the columns created by the two currents that counteract each other on the upper 

corners opposite to the diffuser exist as well in the numerical simulation. However, the 

small vortex region found experimentally above the jet is not represented numerically due to 

the choice of the grid orland the fictive box method. 

Figure 7 is a plot of the experimental (dashed line) and numerical (solid line) mean and 

turbulent velocities on the X, Y and Z lines representative of the comfort zone. In the 

comfort zone (zone which is at 0.6 m from the vertical walls and up to 1.8 m above the 

floor), the mean velocities are always less than 0.15 m/s on the X and Z lines. 

Numerically, the mean velocities can be slightly higher (0.22 m/s) near the floor on line Y. 

Predicted and measured data exhibit high turbulent velocities near the ceiling (line Y) as it 

could be expected from the flow visualizations. 

In this section, flow visualization will be used as a tool to understand the physical relevance 

of some simplifications introduced by numericians the perform simulations of complex 

flow fields. Three phenomena will be studied : 

11 The symmetry hypothesis. 

2/ The diffuser modelling. 

31 The high Reynolds number hypothesis. 



z = 0 is a symmetry plane for all configurations considered in this paper. Indeed both 

geometry and boundary conditions are the same on both sides of that plane. Therefore, the 

flow is expected to be symmetric. This explains the fact that most numerical simulations 

were carried out in half a room (to save computer time). 

Both numerical simulations and flow visualizations were conducted for the full room fitted 

with the real diffuser and with the basic diffuser (rectangle) ; numerical grids were chosen 

symmetrical with respect to the plane z = 0 

Surprisingly enough the results of simulations 52 and S3 are non-symmetrical. Looking at 

successive horizontal cuts of the flows starting from the ceiling we see that the asymmetry 

is increasing (figures 14- 16 and 15-17). Configurations bb leads to a flow much more 

asymmetric than configuration bg. This is confirmed by flow visualizations (figures 20-22 

and 21-23). We would like to stress the fact that both numerical solutions are fully 

converged results. This might be explained by the fact that the solutions to the flow 

equations are non unique and that the resolution algorithms have picked one of the two non 

symmetrical solutions. Imposing a symmetry condition to the flow at z = 0 presumably 

leads to an averaging process. 

Looking through the numerical results of simulations S2 and S3 we see that in horizontal 

planes close to the ceiling the flow fields are quite different (figures 14 and 15). For case 

S2 the air diffuses more in the direction perpendicular to the inlet than in transverse 

directions. For case 53, we observe the opposite phenomenon. This is confirmed by flow 

visualizations (figures 20 and 21). This means that the box model is a better approximation 

of the real diffuser than the basic model. 

Looking in a horizontal plane located just above the inlet (y = 2.3 m), we observe from the 

LDA measurements that the flow induced by the jet enters the lateral faces of the fictive box 

(figure 13). Even though we have introduced boundary conditions with the fluid flowing 

out of the box for y 2 2.32 m, we see from figure 12 that the flow computed on the plane 

just below (y = 2.28 m) exhibits fluid motion toward the interior of the box. However, the 

large velocity measured at the center of the front face of the box was not reproduced by the 



numerical simulation. These observations illustrate that the choice of the fictive box to 

impose boundary condition is quite tricky. 

Flow visualizations were also been carried out for the three diffusers (see figures 18, 19 
and 24) in vertical planes. The following facts were observed : 

11 The inertia of the jet created by the slot inlet (figure 24) is less than for the two other 

cases. The jet is inclined to stick much faster to the ceiling and is more influenced by the 

vortex circulation trapped between the jet, the ceiling and the diffuser wall. 

2/ The jet issued from the grid is mainly directed along the x-axis (figure 20) and therefore 

sticks closer to the ceiling, the downstream vertical wall and the ground (figure 18). For 

the other jet cases (figures 19 and 24), we observe the opposite phenomenon. The basic 

jet spreads more in the transversal directions (figure 21) and is thinner on ,the ceiling in 

the central plane (figure 19). 

Low Revnolds effects 

Most computer models use the standard k-E model of Launder and Spalding (Launder et al, 

1974). This model assumes the high Reynolds number hypothesis. This means that 

viscous effects are negligible compared to fully turbulence effects. In particular, this 

implies that, after scaling, the flow is Reynolds number independent. In other words this 

means that the flow field corresponding to n, = 3 h-1 can be almost obtained from the case 

na = 1.5 h-I by multiplying all velocities by 2. Experimental investigations of Skovgaard et 

al. have shown that this hypothesis was not satisfied. In this section, we shall use flow 

visualizations to point out low Reynolds effects. 

One manner to discern the low Reynolds effects is to consider the column created by the 

two countercurrents at the comers opposite to the diffuser wall. Let us consider the x length 

LC of the column as defined by figure 25. We should obtain a constant value for the three 

flowrates if we were at high Reynolds numbers. Figures 25 through 27 are flow 

visualizations of the front face for increasing Reynolds numbers. It is made clear that the 

first flowrate has a lower LC whereas the two others are similar. If this does not 

demonstrate that the two higher flowrates are similar, it does show that the first flowrate is 

definitively different from the two others. We are in presence of a low Reynolds effect. 



Remark 

The flow visualization pictures and numerical flow field map that correspond to each other 

are listed below. 

Numerical simulation e3 Flow visualization 

figure 10 e3 figure 18 
figure 11  a figure 19 
figure 14 e figure 20 
figure 15 a figure 21 
figure 16 e3 figure 22 
figure 17 e=2 figure 23 

In this paper the ventilation of a simple room was investigated by two different methods : 

numerical simulations and hydraulic simulation. For the hydraulic simulation a model 

scaled to the sixth was used. The flow was analyzed through LDA measurements and 

visualization. 

Numerical simulations were carried out with the EOL-3d software developed at INRS. The 

real air diffuser was modelised by using the box model which offers the advantage of being 

general and applicable to other cases. The comparison between experimental results and 

numerical predictions is fair and acceptable for industrial purposes. 

Hydraulic simulation is well suited to analyze air flow patterns in rooms or premises. It is 

flexible and well adapted to both LDA measurements and flow visualizations. Indeed it is 

certainly easier to build scale models than full scale rooms. Moreover performing 

visualization in a water scale model allows to get a picture of a full plane of the flow at 

once. 

Flow visualization was used as a tool to get some insight into the physics of the flow. 

In particular, the influence on the flow of several assumptions such as symmetry, diffuser 

modelling, high Reynolds number hypothesis, usually used by numericians were pointed 

out. 
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Figure 1 : Testcase b (IEA Annex 20) 



Figure 2 : Sketch of the hydraulic bench 

Fiyure 3 : Testroom model (scale 116) 



Figwe 5 : Three dimensional velocity field obtained from laser anemometry 

on lines X, Y, Z (na = 3 h-1) 

: Three dimensional velocity field obtained from EOL-3d 

Simulation S 1, na = 3 h-1 



Mean Velocity on the X line Turbulent velocity o n  the X line 

Mean Vclocity on the Y line Turbulent velocity o n  the Y line 
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&re 7 : Mean and turbulent velocities 
numerical prediction 

----------- experimental measurements transformed 

into air values according to the relations of section 2.4 



Figure 8 : Horizontal cut of the flow field associated to S1 (y = 2.48 m). 

Box model and symmetry assumption ; na = 3 h-I 
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Figure 9 : Horizontal cut of the flow field associated to S 1 (y = 0.1 m). 

Box model and symmetry assumption ; na = 3 h-1 



Figure 10 : Vertical cut of the flow field associated to S 1 (z = 0.02 m). 

Box model and symmetry assumption ; n, = 3 h-l 

Fieure 11  : Vertical cut of the flow field associated to S3 (z = 0.02 m). 
Box model, no symmetry assumption ; n, = 3 h-1 



Figure 12 : Horizontal cut of the velocity field associated to S 1 (y = 2.28 m). 
Box model and symmetry assumption ; n, = 3 h-1 

m r e  13 : Horizontal cut of the velocity field associated to bg2 
in the vicinity of the air diffuser (y = 2.3 m). LDA measurements for n, = 3 h-l 



Fi~ure 14 : Horizontal cut of the flow field associated to S2 (y = 2.4 m). 
Box model, no symmetry assumption ; na = 3 h-1 

: Horizontal cut of the flow field associated to S3 (y = 2.42 m). 
Basic model, no symmetry assumption ; na = 3 h-1 



Figure 16 : Horizontal cut of the flow field associated to S3 (y = 0.1 m). 
Box model, no symmetry assumption ; na = 3 h-I 

: Horizontal cut of the flow field associated to S3 (y = 0.1 m). 
Basic model, no symmetry assumption ; na = 3 h-l 



: How visualization in the central plane (z = 0 m). 

Case bg2, nozzles diffuser ; ma = 3 h-l 

: lFlow visualization in the central plane (z = 0 m). 

Case bb, basic diffuser ; n, = 3 h-I 



: Flow visualization in a horizontal plane 

close to the ceiling (y = 2.4 m). Case bg2, nozzles diffuser ; na = 3 h-1 

Figure 21 : Flow visualization in a horizontal plane 

close to the ceiling (y = 2.4 m). Case bb, basic diffuser ; n, = 3 k-1 



: Flow visudiza~on in a horizontal plane at the bottom (y = 0.1 m). 
Case bg2, nozzles diffuser ; na = 3 h-I 

: Flow visualization in a horizontal plane at the bottom (y = 0.1 m). 

Case bb, basic diffuser ; na = 3 h-l 



: Flow visualization in the central plane (z = 0 m). 
Case bs, slot diffuser ; n, = 3 h-1 

: Flow visualization in the front plane (z = 1.7 m). 
Case bg 1, nozzles diffuser ; n, = 1.5 h-l 



: Flow visualization in the front plane (z = 1.7 m). 
Case bg2, nozzles diffuser ; na = 3 h-l 

Fiwre 27 : Flow visualization in the front plane (z = 1.7 m). 

Case bg3, nozzles diffuser ; n, = 6 h-I 
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SYNOPSIS 

Is it possible to translate a computed flow field to a 
design case with different physical dimension? - This 
and related questions must be answered when the results 
of the "air flow pattern atlasM, as proposed in the IEA 
Annex 20, should be applied to actual ventilation sys- 
tems. 

Looking up a case in the atlas and transforming results 
to an actual application is like interpolating in a 
table. If geometries are similar, scaling laws may be 
applied. The interpolation problem also arises when nu- 
merical or experimental data from literature must be 
translated to a case at hand. Scaling rules show 
whether and how measurements on scale models may be 
translated to full-scale. 

The poster identifies dominant physical parameters of 
jet- and buoyancy-driven air flows in rooms. It lists 
non-dimensional parameters that are important for the 
air flow and those that are not. The difficulty of run- 
ning scale-model tests for natural convection in large 
spaces is analyzed. 

LIST OF SYMBOLS 

Most symbols are explained in the text. The physical 
constants used in calculations are given below for air 
at 20 OC: 

Gravitational constant, g = 10 m/s2 

Density of air, p = 1.2 kg/m3 

Coefficient of thermal expansion; for perfect gas equal 
to 1/T , where T is a mean absolute temperature, 

Specific heat at constant pressure, 

Kinematic viscosity of air, v = 1.5E-5 m2/s 

Thermal conductivity. k = 0.025 w / ~ O K  



Introduction 

The goal of the Research Item 1.23, a subtask-1 project 
of Annex 20, was to develop a concept for a design tool 
that allows the engineer to assess air flow pattern, 
comfort, and indoor air quality without running an ex- 
pensive flow field simulation code. This was accom- 
plished by pre-calculating many flow patterns in typi- 
cal rooms for selected values of the relevant parame- 
ters to cover a wide range of conceivable design appli- 
cations. The air flow patterns are stored in a data 
base and documented in a catalogue called the "Atlas", 
[I1 - [41 . 
Of course, it would be nice if the pre-calculated cases 
could be "stretched" to an actual design case with the 
same geometric proportions. The usefulness of the 
"Atlas" would greatly be enhanced. This technique is 
successfully employed in many fields of engineering, 
such as aero- and thermodynamics [51. 

The task of making laboratory experiments of air flows 
in large spaces also requires knowledge of scaling 
laws. The relevant parameters and problems related to 
scaling of air movement in atria and other large enclo- 
sures was discussed by Whittle [ 6 1 .  

In this paper, some principles of dimensional analysis 
and theory of modelling are reviewed and applications 
to room air flow are demonstrated. Studies by Heikkinen 
[71 and Chen et al. [81 suggest that the supply air jet 
of Annex-20 benchmark tests is characterized mainly by 
its mass flow and momentum. Therefore, these quantities 
have been used in the definitions of non-dimensional 
parameters [91,  [lo]. It is concluded that exact 
scaling with mixed and free convection is possible only 
to a limited extent. 

Characteristic parameters of room air flow 

The result of a numerical flow field computation car- 
ried out for a specific room may not only be applied to 
the original case but can be converted to other cases 
that are similar to the original. This technique is 
routinely used in calculations of the flow field around 
airfoils, for instance. The computation, that was done 
once, provides drag and lift coefficients. The actual 
lift force in physical units may be obtained for any 
size airfoil by simple multiplications, provided the 
non-dimensional parameters, such as Reynolds and Mach 
numbers are the same and the two profiles are geometri- 
cally similar. 



For scaling to be valid, the original room geometry and 
air flow must be physically similar to the target 
situation. But this requires: 

(1) Geometric similarity (e.g., rooms have the same 
height-to-length ratio, etc.), and 

( 2  1 the relevant characteristic dimensionless parame- 
ters must have the same numerical values (e.g., 
the same Archimedes number). 

Before discussing scaling, some technical terms will be 
defined [ 2 ] .  

Geometry is the complete geometric description of 
the solid envelope around the room air, ex- 
pressed in physical units. Normally this is 
given as a large number, N, of points that 
describe the room inner surface including 
obstructions and furniture, 
Xi I Yi I Zi I i = 1, . . .  N 

Size, H 

Shape, S 

Location 

is a typical dimension of the room, for in- 
stance the room height, in physical units. 

is the non-dimensional geometry of the 
room, it is defined by the points 

is a particular position within the flow 
field, e.g., the specific point where a 
velocity was measured. It is given in phys- 
ical units or dimensionless: 

~ O C  = (X , y , z) or 
LOC = ( X ,  Y ,  Z) = (x/H Y/H 1 z/H) 

Characteristic constant 
is a parameter in physical units which has 
only one (constant) value throughout the 
experiment and is known before calcula- 
tions. It is typical of the relevant 
physics of the problem. Examples: Inlet air 
velocity, v, , viscosity, v , also size, H. 

Parameter P is a non-dimensional group of characteris- 
tic constants, and hence an input quantity. 
A particular experiment may depend on 
several parameters, Pj, j = 1, . . . J. 
Examples : 
Re = v,H/V, Ra, Ar, etc. 



Variable Q is a non-dimensional group of output 
variables: 

Examples: Nu, v/v, at a given location, 
etc. 

A computation will probably still be done in physical 
units to reduce the risk of making input errors. The 
results may be converted to dimensionless form and 
stored in arrays of the form 

Qk(Sr Pll P21 . . . PJ, LOC) k = I r  . . . K 

where LOC refers to the grid points of the computa- 
tional mesh. 

3 .  Air flow pattern with a auggly a i r  j e t  and a 
heat source 

Some of the cases used within Annex 20, Subtask 1, to 
evaluate numerical methods, and many of the "Atlas" 
sample office rooms [31, dealt with air flow patterns 
that were driven by air jets from a supply diffuser and 
some had internal heat sources such as radiators or 
personal computers. In this section, the relevant 
characteristic constants are listed, and a correspond- 
ing set of non-dimensional parameters is proposed. 

The numerical exercises with a supply air diffuser 
"HESCO", that blows the fresh air through many small 
directional nozzles, have shown that the inlet should 
be characterized by the total mass flow and momentum of 
the combined air jet [ 7 ] ,  [8]. With these complex inlet 
devices, it is difficult to measure the effective inlet 
area. Therefore, the inlet cross-sectional area does 
not appear as characteristic constant. 

The supply mass flow, m, and jet momentum, f, are: 



Where v is the local velocity component normal to dA, 
and the integral is taken over the cross section of the 
diffuser. With these two characteristic constants, the 
nominal inlet velocity and effective cross section are 
defined by 

The list of characteristic constants may include the 
following: 

m mass flow of air supply, eq. (I), 

f momentum (or thrust) of air supply jet, eq. ( 2 ) ,  

H Size of geometry, i.e., height of room, 

AT temperature difference between supply and exhaust 
air, in steady state, This temperature increase 
characterizes the combined effect of all internal 
heat sources that release energy into the room 
air. No separate parameter for heat input is re- 
quired. 

gravitational constant, 

P density, 

I3 coefficient of thermal expansion; for perfect gas 
equal to 1/T , where T is a mean absolute tem- 
perature, 

P specific heat at constant pressure, 

v kinematic viscosity of air, 

k thermal conductivity. 

Do these 10 characteristic constants, together with the 
shape of the room, completely define the case? It is 
the experience and judgement of the engineer to know 
which parameters influence the physics of an air flow 
situation and which are not so important. So far, noth- 
ing has been said about radiation, which mainly trans- 
fers energy between surfaces but may also feed the air 
itself through infra-red absorption by the gas mixture 



(mainly by water-vapor or CO2). Another factor not men- 
tioned is the turbulence intensity of the supply air. 

Assuming that the dominant parameters have been identi- 
fied, dimensional analysis tells us that the number of 
independent parameters is = (number of physical con- 
stants) - (number of basic units). With length, time, 
mass, and temperature as basic units, we should find 
10 - 4 = 6 non-dimensional parameters. 

There are many ways to define a set of parameters, how- 
ever certain groups are in standard use. Six parameters 
are proposed below [lo]. Some may look unfamiliar, but 
they are still required to define the situation com- 
pletely. Of course, other combination may be con- 
structed depending on user preferences. 

Reynolds number Re = (f/m) H / V  = v o H / V  

Archimedes number Ar = P AT g H m2 / f2 

= ~ A T ~ H / V ~ ~ ,  
with v, of eq. ( 3 )  

Prandtl number Pr = p c p v / k  

Size-of-inlet parameter 
~4 = m2 / (p f H ~ )  = A / H 2  

with A of eq. ( 4 )  

Temperature-ratio parameter 
p5 = P A T  = A T / T  

Thermal-to-potential-energy parameter 
p6 = cp AT / g H 

These J = 6 non-dimensional parameters, together with 
a description of the shape (non-dimensional geometry) 
of the room, and its details, should uniquely charac- 
terize the boundary conditions of the flow under inves- 
tigation. Other parameters may be constructed, but they 
will always be combinations of the six above, as for 
example 

P~~ / Ar Pg = vo2 / cp T . 

This last combination is proportional to the square of 
a Mach number. 



It may surprise that the air change rate ( a c h )  does not 
appear. It is not a characteristic parameter because it 
has dimension of reciprocal time; two air flow patterns 
may be similar even if the corresponding air change 
rates are different. 

It turns out that only the first four parameters have 
any significance for room air flow. Pg and Pg, and the 
Mach number as well, are unimportant. The complete set 
of six parameters has been listed for formal reasons. 

The size-of-inlet parameter, Pq, would be given by the 
proportions of room and air diffuser geometries if the 
effective inlet cross section, A of eq.(4), is always 
proportional to the geometric inlet area. Pq is needed 
to determine each of f and m and not only their ratio, 
f/m = vo. The effective area, A, which is not in the 
set of characteristic constants, may be computed from f 
and m, eq.(4). It is assumed that Pq will not change 
much between geometrically similar rooms. 

In conclusion then, it can be stated that for practical 
purposes, two forced-ventilation non-isothermal air 
flow patterns are similar if Re, Ar, Pq, and Pr are the 
same. To satisfy these four definition equations, a 
total of 10 variables are available. But six of these 
are physical constants and are known as soon as the 
medium (air) and ambient conditions are given. That 
means that only the quantities m, f, H I  and AT are free 
to solve the system of four equations. A closer look 
shows that none of these variables appears in the 
Prandtl number, i.e., Pr is already nailed down by the 
physical constant. And we end up with four variables 
for three equations. 

In this example, one of the four may be arbitrarily 
chosen, - for instance the s i z e  (H) of the room, - and 
the others are then fixed by the similarity require- 
ment. 

4. Air flow pattern with free convection 

The approach of analysis is the same here as in the 
previous section. But it is understood that for free or 
natural convection no air is blown into the room. 
Therefore, the parameters related to the air supply de- 
vice disappear from the list of characteristic con- 
stants: 



H Size of geometry, i.e., height of room, 

AT temperature difference between typical hot and 
cold surf aces, 

g gravitational constant, 

P density, 

P coefficient of thermal expansion ( = 1/T ) ,  

c~ specific heat at constant pressure, 

v kinematic viscosity of air, 

k thermal conductivity. 

With these 8 characteristic constants, 4 independent 
parameters may be formed [ l o ] :  

~ayleigh number Ra = p ~ ~ A T g ~ ~ p / v k  

Prandtl number Pr = p c p v / k  

Temperature-ratio parameter 
p5 = P A T  = A T / T  

Thermal-to-potential-energy parameter 
p6 = cp AT / g H 

Two free-convection air flow situations are now similar 
if the geometric configurations (shape) are similar and 
these J = 4 parameters have the same values. Experience 
tells us that only the first two are important in room 
air flow. Of the 8 variables appearing in the two defi- 
nition equations, 6 express physical properties of the 
medium. Theoretically, the two free variables, H and 
AT, can now be adjusted to obtain the desired values of 
Ra and Pr. But where are the similar cases when all 
variables are already committed? 

As with mixed convection, only physical constants ap- 
pear in the Prandtl number. Hence, once the fluid and 
ambient conditions are selected, Pr is fixed, and may 
or may not have the desired value. That means, one of H 
and AT may now be arbitrarily chosen, and the other re- 
sults from imposing the Rayleigh number. Under the as- 
sumptions made above, experiments 1 and 2 will be 
similar if 

( A T H ~  ) 2  = ( A T H 3  ( 5 )  



5. Limits for scaling air flow patterns in rooms 

The aim of this investigation is to find a "cheap" way 
to transfer information from a pre-calculated air flow 
pattern to a design situation that is of immediate 
interest. For instance, the computed air flow pattern 
with a Rayleigh number of 8.3 x 101° may be applied to 
any geometrically similar room with the same Rayleigh 
number. 

Annex-20 test case d2 has a radiator at 55 OC and a 
window surface at 5 OC. Taking AT equal to the differ- 
ence of these two temperatures, and H equal to the room 
height (2.5 m) , the Rayleigh number is 8 - 3  x 1 0 ~ ~ ~  with 
a Prandtl number of 0.72. Scaling to a room height of 
H = 3.0 m would require a temperature difference of 
AT = 29 OC (using eq. (5) ) . This kind of scaling is 
illustrated in fig. 1. Small changes in H require a 
large change of AT to maintain similarity. 

Room 
height 
(m) 

Temperature difference (OC) 

Fig. 1 Combinations of room height, H, and temperature 
difference, AT, that result in a Rayleigh 
number, Ra = 8.3 x 10l0, assuming the remaining 
physical parameters are kept constant, eq. ( 5 ) .  

For air flow with forced or mixed convection, two non- 
dimensional parameters (Re and Ar) plus the shape of 
the geometry must be conserved to maintain similarity, 
assuming both experiments are conducted in atmospheric 
air (same Prandtl number) and have the same size-of- 
inlet parameter, P4 (Section 3). The free variables are 
H, v,, and AT. The third parameter, Pq, together with vo 
is used to determine m and f. 



The possible range of scaling will be illustrated by 
the Annex-20 test case e2, a summer-cooling situation 
with mixed convection. The following parameters are 
formed with the room height H = 2.5 m, v, = 4 m/s, and 
AT = 6 OC: 

Test case e2: Re = 6.7 x lo5 
Ar = 0.031 
Pq = 0.00128 

To see how the physical parameters may be varied, vo is 
eliminated from Re and Ar to yield 

Again, the product AT H~ must be kept constant for 
fixed Ar and Re, eq.(5). When a pair of values is 
chosen, vo follows from the definition of Re, and m and 
f from Pq. 

The limitations to scaling of mixed-convection flows 
imposed by similarity rules become obvious when the 
variables H, vo, and AT are combined in one graph, 
fig. 2. 

Room 
height, H 

(m 

Supply velocity (m/s 

Fig. 2 Mixed convection: Variation of room height, H, 
supply velocity, vo, and temperature differ- 
ence, AT, for Re = 6.7 x l o 5  and Ar = 0.031. 
The array of parallel lines represents 
constant Ar number at different AT. 



The Annex-20 test case e2 is at the intersection of the 
6'-line and the Reynolds-number line. If the room 
height is increased to 4.5 m the supply velocity must 
be reduced to 2.2 m/s and the temperature difference to 
about 1 "c .  Small relative changes of size, HI require 
a large adjustments of AT. This makes scaling 
difficult. 

If the flow is known to be fully turbulent, the condi- 
tion on Reynolds number may be relaxed, but the H-v,-AT 
triple should still be on the array of Ar = 0.031 lines 
(fig.2). This last relationship is also expressed by 
the definition of the Archimedes number. 

6. Scaling of measured or computed results 

The results or dependent variables should be expressed 
as "Variable Qkw of Section 2, i.e., in non-dimensional 
form. With the set of physical parameters, as intro- 
duced in Sections 3 and 4, the Qk are transformed back 
into physical quantities. 

As shown in the previous section, it is not 
always possible to reach similarity, even if geometries 
are similar. If the characteristic parameters Pj do not 
differ too much, it is suggested [21 to use the same Qk 
in both situations. This is often done with heat trans- 
fer coefficients, - or with lift and drag coefficients 
of an airfoil section, - which are assumed to vary 
little between applications. This procedure is still 
much better than transferring physical quantities from 
one case to another. 

7. Conclusions 

This investigation leads to the following conclusions: 

To scale geometrically similar free-convection 
cases, the product H3 AT (height x temperature 
difference) must be kept constant to conserve 
Rayleigh number. Thus, scaling up the dimensions 
of a room is restricted to a narrow range because 
a slight increase of H requires a large reduction 
of AT. 



To scale geometrically similar mixed-convection 
cases, the product H~ AT (height x temperature 
difference) and v, H (supply velocity x height) 
must be kept constant to conserve Rayleigh and 
Reynolds numbers. As in free convection, scaling 
is also restricted for the same reason. 

Hypotheses based on discussions at Annex-20 meetings 
and on various Annex reports: 

If the flow of two geometrically similar mixed- 
convection cases is fully turbulent it may be 
admissible to relax Reynolds-number similarity 
within a small range. Then, the combination 
AT H / vo2 must be kept constant to conserve 
Archimedes number. (Caution, if surface heat 
transfer is strongly influenced by location of 
laminar-to-turbulent transition in boundary 
layers) . 
It is hypothesized that measured or computed 
results of one case may be transferred to a geo- 
metrically similar case, even if the non-dimen- 
sional parameters do not have exactly the same 
values. To do this, the non-dimensional variables 
(e.g., Nu, v/v,, etc.) must be transferred, not 
the physical ones. 

The supply air jet is characterized by its mass 
flow and momentum (thrust). Nominal air velocity, 
v,, and effective inlet cross section, A, are 
derived parameters. A method to measure jet 
momentum needs still to be developed. 

These conclusions are based on using air. Substituting 
other gases or water for air as test medium may lead to 
more freedom of scaling. 
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Synopsis 

The work in this paper contributes to the work in the IEA - Annex 20 "Air Flow 
Patterns within Buildings" and presents a series of full-scale measurements of the 
concentration distribution in a room with isothermal mixing ventilation. 

Vertical profiles of the concentration in the middle of the room have been mea- 
sured under different conditions. With the contamination source in the middle of 
the room the vertical profiles were changed radically with an increase of the air 
change rate from n= 1.5h-' to n=6h-' due to a change in the flow structure in the 
room. With a constant air change rate the location of the contamination source in 
the room showed a great idluence on the vertical profile. A high velocity around 
the contamination source resulted in a uniform contaminant distribution in the 
room, while a low velocity resulted in considerable differences. 

Contours of concentration in the centre plane of the room have been measured 
using different contaminant densities. The densities were low, neutral and high in 
relation to the density of air. The results showed that the contaminant distribution 
in the room with the chosen flow conditions depended strongly on the contaminant 
density, and that the high density case gave the highest concentrations in the 
occupied zone. 

1. Introduction 

This paper contributes to the work in the IEA - x 20 "Air Flow Patterns 
within Buildings", subtask 1 "Room Air and Contaminant Flow". One of the 
objectives of subtask 1 is to acquire experimental data for the evaluation of the 
performance of air flow models in predicting air velocity, temperature and 
contaminant distribution. 

The approach is to make identical full-scale experiments in identical test rooms with 
identical inlet devices at different sites. Simultaneous numerical simulations for the 
measured configurations are carried out. The measured data are compared and a 
data base establised for the evaluation of the accuracy of the predictions made. 

The purpose of this paper is to present the results of a series of full-scale experi- 
ments of the contaminant distribution in the IEA - Annex 20 test room. The results 
can be used for comparison with predictions made by air flow models and to show 
how the contaminant distribution in a full-scale room looks like under different 
practical flow conditions. In the experiments the contaminant distribution has been 
measured under isothermal steady state flow conditions at different air change rates, 
locations of the contamination source and contaminant densities. 



2. rimental Set-Up 

The identical test room for subtask 1 is specified in ~ernaire,. A sketch of the 
geometry of the full-scale test room used in these experiments is shown in figure 1. 
The test room corresponds to the specifications except for the room height of 2.4m 
(L,emaire2 specifies 2.5 m). 

The inlet device is of the HESCO-type. The diffuser consists of 4 rows with 21 
nozzles which can be adjusted to different directions. For these experiments the 
nozzles have been adjusted to an angle of 40' upwards, see figure 1 and Nielsenl. 
The generated flow pattern is very typical of modern air terminal device design. 

Figur 1. a) Sketch of the geometry of the full-scale test room. b) Close-up of 
the HESCO inlet device. 

The contamination source consists of a ping pong ball (diameter 30mm) with 6 
evenly distributed holes with a diameter of 1 mm each. If another location of the 
source is not stated it is placed approximately in the middle of the test room in the 
point (qy,z) = (2.2,1.2,0.0) as specified in sk%et4. The tracer gas CO, has been 
used as a contaminant. It has been mixed with the carrier gases N, or He in order 
to give a total contaminant flow rate of 0.025 I/s and different contaminant densities. 



The profiles of concentration are based on measurements in 10 points. The points 
were distributed along a vertical line placed in the centre plane of the test room 2.2 
m from the supply opening. The contours of concentration in the centre plane of 
the test room are based on measurements in 110 points. Figure 2 shows the distri- 
bution of the points in the test room. The points are concentrated around the conta- 
mination source, where large gradients are expected, at the end wall to see how far 
the supply air jet penetrates into the room and at the boundary surfaces. The 
concentrations are measured with a BINOS 1.R.-analyzer. 

The experiments have taken place under isothermal steady state conditions as 
specified in EIeikkinen3. 

I 1 
Figure 2. Distribution of points for measurements of contours of concentration 
in the centre plane of the test room. 

3. Profiles of eoncentration 

Vertical profiles of the concentration in the middle of the test room have been 
measured for different air change rates and locations of the contamination source. 
The profiles of concentration are presented as concentration ratios where the 
reference concentration is the concentration in the exhaust opening. 

Figure 3 shows the profiles for three air change rates. The test case with an air 
change rate of n= 1.5h-' represents a small Reynolds number case where low 
Reynolds number effects are seen in the inlet flow from the diffuser and in the flow 
structure in the room, see Skovgaard et al.' and Skovgaard et al?. The air flow rate 
is approximately the minimum value required to ventilate an office room. Measure- 
ments in Skovgaard et al? show that the throw of the jet is about 415 of the room 



length and that the maximum velocity in the occupied zone is below 0.1 m/s. The 
test case with an air change rate of n=3h-' represents the basic case where the air 
flow rate is about the usual value in office rooms. According to Skovgaard et al? 
the throw of the jet is approximately room length plus room height and the maxi- 
mum velocity in the occupied zone is 0.16 m / ~ ,  which is the maximum velocity that 
can be accepted in an office. The test case with an air change rate of n=6h" 
represents a high Reynolds number case and it is important for the comparison of 
the measured and the calculated results. The maximum velocity in the occupied 
zone is according to Skovgaard et al? about 0.33 m/s. 

Air change rate 

0.0 1.0 2.0 3.0 
Relative concentration 

I 1 

Figure 3. Relative concentration profiles in the middle of the test room for 
three different air change rates. The contamination source is placed in the 
middle of the room 1.2 m above the floor. The contaminant density is 1.2 
kg/m3. 

The results in figure 3 show in the upper part of the room a concentration distri- 
bution in the wall jet created by entrainment of the contaminated room air into the 
primary air. The concentration distribution is nearly the same for all three air 
change rates. In the occupied zone the concentration distribution is dependent on 
the air change rate and it changes radically when the air change rate is changed 
from n= 1.5h-' to n=3h-l due to a change in the flow structure in the room. 

At an air change rate of n= 1.5h-' the supply air jet only reaches the upper part of 
the occupied zone and the recirculating flow takes place here. In the lower part of 
the room there are small velocities and a slow exchange of air and therefore a high 
level of concentration, see also figure 6. 

At an air change rate of n=3h-l the supply air jet reaches the floor in the room and 
there will be a recirculating flow with large velocities at floor level, see Skovgaard 
et do5. The contamination source is placed almost in the centre of the recirculating 



flow where the velocities and the exchange of air are very small. The level of 
concentration therefore becomes very high before the contaminant is entrained and 
discharged with the other air in the room. Model experiments by 0pp17 and full- 
scale experiments by Heiselberg et al.8 show a similar effect when the source is 
placed in an area with a low velocity. 

With an increasing air change rate the contaminant distribution is approximating 
the distribution at high turbulent flow conditions in the room. This distribution is 
independent of the air change rate, see ~ i e l s e n ~ .  The maximum velocity in the 
occupied zone will, however, be above the acceptable comfort level for office 
rooms. The contaminant distribution in a room will for practical purposes therefore 
depend on the supplied air flow rate. 

0.0 1.0 2.0 3.0 
Relative concentration 

I I 

Figure 4. Relative concentration profiles in the middle of the test room for 
four different locations of the contamination source. The air change rate is 
n=3h-'. The contaminant density is 1.2 kg/m3. 

Figure 4 shows the profiles of concentration for four locations of the contamination 
source in the room. Location A) is in the middle of the room as specified in 
skAret4. Here the velocities are very low. Location B) is in the primary jet where 
the maximum velocity has been measured. Location C )  is in the occupied zone 
where the maximum velocity in the recirculating flow has been measured. Location 
D) is at floor level where a low velocity has been measured. The velocity measure- 
ments are from Skovgaard et al.'. 

The profiles of concentration in the middle of the room depend on the location of 
the contamination source. A location in the middle of the room where the velocities 
are very small gives a high level of concentration just around the source because the 
exchange of air is slow. A location in the primary jet results in a very good mixing 
of the contaminant and the supply air and gives a quick removal of the contaminant 



and a homogeneous contaminant distribution in the whole room. A location of the 
contamination source at floor level gives a uniform concentration in the upper part 
of the room and only high concentration in the immediate vicinity of the floor. 
Corresponding results are found by 0pp17 and ~ ie l sen~ .  

Contours of concentration in the centre plane of the test room have been measured 
for three different cont densities. The three test cases with contaminant 
densities of s=0.8 kg/m3, s = 1.2 kg/m3 and s= 1.8 kg/m3 represent respectively a 
case with low density of the contamination source with a tendensy of the contami- 
nant to migrate to the ceiling region, a basic case with neutral density and a case 
with high density of the contamination source with a tendensy of the contaminant 
to migrate to the floor region. 

The results in the figures 5-7 show that the supply air jet reaches half the way down 
the opposite end wall and that the recirculating flow takes place in the upper part 
of the room above the level of the contamination source. The contours of concen- 
tration show considerable differences between the three test cases. 

Contours of concentration for the high density case in figure 7 show clearly that the 
contaminant is streaming towards the floor region. Because the supply air jet is not 
able to flow through the whole room an even stratification of the cont 

I Roomlength (m) I 
Figure 5. Contours of concentration in the centre plane of the test room. The 

tion is placed in the middle of the room 1.2 m above the 
cont t density is 0.8 kg/m3. 
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Figure 6. Contours of concentration in the centre plane of the test room. The 
contamhation source is placed in the middle of the room 1.2 m above the 
floor. The contaminant density is 1.2 kg/m3. 
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Firmre 7. Contours of concentration in the centre plane of the test room. The 
co~taminatiion source is placed in the middle of-the room 1.2 m above the 
floor. The contaminant density is 1.8 kg/m3. 



in the lower part with a large contaminant gradient just below the contamination 
source and large concentrations near the floor. 

Contours of concentration for the neutral density case in figure 6 show that the 
con tarninant distributed to the upper part of the room is mixed with the recircula- 
ting room air. The contaminant distributed to the lower part of the room causes a 
high level of concentration in large areas of the occupied zone because of the low 
velocities and slow exchange of air in this region of the room. 

Contours of concentration for the low density case in figure 5 show high levels of 
concentration above the contamination source where the contaminant is flowing 
towards the ceiling and is here entrained by the supply air jet. There are also high 
levels of concentration below the contamination source. 

The considerable differences found between the three test cases will be reduced 
with an increasing air change rate. The buoyancy effects will decrease and the 
contaminant distribution will approximate the distribution at high turbulent flow 
conditions, see experiments by Heiselberg et ~e ise lber~"  and Muralcami et al." 

It is not possible from the figures 5-7 to see how the three-dimensional flow 
conditions in the room are influencing the contaminant distribution in the centre 
plane. 

5. Conclusion 

Results of a series of full-scale experiments of the contaminant distribution in the 
IEA - Annex 20 test room are presented. The results make it possible to evaluate 
the performance of air flow models in predicting the contaminant distribution in a 
room for different supply air change rates, locations of the contamination source 
and contaminant densities. 

In rooms ventilated by mixing ventilation, in order to remove contaminants from the 
occupied zone, the goal for the air distribution system is to achieve an even concen- 
tration distribution in the room. This is not always possible, however, but the full- 
scale experiments have shown that by using as large an air change rate as possible 
without exceeding the comfort limit for the velocity in the occupied zone, and by 
making sure that the contamination source is placed in an area of the room with 
a high velocity the differences can be reduced to a minimum. 

The contours of concentration in the centre plane of the room showed at an air 
change rate of n=l.Sh" considerable differences between the test cases with 
different co densities. The results showed that it is important for the 
removal of contaminants in a room that the ventilation system is working in the 
same direction as the existing buoyancy forces. A contaminant with a high density 
will flow towards the floor region. With an exhaust placed near the floor the 
ventilation system will be able to remove the contaminant regardless of the fact that 
the supply air jet is able to flow through the whole room, and a situation with high 



levels of concentration as in figure 7 will be prevented. 

The experiments showed that the co distribution in a room will always 
depend on the location of the con &on source and for practical purposes also 
on the supplied air flow rate density. High turbulent flow 
conditions will occur in the room at large air change rates but the velocities in the 
occupied zone will then be above the acceptable comfort level. 
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ANNEX 20 Subtask 2.6. 
Multiroom Ventilation Efficiency. 

Authours : Fariborz Haghighat (Canada) 
Dominique Bienfait (France) 
Hans Phaff (Netherland) 

Summary. 

Seen from the AIVC Technotes 21 and 28, Ventilation Efficiency is still a 
complex concept. Aswell for measurements as for simulations. 
Two more or less separate terms are used: 

Ventilation Efficiency (-Supply Efficiency) 
and 

Ventilation Effectiveness (-Contam t Removal Effectiveness). 

In this paper is shown that the Multizone VentiLation Efficiency has a much 
wider range than Ventilation Efficienq within one room. 
In a single room efficiencies can be found for example up to 2 for very 
good systems. The Multizone Ventilation Efficiency can be for example up to 
100 for a good design and system, even if inte 1 doors are used. 

Both Ventilation Efficiency tern (Sup~ly - and Removal -) are integrated 
by looking at the room volume weighted concentrations or concentrations 
near occupants. This results in a single figure, which does take both 
phenomenae (Supply - and Removal -) into account. Hereby the complexity 
of Ventilation Efficiency is greatly reduced. This figure will be called 
the Ventilation Perfo e Index (VPI), 

A measurement method for VPI is introduced. 

A computer code routine is presented that calculates the VPI for multizone 
airflow models that simulate spread of pollutants. 

A procedure is described that uses the VPI to find the optimal ventilation 
flowrates during the seasons to optimize concentrations and ventilation 
heatlosses. 

All use of indices has limitations. The main limitation on the use of the 
VPI is the chosen distribution of pollutant sources in the simulated or 
measured building. A number of examples are given that shaw the limitations 
of use for the V P I .  

It is expected that'the use of the VPI will ease and improve the quality of 
the analysis of measurement campaigns and series of simulation runs. 
Building designs can be oprimised more thoroughly. Effects of improvements 
or-retrofits on existing buildings can be ranked. 
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Abstract 

The measurements reported in this paper were carried out in a mock up of an office 
room, ventilated by a commercial supply air terminal consisting of 84 nozzles (cha- 
racteristic dimension dA = 0.0975 m). The test room configuration was identical to 
the one used within the $A Annex 20 work. Results from isothermal supply is re- 
ported. A constant-temperature hot-film anemometer with fast dynamic response was 
used to record the instantaneous velocities. 

The following parameters were recorded 

- Mean velocity 
- Standard deviation (relative turbulence intensity) 
- Turbulent integral length scale and microscale 

The turbulent length scale was derived from the autocorrelation function. 

The above parameters were recorded at the following locations: 

1. At afixed distance from the supply air terminal the near ceiling velocit), 
was recorded at different flowrates (Reynolds number). The errors of the 
velocity readings due to additional heat losses to the the wall were cor- 
rected for. By this procedure we obtained the near wall velocity profile 
(wall function) in a room with normal surface roughness. Both the change in 
turbulent velocity scale (standard deviation) with distance from the ceiling 
and the change in turbulent length scale with velocity are reported. 

2. At stations along the perimeter (ceiling-wall-floor) and at the point where 
the maximum mean velocity of the wall jet occurred. These measurements pro- 
vided information regarding the velocity decay in the wall jet and the evolu- 
tion of the turbulent length scales with distance from the terminal. 

1 Introduction 

Measurements of turbulence quantities in free jets is fairly abundant. One classi- 
cal example is Wyganski I. & Fiedler H. (1969) and Gutmark E. & Wyganski I. (1976). 
The first paper is concerned with an axisymmetric jet whereas the last paper re- 
ports on a two-dimensional jet. Measurements of wall jets are less abundant, for a 
review on wall jets see Launder B.E. & Rodi W. (1983). 



The more "scientific" orientated measurements of turbulence characteristics have 
been carried out under specially arranged laboratory situations. Measurements of 
turbulent quantities in ventilated spaces have been performed by several e.g. 
Hanzawa et al(1987), Kovanen et a1 (1987), Sandberg (1987). The main concern in 
these investigations were the conditions in the occupied space. The analysis of the 
velocity fluctuations was based on recorded spectral density. The present work is, 
however, concerned with measurements of the wall jet in an office room. The 
velocity fluctuations were analyzed by recording the autocorrelation function. All 
room surfaces had normal surface coating and surface roughness. The jet was issued 
from a commercial air terminal. 

The present investigation was undertaken in order to extend the knowledge of tur- 
bulence in a real room situation. In particular the idea was to study the effect of 
the deflection of the jet that occurs at the corners of the room. Measurements were 
therefore carried out along the jet trajectory from the inlet to the occupied zone. 

2 Test room and experimental procedure 

Fig. 1 shows the testroom (WxLxH = 3.6x4.2x2.5 m) and the location of the supply 
air terminal 

Simulator wall 

Figure I Test roont 



The supply air terminal consisted of a manifold of 84 small nozzles arranged in 
four rows and directed upwards. The total geometrical opening area A of all nozz- 
les amounted to 0.0095 m2 which gave a characteristic dimension 4~ 'equal to 0.0975 
m. S 

All velocities were recorded with a temperature compensated bridge (Dantec 56C14) 
provided with a hot flim probe (Dantec 55R76). The total number of samples collect- 
ed at each measuring point amounted to 102 400. The sampling rate was 50 or 100 Hz 
which corresponds to a time of integration of 34 min and 17 min respectively. The 
signal was filtered at about 40 % of the sampling frequency. 

The measurements were carried out in the vertical symmetry plane through the ter- 
minal. When the velocities were measured the anemometer was orientated perpendi- 
cular to the axis of the flow. All measurements were carried out at isothermal 
condition. 

The experimental conditions are collected in table 1 below. 

Table I Listing of experimental parameters 

Nominal 
Flow rate (n) supply velocity 
[room volumes/h] [m/s1 

Nominal supply velocity is equal to the flow rate divided by the geometrical open- 
ing area. The discharge Reynolds number Re is based on nominal velocity and the 
diameter of the nozzle. d 

We see from the table th2t the Reynolds number is very low at the lower flow rates. 
Therefore one can surmise flow in the room to be Reynolds number dependant. Malm- 
strijm (1974) has show that the spread of a jet to be Reynolds number dependent at 
those low values on the Reynolds number as one frequently encounters in ventilation 
engineering. In the literature the minimum Reynolds number for the flow to be 
Reynolds number independent is reported to lie around Red = lo4. 

Skovgaard et a1 (1990) recorded the effective area of the same terminal as ours and 
found the effective area to be Reynolds number dependant. The effective area did 
not bacome equal to the nominal area until Re = 8 000. 

d 



3 Measurements carried out along the perimeter of the 
room 

Mean velocity and the standard deviation 

Fig. 2 shows the mean velocity and standard deviation recorded very close to one of 
the 84 nozzles of the terminal. 
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Figure 2 Mean velocity and standard deviation close to a nozzle ( n  = 3 roomvollh) 
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The measurements shown in Fig. 2 were carried out in the development region of the 
jet and the maximum of the turbulence occurs at the center of the mixing region. 

Fig. 3 shows the velocities recorded along the perimeter of the room in a vertical 
plane through the supply. 
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Figure 3 Ma,rimum mean velocity along the perimeter of the room (n = 3 roomvollh) 

We see that we have a "short room" so the circulation in the room is set up by a 
wall jet that follows the perimeter of the room. Fig. 4 shows the maximum velocity 
in the jet as a function of the distance from the terminal. The data is given in 
non-dimensional form so the recorded velocity has been divided by the nominal velo- 
city at the inlet and the distance from the outlet has been divided by the square- 
root of the free opening area. 

When the air stream arrives at the opposite wall the velocities in the jet decrease 
and the thickness of the jet increases. The pressure increases at the wall and the 
flow is retarded and deflected downwards along the wall. The flow is at first ac- 
celerated by the higher pressure and a maximum velocity is attained. After this 
point the flow decelerates again. We see that the deceleration is now faster than 
that along the ceiling. At the lower comer the procedure is repeated again and the 
maximum velocity in the occupied zone is attained at same distance from the wall. 
The behaviour of the jet can be described as the jet restarting at each comer. 

Waschke (1974) studied the effect of deflection of a radial wall jet that was supp- 
lied under the ceiling. He showed that the jet along the wall could be considered 
as a radial jet but now starting from a new virtual origin that did not coincide 
with the virtual origin of the ceiling jet. 

The theory which is valid for flows in infinite or semi-infinite spaces where the 
ambient is quiescent, predicts that the velocity decay should follow the relation 
X-'. However, the decay is less rapid and follows approximately the relation 
X-O". The deviation from the theory must be due to the fact that the jet is supp- 
lied into a finite enclosure. It can be concluded from the measurements that the 
lateral expansion of the jet is not constrained by the sidewalls. One can surmise 
that the counterflow set up in the room slows down the decay of the maxinium velo- 
city. The jet is therefore expanding into an ambient that is moving. For a so call- 
ed weak jet expanding into an ambient that moves (compound jet) in the same direc- 
tion as the jet, the theory predicts that the the decay shall follow the relation 



X-2/3 , see Rajartmam N. (1976). This is very close to our result. This may however 
be a mere coincidence since it is not clear if the theory for compound jets is 
applicable in this case were the jet itself that sets up the air motion. We can at 
least conclude that we do not expect theories valid for infinite spaces to be valid 
in enclosures. 

Measurements reported by Skovgaard et al(1990) in the same room configuration and 
with the same type of terminals show a similar result. 

Fig. 4 shows, as a function of flow rate, the maximum mean velocity at two sta- 
tions. The first point is located under the ceiling 2.2 m from the supply air ter- 
minal whereas the second one is located where the maximum mean velocity did occur 
in the occupied space. The maximum velocity at the floor occurred, at all flow 
rates, 3.5 m from the backwall which corresponds to 0.7 m from the facade wall. 

Flow rate [room volumes/h] 

Figure 4 Ma.ximum mean velocity as a function offlow rate 

By extrapolating the fitted straight lines in Fig. 4 toward lower flow rates we see 
that they do not pass through the origin. The deviation is larger at the floor- 
level. This behaviour, that the room velocities at low flow rates are not propor- 
tional to the inlet velocities has earlier been documented by Nielsen P V (?). 



Autocorrelation measurements and turbulence scales 

The correlation of the same velocity component at a fixed point, x , is known as 
the autocorrelation. By definition, the normalized autocorrelation k r  the velocity 
fluctuations, u', is given by 

U'(X ,t)u7(x0,t + At) 
RAJX0,At) = 

0 
- 
U 

,2 

Where At is the time separation. When the turbulent motion is occurring in a flow 

with a large mean velocity c, it is possible for the turbulence to be advected past 
the point of measurement more rapidly than the pattern of fluctuation is changing. 
When this is the case the autocorrelation function with time separation At can be 
interpreted as a spatial correlation where separation in distance is equal to 
(Taylor's transformation): 

- 
Ax = - UAt (2) 

The above assumption means that the transportation velocity for the turbulence is 

set approximately equal to the the average velocity, c. We obtain 

From the autocorrelation measurements the integral scale, A , is obtained as 
t 

From our measurements the integral scale was calculated by taking the value -y the 
time axis for which the normalized autocorrelation function had declined to e , 
see Fig. 5. This integral-scale is denoted by he and (see below). t X 

The Taylor microscale h is defined as: 
t 

The turbulence scales obtained from the measurements carried out at the same point 
have then been transformed to turbulence scales for spatial separation by multiply- 
ing by the average velocity: 

- 
Ax = UAt and l = Uh 

X t 

The above transformation can be regarded as purely formal because we can not take 
for granted that the Taylor hypothesis is strictly applicable to this type of flow 
since the relative turbulence intensity lies around 20-30 %, which is quite high. 



The microscale kt has been obtained by fitting the to the parabola 

At 2 
1 - R (At) = (-) At 

to the data close to At=O. This was done by using the equivalent relation 

which was plotted in a graph. This method is not very accurate, there are better 
methods, however it gives the order of magnitude of the microscale. 

The autocorrelation function, RAt, was recorded at the same point as the data pre- 
sented in Fig. 3. The next figure shows the autocorrelation function whith a non- 

- 
Ax UAt dimensional x-axis ( = -) 
X X 



Figure 5 Autocorrelation function on the jet centre-line. From above 
- Ceiling 
- Wall 
- Floor 



It appears from Fig. 5 that under the ceiling (apart from close to the terminal) 
the curves collapse on the same line so the structure is self- preserving from 
(xld~~=14&). The integral-scale for the expansion of the jet under the ceiling 
became, Ax = 0.076~. This value is within the range reported by others, see data 
compiled by Wygnanski & Fiedler (1969). 

The autocorrelation functions for the first two measurement points on the wall 
differ from the function recorded under the ceiling. However, at the following two 
measuring points on the wall ( X / ~ A  =58.5 and 63.6) the autocorrelation function 
does coincide reasonably well with that recorded under the ceiling. 

When we come to the measuring points on the floor one can no longer trace any re- 
semblance with the autocorrelation functions recorded further upstream. The be- 
haviour is quite erratic. 

The next figure shows the integralscale, iIe, at the same points as in Fig. 5. 
X 

Distance, x [m] 

Figure 6 Integralscale on the jet centre-line 
X 

Close to the terminal the integralscale is around 10 cm which, as expected, is a 
value close to the characteristic dimension of the terminal, d~ - 9.8 cm. Also as s- expected the integralscale first grows linearly with distance from the supply air 
terminal. After the jet has been deflected at the corner ceiling wall the integral- 
scale again grows linearly but now "starts" from a lower value. The behaviour is 
repeated in the next comer. The behaviour of the integralscale along the floor is, 
however, more erratic. 

Table 2 shows the Taylor microscale. The microscale could only be calculated when 
the velocity had decayed to around 20 cmls. At higher velocities the sampling fre- 
quency, 50 Hz, was too low to resolve the autocorrelation function close to At=O. 



Table 2 Taylor microscale and ratio between integral and micro scales 

e 

x WA he 5 Location 
S X he 

Em1 Ill [cml 
X 

5.7 58.7 4.7 7.2 Wall 
6.2 63.6 5.2 8.3 Wall 
7.15 73.3 3.6 5.7 Floor 
7.40 75.9 4.1 5.tj1 Floor 
7.70 79.0 5.9 8.9 Floor 
7.90 81.0 4.6 5 .O Floor 

4 Measurements carried out at a fixed station 

All the measurements reported in this subsection was recorded at ceiling level 2.2 
m ( x l d ~ ~ =  22.6) from the terminal. 

Fig. 7 shows the mean velocity, turbulent fluctuation and the turbulent integral 
scale. The first two quantities have been scaled by the maximum mean velocity (max - 
U). In Fig. 7 b denotes the half width of the jet. 

1 12 

1. This value is probably too large because the recorded integral-scale is too large, 
see Fig. 6 (indicated by a dashed circle). 
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Figure 7 Recorded distribution of: 
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It appears from Fig. 7 that the mean velocity and the turbulent fluctuations are 
independent of the flow rate from n = 2 room volumes/h (Red = 2 21 7). The turbulent 
length scale does not become independent of flow rate until n = 3 roomvolumes/h 
(Re = 3326). In the literature axisymmetric jets are said to be self-similar when 
x/.tbs > 40. The mean velocity fields become self-similar closer to the supply than 
the turbulent fluctuations that require a longer distance. We are closer than this 
value and we cannot therefore conclude that the jet behaves in a self-similar man- 
ner, although the shape of the distribution d y s  not change with increasing flow 
rate. Fig. 8 shows the turbulent time scale, At, recorded at the point where the 
maximum mean velocity occurs (around 30 mm under the ceiling). 

Air flow rate [roomvolumes/hl 

Figure 8 Turbulent time scale, A:, as aJunction of the mean velocity 

As expected the time scale is inversely proportional to the velocity because the 

integral length scale, A: = E. A:, is constant (in this case A: = 15 cm) 

Near wall measurements 

The most important near wall velocity scale is the friction velocity U, = 4 . An 
attempt was made to record the shear stress, 7 ,  at the room surface with a dodified 
Preston Tube. However, this attempt failed because the velocity was too low for the 
calibration curve of the Preston Tube to be valid. This highlights the common pro- 
blem when making velocity measurements in ventilated rooms, the velocities are so 
low that techniques developed within other areas are frequently not applicable. 



The problem of recording velocities with hot-wire anemometers near surfaces is well 
known. Additional heat losses to the wall result in too high velocities. Therefore 
we used a computational technique described by Bhatia J C et a1 (1982) for correc- 
tion of the recorded near surface velocity. The magnitude of the shear stress was 
obtained from the slope of a graph of velocity versus distance from the surface. 
The thickness parameter, 1, (1 = v/U,) amounted to: n = 1.5 roomvol/h, 1 = 0.5 mm: 
n = 3 roomvol/h, 1 pi 0.3 mm. Fig. 9 shows the near ceiling measurements presented 
in standard wall coordinates 

I 
I I I I I 1  1 1 1 1  I I I f  I * 
1 2 3 1 5 6 7 8 9 1 0  20 30 40 50 100 

Distance from ceiling y+ 

Figure 9 Wall function 

It appears in Fig. 9 that the wall function is Reynolds number dependent whicg 
shows that the flow is in a transitional region. The coefficient in front of log y 
was 3.45 in our measurements which is far from the "universally" adopted value of 
5.5. This difference may be due to one or combination of the following factors: 

- Error in the wall shear stress and subsequently U, 

- The curve fitted over a short region 

- Developing flow 

Fig. 10 shows the rms-value of the streamwise fluctuations scaled by the friction 
velocity. 
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We see that the relative turbulence intensity at the lower flow rates decreases 
with increasing flow rates. . This trend is probably a real effect whereas for flow 
rates higher than 3 roomvolumes per hour the scatter in data reflects uncertainties 
in the measurements. Finally Fig. 12 shows the turbulent length scale near the 
wall. 

Distance from ceiling, y lmml 
/ 

Figure 12 Turbulent length scale (n = 3 roomvolumeslh) 

Conclusions 

Measurements at afixed station under the ceiling (~ / - \ IA  = 22.6), carried out at 
S different flow rates, showed that the streamwise mean velocity and turbulence in- 

tensities became independent of the discharge (based on the diameter of the nozz- 
les) Reynolds number (Re ) for Red > 2 200. The corresponding specific flow rate 
was 2 roomvolumes/hour.%he integral length scale became independent of the Rey- 
nolds number from Red = 3 300 (flow rate, 3 roomvolumes/h). 

+ 
Measurements near the wall showed that for y > 10 both the mean velocity and the 
turbulent fluctuations were dependent on the Reynolds number. 

Measurements carried out on the jet centre-line (location of max mean velocity) 
along the perimeter of the room (flow rate 3 roomvolumes/h, discharge Reynolds 
number 3326) showed; 

- The decay of the velocity in the jet does not coincide with any "classical" 
formula for a jet in an infinite quiescent ambient 



- The turbulent length scale, when close to the terminal, became equal to the 
characteristic dimension of the terminal 

- Under the ceiling the turbulent length scale, g, obeys the following rela- 
tion with the distance, x, from the terminal, Ax = 0.076~ 

- The turbulent length scale became in the occupied space approximately twice 
the characteristic dimensions of the terminal 

- The general behaviour of the jet, with regard to the decay of the mean velo- 
city and expansion of the turbulent length scale, along the perimeter of the 
room can be described as that the jet "restarts" after it has decelerated and 
been deflected at a corner. 

The general conclusions of the findings is that in the case where the jet is supp- 
lied into a finite ambient and in particular where the jet is constrained to change 
direction at room corners has a strong influence on jet behaviour. In order to be 
of any success at the design stage for assessing the velocities in the occupied 
space, this room influence must be considered in the testing procedures of supply 
air terminals. 
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SIMULATION OF THE COUPLING B IATOR 

AND A ROOM WlTW ZONAL MODELS 

ABSTRACT 
Zonal models are a promising way to predict air movement, in a room with respect to comfort conditions 
and gradient of temperature, because they require extremely low computer time and may be therefore 
rather easily included in multizone air movement models. 
The main objective of this paper is to study the ability of the zonal models to predict the thermal 
behaviour of air in case of natural convection coupled with a radiator. 
First, we present simplified two zone and five zone models. With the support of the IEA Annex 20 (Air 
flow pattern within buildings) testcase, we compare the results of the models. Furthermore, a comparison 
is made with the results of Chen obtained with a Low Reynolds number k-E model. 
It appears that five zone model give indoor air temperature profiles consistent with Low Reynolds 
number k-E model. Concerning the convective heat fluxes, except for the two zone model, the values 
computed by the models are of the same order of magnitude with lower values for the Low Reynolds k-E 
number model. 

(l):CETHIL, INSA B2t. 307,20 avAbert Einstein, F.69621 Villeurbanne 
(2):CSTB, 84 avJean JaurCs, BP 02, Champs/Marne, F.77421 Marne la VallCe Cedex 2 



LIST OF SYMBOLS 
Axx :area 
Gau :enthalpy flow upper zone-central zone 
Gla :enthalpy flow central zone-lower zone 
Gpll :enthalpy flow lower zone-air leaving the radiator 
Gppl :enthalpy flow air leaving the radiator-plume 
Gup :enthalpy flow plume-upper zone 
Lra :length of the radiator 
Rxx :thermal resistance 
Rxxc :convective thermal resistance 
Rxxr :radiative thermal resistance 
Txx :surface temperature 
Tl :mean air temperature of lower zone 
Tp :mean air temperature of radiator plume 
Tpl :mean air temperature leaving the radiator 
Troa :mean air temperature of central zone 
Tror :room radiant temperature 
Tu :mean air temperature of upper zone 
z,, :virtual origin of radiator plume 
Subscri~ts: 
81 :glazing 
wa :vertical walls 
ce :ceiling 
fl :floor 
fa :facade 
ra :radiator 
tr :trail 

1-INTRODUCTION 
The present paper deals with different ways to model the thermal behaviour of a heated room 

with simplified zonal models. With the support of Annex 20 testcase d (natural convection with a 
radiator) and according to the monozone simulation procedure presented by Lemaire [I], we developed 
a two zone and a five zone models. 

2-SPECIFICATION OF THE TESCASE 
Figure 1 shows the thermal network of the testroom with a 

Fig. 1: Thermal network of testroom according to Lemaire [I] 

radiator. 

The dimensions of the testroom are 4.2x3.6K2.5 m. 
The configuration consists of: 



- a window (single glazed) positioned in the front wall (facade) in contact with ambient 
temperature (Tamb) 
- the other walls are in contact with environmental (plenum) temperature (Tenv) 
- a radiator (single panel) located below the window in front of the front wall 

The dimensions of the &dow and the radiator are 2.0x1.6m and 2.M.3m. 
According to Lemaire El], Table 1 gives the thermal resitances and area of the testroom walls. 

Table 1: Area and thermal resistances of testroom walls 

The radiator convective heat transfer coefficients are calculated using a Nusselt-Rayleigh relation 
of Kriegel quoted by [I]: 

Nu = 0.118 ~ a ' l ~  

The radiator radiative heat transfer coefficients are computed using simplified Stefan-Boltzmann 
law for radiation between two surfaces: 

hrar  = era a ,  [ (Tra2 + Tror2)  (Tra  + Tror )  1 

with: era radiator LW emissivity 
Furthermore, heat transfer coefficients between the radiator rear face and its backwall are computed 
assuming that the backwall is adiabatic. For more details see Lemaire [2]. 

Three cases with different radiator temperatures and ambient temperatures have been considered 
as can be seen in Table 2. 

Table 2: Key parameters of the three testcases (Tenv=20°C) 

3-THE FIVE ZONE MODEL 

3-1-Convective network 
The indoor air volume is split into five zones coupled each other with air mass flow rates: 

- air leaving the radiator (Tpl) 
- thermal plume (Tp) 
- upper zone (Tu) 
- central zone (Troa) 
- lower zone (Tl) 

The convective network is shown in figure 2. 



Comparing to the thermal network of Fig. 1, we add the trail which represents the opaque wall 
in contact with the thermal plume. 

Twa 

Tf a 

Figure 2: Convective network of testroom with five zones 

3-2-Evaluation of enthal~v flows and air tem~eratures 
The convective resistance values are the same than those prescribed in Tables 1 and 2. The trail 

convective heat transfer coefficient value is the same than the window one (3.52 W/m2K). 
From the expression of air mass flow rate in the plume of the radiators [3] and assuming that 

the radiator is located at O.lm from the floor, we write: 

Gppl = 9 . 1 0 - ~ ~ p [  ( ) /Lra] ( H r a + O .  1-z,) Lra 
Rrac 

 up = 9 . [ ( Tra-T1 - m-Tgl - m-Ttr ) / ~ r a ]  (~eigh t -z, ) Lra 
Rrac Rglc R t r c  

Then, mass balance equations give: 
Gpa = Gup - Gppl 
Gau = Gup 
Gla = Gau - Gpa 
Gpll = Gla 

Zone energy balance equations allow us to calculate air temperatures: 
Gpll(Tp1- Ti) = (Tra - Tl)/Rrac 
Gppl(Tp - Tpl) + Gpa(Tp - Troa) + (Tp - Ttr)/Rtrc + (Tp - Tgl)/Rglc = 0 
Gup(Tu - Tp) + (Tu - Tce)/Rcec = 0 
Gau(Troa - Tu) + (Troa - Twa)/Rwac + (Troa - Tfa)/Rfac = 0 
Gla(T1- Troa) + (T1 - Tfl)/Rflc = 0 

Because Gppl and Gup also depend on Troa and Tp, the calculation must be performed 
iteratively. 

At last, using surface and radiant energy balance we compute surface temperatures and room 
radiant temperature (Tror). 



4-THE TWO ZONE MODEL 
In this model, the convective scheme is based on the studies made by A.T.Howarth [4]. The 

room is divided into two zones, an upper one and a lower one, separated by a neutral plane, accross 
which the net vertical air mass flow rate is equal to zero. 

The main difference with the five zone model is that the plume behaviour is entirely described 
by only one equation. This equation is a thermal balance for the upper zone, the central zone and the 
thermal plume of the five zone model. In fact, the two zone model is a simplification of the five zone 
model. 

4-1-Conductive and radiative model 
The Howarth's formulation only deals with convective heat fluxes modelling. In order to compare 

with the model elaborated by Lemaire and with the five zone model, it was necessary to couple this 
convective formulation with a conductive and a radiative network. For the good homogeneity of this 
comparison, we choose to adopt the conductive and radiative scheme described by Lernaire. 

As in the five zone model, the test chamber is divided into: 
- the vertical walls (except the facade) 
- the ceiling 
- the floor 
- the window 
- the facade 
- the trail 

The radiant heat transfers are modelled through heat transfer coefficients calculated with 
simplified Stefan-Boltzmann law (see Tables 1 and 2). 

4-2-Convective model 
As a result of the splitting of the room air volume, the unknown temperatures are: 

- mean air leaving the radiator (Tpl) 
- upper zone mean air temperature (Tu) 
- lower zone mean air temperature (Tl) 
- average air temperature of the room (Troa) 

In order to determine these temperatures, there must be four equations to close the system. The 
first equation is a balance equation between the convective heat output of the radiator and the convective 
heat losses at the surfaces. 

The heat flow 4conwa from the core of the room to the walls and the part of the facade which 
is not located into the plume is calculated according to the correlation of De Graaf and Van der Held 
quoted by [q: 

4conwa = 0.729 (Twa - T r ~ a ) ' ~ H e i g h t ~ ~  (W/m2) 

The heat transfer coefficient at the floor is taken equal to 1 W/m2K, which is consistent with the 
correlations presented by many authors. According to Table 1, the window convective heat transfer 
coeffkient is taken equal to 3.52 W/m2K and for the ceiling we adopt the value 2.40 W/m2K 

The average air temperature is calculated as a mean value over the height: 

Troa Height = T1 zneut + Tu (Height - zneut) 

zneut is the height of the neutral plane. This altitude is calculated assuming the uprising mass flow rate 
in the plume to be equal to the downward mass flow rate in the boundary cold layers along the wall. The 
plume mass flow rate is computed by the correlation established by Inard [3] from experiments: 

~ p p l  = 9 .  I O - ~ C ~ [  (Tra-T1) / ~ + a l  l / 3 ( ~ l a + 0 .  I-z,) Lra 
R r a c  

and the mass flow rate mwa in the boundary layers due to natural convection along the walls is expressed 
in the form [5]: 



mwa = 0.00145 ( Troa-Twa) 0-36~eight0.08 ( Kg/ms) 

The third equation gives the departure temperature of the plume leaving the radiator (eq.5): 

Gppl ( m 1 - T 1 )  = ( T r a - T l ) / R r a c  

The last equation assumes that the radiator plume is discharged almost immediatly in the upper 
region. Thus, this zone is in equilibrium at the departing plume temperature modified by heat losses to 
the glaziig, the ceiling and the trail. 

We get this equation from five zone model balance equations (eq.l,6 and 7) and assuming that 
Tp = Tpl and Troa = Tu: 

Gpp, (,-rn,) + ( m l - T g l )  + (Tu-Tce)  + ( r n l - T t r )  = 0 
Rgl c Rcec  R t r c  

This is the main simplification of the five zone model into a two zone model. 

5-1-Air tem~erature ~rofiles 
Figure 3 show air temperature profiles computed with the different models. Concerning the two 

zone and the five zone models, we have arbitrarily located the upper and lower temperatures at 0.10m 
from the ceiliig and the floor, and the central zone temperature at mid height of the cell. Furthermore, 
we superimposed on these frgures the results computed by Chen [6] with a Low Reynolds k-E model. 

Air temperature ( Cl Air temperature I C) Air temperature I C) 
CASE d l  CASE d2 CASE d3 

Figure 3: Air temperature profiles 

These figures show that air temperature profiles computed with a five zone model and a Low 
Reynolds k-E number model are very close each other. Concerning the results calculated with the two 
zone model, we can see that the gap with the others air temperature profiles increase when ambient 
temperature decrease. In fact, using mean air temperature leaving the radiator instead of plume air 
temperature for window convective heat flux calculation results in higher values of air temperature leaving 
the radiator and upper zone air temperature for a given radiator air mass flow. 

5-2-Convective heat exchanges 
Table 3 shows the convective heat fluxes exchanged between the radiator and the walls of the 

testroom. 
The convective heat fluxes calculated by the five zone model and Chen [6] are of the same order 

of magnitude though those computed with a Low Reynolds k-E number model are lower with a 
maximum gap for the radiator convective heat power of 24% (case d3). Note that for Chen's simulation 



the boundary conditions are the inside surface temperatures of the walls. 
Concerning the results computed with a two zone model and for the same reason raised in 

section 5-1, we obtain higher convective heat fluxes values. 

Table 3: Convective heat fluxes (W) 

6-CONCLUSION 
We built up two simplified zonal models in order to describe the thermal behaviour of a room 

heated with a radiator. With the support of the Annex 20 testcase d, we compared the air temperatures 
and convective heat fluxes calculated. Furthermore, the results are also compared with those computed 
with a Low Reynolds number k-E model [6]. 

The simplified five zone model give results consistent with k-E model and the simplified two 
zone model give higher air temperatures and convective heat fluxes. 
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Synopsis 

The present work is an investigation of ground heat exchan- 

gers for the air-conditioning of the supply air to residen- 

tial buildings. To this end, an analytical approximate solu- 

tion for the temperature field of the ground in which a 

ground pipe has been laid is derived. This analytical ap- 

proximate solution is applicable to a free-lying ground heat 

exchanger consisting of a single ground pipe. Extensions of 

this solution enable calculations for ground heat exchangers 

which are laid around a house, or which consist of several 

ground pipes connected in parallel. 

The analytical approximate solutions form the basis for the 

derivation of basic principles for the design of ground heat 

exchangers. The freely-variable parameters which have the 

greatest influence on the heat output of the ground heat 

exchanger are the depth of installation and the length of 

the ground pipe. 

As far as the maximisation of the annual heating and cooling 

yield of the ground heat exchanger is concerned, there ex- 

ists an optimum installation depth which is determined by 

the thermal properties of the ground. The length of the 

ground heat exchanger is determined by the requirement that 

the air supply temperature at the end of the ground pipe 

must always exceed O°C, even when the outdoor air tempera- 

ture is extremely low. This prevents possible icing-up of 

the subsequent plate heat exchanger on the exhaust side. 

The theoretical investigations are completed by measurements 

made during one year on a ground heat exchanger installed at 

a single-family dwelling. 



List of symbols 

[m2/s] thermal diffusivity 

[ml influence breadth 

[kJ/(kg*K)]specific heat capacity of the air at 

constant pressure 

[ml diameter of the ground pipe 

[W/(m*K)] overall heat transfer coefficient of 
the ground pipe per unit of length 

[W/ (m2*~) ] overall heat transfer coefficient of 
the cellar wall 

[wl heating or cooling power of the ground 

pipe 

[ml radius of the ground pipe 

[ml installation depth of the ground pipe 

[Sl time 

[Sl periodic time 

[m3/sl volume flow of air 

[ml course 

[ml course 

[ml unit of length 

[W/ (m2*~) ] convective heat transfer coefficient of 

the ground pipe 

outdoor air temperature 

earth temperature 

non-stationary component of the earth 

temperature 



[ "Cl stationary component of the earth 

temperature 

[ "Cl temperature at the surface of the earth 

[ "Cl stationary component of the temperature 

at the surface of the earth 

[ "Cl temperature at the surface of the pipe 

[ "Cl non-stationary component of the 

temperature at the surface of the pipe 

1 "Cl stationary component of the temperature 

at the surface of the pipe 

[ "Cl temperature of the earth without ground 

pipe 

[ "Cl change of the temperature of the earth 
without ground pipe 

[ "Cl temperature of the cellar 

[ "CI air temperature 

[ "Cl air temperature at the beginning of the 

ground pipe 

[ "Cl air temperature at the end of the 
ground pipe 

[ "Cl mean value of the outdoor air 
temperature 

[ "el maximum value of the outdoor air 

temperature 

[ "Cl temperature of the cellar wall 

[W/(m*K)] thermal conductivity of the earth 

[kg/m3 I density of the air 



Introduction 

In todayqs low-energy houses, the high degree of thermal 

insulation has reduced the transmitted heat requirement of 

buildings to such an extent that the ventilation heat re- 

quirement is becoming increasingly significant. 

An important step in reducing ventilation heat losses is the 

installation of mechanical ventilation with heat recovery. 

The heat recovery unit consists of a plate heat exchanger, 

an airlair small heat pump or, as described in /I/, a plate 

heat exchanger followed by an airlair small heat pump. 

A further method of reducing ventilation heat losses is the 

installation of a ground heat exchanger. In winter, the 

thermal energy stored in the ground is thus employed for 

pre-heating the outdoor air. This thermal energy is provided 

entirely by stored solar energy, since in the upper levels 

of the earth the geothermal heat flux is insignificant. Ac- 

cording to Eckert 121, this can be neglected down to a depth 

of 100 m. Schick / 3 /  indicates a value of 1.5 pcal/(cm2*sec) 

(= 0.063 w/m2) for the mean specific geothermal heat flux in 

the upper layers of the earth. Erdosi /4/ gives a value of 

0.025 - 0.084 w/m2 for this heat flux. In contrast, the mean 
annual value of the average radiation density of sunlight in 

the western Lander of the Federal Republic of Germany is 114 

w/m2 151. 

The introduction of a ground heat exchanger improves not 

only the heat yield but also the operational reliability of 

the heat-recovery unit described above. In winter, outdoor 

temperatures significantly lower than O°C result in icing of 

the plate heat exchanger on the exhaust side. When a 

suitably-dimensioned ground heat exchanger is introduced, 



the supply air temperature in the plate heat exchanger is 

never less than O°C, even when the outdoor air temperature 

is extremely low. Icing of the plate heat exchanger is thus 

prevented. Furthermore, the raised supply air temperature 

results in shortened thaw times in the evaporator of the 

airlair heat pump. 

In summer, the low earth temperature is used for partial 

cooling of the outdoor air. Since the temperature falls be- 

low the dew point at the walls of the ground pipe, condensa- 

tion results, which partially dries the outdoor air. This 

process is not to be underestimated from the point of view 

of comfort, since supply air which is cooler and drier than 

the outdoor air is subjectively very pleasant in summer. The 

expressions Ifpartial coolingn and "partial dryingw emphasise 

that the cooling and drying capacities of the ground heat 

exchanger are smaller than those of conventional air- 

conditioning equipment, and that it is in no way possible to 

achieve a defined indoor climate with the aid of the ground 

heat exchanger alone. 

Theoretical Principles 

In order to design ground heat exchangers in the simplest 

possible way, an analytical solution of the ground tempera- 

ture field for the case of a pipe laid in the ground is de- 

rived. Use is made of published partial solutions. Krischer 

/ 6 /  first made use of the heat-source method and of confor- 

mal mapping in order to derive the following equation for 

the stationary-state ground temperature field of a pipe laid 

in the ground. 



where: rl= d ( x  - 4-1, + y2 ; 

The consideration of the monthly mean outdoor temperature 

reveals that the annual temperature variation, as seen in 

Fig. 1, is very well represented by a cosine oscillation of 

the form 

eL = 29, + ( 2 9 -  - 29,) . cos 2 ?r - [ : o )  

For this boundary condition, Grigull and Sandner /7/ made 

- %=%,+(%,,,-%,)*cos(2n*t/to) 
use of the Laplace transfor- 

x measured mean values of Germany mation of the steady state 

(periodic steady state) to 

derive a solution for the 

one-dimensional, non-sta- 

tionary differential equa- 

tion for the ground in the 

absence of the pipe. The 

assumption of an infinitely 

large heat interface at the 

surface of the earth, which 
month is justifiable according to 

von Cube 8 results in 
Fig. 1 Course of the outdoor simplification to 

temperature 



2 X X 
where: p =  - ; c = x .  

to a . to 

Since the differential equation for thermal conduction is a 

linear, partial differential equation, the superposition 

principle may be employed. This states that partial solu- 

tions of linear, ordinary or partial differential equations 

may be added. 

On the basis of this superposition principle, the following 

equation is derived in /9/ with the aid of equations 1 and 3 

for the non-stationary ground temperature field in the pres- 

ence of a pipe laid in the ground. 

2n: 
where: p = - ; 5 = x - I 

to 

The stationary component of the temperature in the ground at 

the ground pipe I Y ~ , ~ , ,  is then 



1, 1 where: k* = 2 K - . 
kl 

In 
Ro 

The thermal balance for a pipe element of length Az yields 

the following equation for the air temperature at the end of 

the pipe element 191: 

The temperature of the earth at the pipe eEIR is calculated 
here as follows: 

The air temperature which results at the end of a ground 

pipe of length 1 is found by (l/Az)fold application of Equa- 

tion 6. The sensible heat yield or cooling effect of the 

ground pipe is given by 



If, in summer, the temperature in the pipe falls below the 

dew-point, resulting in the condensation of water-vapour, 

the total (sensible + latent) cooling output of the ground 
pipe is given by the difference in enthalpy of the air be- 

fore and after the ground pipe. The absolute air humidity at 

the end of the ground pipe is calculated from the water bal- 

ance of the ground pipe with the aid of the analogy between 

heat and mass exchange /lo/. 

The temperatures f3E,R,m (Eqn. 5) and eE,, (Eqn. 6) have the 
character of stationary temperatures, even though they are 

calculated from two non-stationary temperatures. The reason 

is that, according to the differential equation for the non- 

stationary temperature field, non-stationary temperatures 

are a function only of the thermal diffusivity but not of 

the thermal conductivity. These equations are therefore de- 

scribed as an approximate solution. In the present case, in 

which monthly mean values of temperature are considered, the 

temperature changes are small and the time intervals are 

large, so that the approximate solution is an excellent one. 

Fig. 2 shows the earth temperature field which, according to 

w i d t h  [ m l  Eqn. 4, results in win- 
-A -3 -2 -1 o 1  2 3 4 ter (month: January) at 

1 :  0 . 9 0 . C  - 2 :  I - B O ' C  
E - -  3:  2 . 7 0 . C  

the centre of a 42 m - 
N -- 4 :  3 . 6 O . C  

5: 4 . 5 0 - C  long ground pipe laid at r 
-I-' m -  6 :  5 . A O . C  

a 7 :  6 - 3 0 . C  a depth of 3 m. Average 
a %I- 

8 :  7 . 2 0 - C  
U 9 :  B . 1 0 . C  values for western Ger- 

s u r f a c e  o f  t h e  e a r t h  : O . 0 O ' C  
s u r f a c e  o f  t h e  p i p e  : 4 . 5 0 . C  

c o u r s e  o f  t h e  b s o t h e r m s  1  t o  9 
f r o m  t o p  t a  b u t t o n  

many of earth parameters 

and of the course of the 

outdoor temperature were 
Fig. 2 Earth temperature field employed. The volume 

flow was 140 m3/h, In- 
spection of the temperature field near to the ground pipe 

and consideration of the fact that, according to Ottel Ill/, 



the temperature in the ground at a distance of 2 m from the 

house is 2-3 K higher than that of the unperturbed ground 

reveal that the capacities of ground heat exchangers laid 

around the house are strongly influenced by the house it- 

self. 

In order to include the influence of the cellar wall in the 

analytical approximate solution, the following equation for 

the temperature increase A*Erd of the unperturbed ground at a 

distance y, from the cellar wall is derived in / 9 / .  

11: 
where: 6" = y w  

a . to 

The temperature at the outer face of the cellar wall 20, is 

calculated from the 1-dimensional energy balance of the cel- 

lar wall, and is: 

n 
where: 

fiK is here the room temperature of the cellar and kKW is the 

overall heat transfer coefficient of the cellar wall. 

If, in Eqn. 7 for the calculation of the ground temperature 

at the ground pipe aEPR, the temperature of the unperturbed 

ground *Erd,R is replaced by the new 'unperturbed8 ground 



fiErd,aln = *Erd,R + ~ f i ~ ~ ~ ,  the influence of the 

cellar wall is now taken into account. 

If, for the ventilation of buildings larger than single- 

family dwellings, the ground heat exchanger is planned to 

consist of not one, but of many ground pipes connected in 

parallel, so-called pipe banks, it must be taken into con- 

sideration that the heat output of the individual ground 

pipes is influenced by their relative positions. In order to 

determine this influence, /9/ introduces the so-called in- 

fluence breadth B,, for which the following relationship is 

derived. Bo is here made dimensionless relative to the depth 

of the ground pipe So. 

* so 
where: S o  = - 

Ro 

Eqn. 10 is evaluated graphically in 

d~rnenslonless deprh ot The qr ound pipe Sb 

Fig. 3. The ratio of the 

actual pipe separation 

to the in£ luence 

breadth Bo is a measure 

of the reduction of the 

heat and cooling output 

of the individual pipe 

in the bank relative to 

that of the free-lying 

single ground pipe. 

This provides a re- 

source with whose aid 
Fig. 3 Course of the dimension- the analytical approxi- 

l e s s  influence breadth mate solution for the 

single ground pipe 

forms the basis for the approximate calculation of the heat 





periment, the 20-year mean values from DIN 4710. /12/ of the 

air temperature at the location of the meteorological sta- 
tion at Stuttgart are 

s e n s l b l e  and Latent coolrng output In summer 1990 

plotted. Even though 

the 20-year mean values 

of the air temperature 

at the location of the 

ground heat exchanger 

will differ from those 

at Stuttgart, it is 
a sensrble  cool lnq output In summer 1990 
69 electrical enerqy consumptron by the blouer fan still possible to make 

the location independ- 

Fig, 6 Cooling output of the ent statement that, in 

ground heat exchanger summer 1990, the months 

May and August were 

I 
June July fiuqust September 

a coolinq output of the f ree-lyrnq ground pipe 

a coollnq output of the ground plpe near the ce l lar  

Fig, 7 Cooling output of the 

ground heat exchanger 

significantly warmer 

than the long-term mean 

temperatures. 

Fig. 6 shows the cool- 

ing yield achieved in 

the individual months. 

A distinction is made 

here between the sensi- 

ble and the total (sen- 

sible and latent) cool- 

ing yield. For the pur- 

poses of energetic evaluation, the electrical energy consu- 

med by the blower fan whilst cooling the air is also plot- 

ted, During the entire summer of 1990, the ground heat ex- 

changer provided 236 kWh of sensible cooling, or 421 kWh of 

sensible and latent cooling, whereby 36 kWh of electrical 

energy had to be supplied. The calculation of a coefficient 

of performance for the ground heat exchanger analogous to 

that for a heat-pump cycle yields a value of 6.6 in terms of 

the sensible cooling yield, and a value of 11,7 in terms of 

the total (sensible and latent) cooling yield. 



Fig. 7 shows the mean cooling yield during the summer months 

to be expected of the ground heat exchanger under investiga- 

tion. A negative cooling yield represents a heat yield. 

Alongside the cooling yield calculated from the analytical 

approximate solution (left-hand bars), the cooling yield 

under consideration of the cellar wall according to Eqn. 9 

is also indicated (right-hand bars). The influence of the 

cellar wall upon the cooling yield of the ground heat ex- 

changer becomes apparent in this diagram. Since the cellar 

wall is warmer than the ground, a nearby ground pipe suffers 

a significantly reduced cooling yield. 

O -4 
October November December January February narch A p r ~ l  I 

-measured temperatures i n  urnter 1990/91 

a temperatures from OIN 4710 of Stuttqart 

Fig. 8 Outdoor air tempera- 

tures 

heatlng output I n  ulnter 1990/91 

During the winter of 

1990/91 under investiga- 

tion, the ground heat 

exchanger provided pre- 

warmed supply air during 

the months from October 

to April. Fig. 8 shows 

the mean monthly values 

of the outdoor air tem- 

perature for these 

months, alongside the 

20-year mean values from 

DIN 4710 for Stuttgart. 

This diagram leads to 

the qualitative conclu- 

sion that the months 

from November to Februa- 

ry were significantly 

colder than the long- 
a electrical energy consumpt~on by the blouer tan term mean temperatures. 

Fig. 9 Heating output of the 

ground heat exchanger The heat yield: achieved 

during the individual 

months is seen in Fig. 9. The electrical energy expended in 



the operation of the blower fan is plotted in addition. Du- 

ring the entire winter 1990/91, the ground heat exchanger 

provided 923 kWh of heat, for which 127 kWh of electrical 

energy had to be expended. The ground heat exchanger there- 

fore has a coefficient of performance of 7.3 in terms of the 

heat yielded, 

Fig. 10 shows the mean heat yield to be expected during the 

winter months. Alongside the heat yield which is calculated 

from the analytical approximate solution (left-hand bars), 

the heat yield under consideration of the cellar wall ac- 

300 cording to Eqn. 9 (right 
250 ............................................................................................................................................................................... hand bars) is also plot- 

ted, analogous to the 

representation of the 

summer data. The in- 

fluence of the cellar 

wall becomes apparent 
a heatlng output ot the free-lylng ground pipe 

a heat~nq output of the ground plpe near the cellar 
here: the heat quantity 

is significantly in- 

Fig. 10 Heating output of the creased. The excess of 

ground heat exchanger heat over that provided 

by a free-lying ground 

heat exchanger can not, as described in /9/, be described as 

a supplementary heat yield, since this heat quantity results 

from a higher loss of heat from the cellar. The installation 

of the ground heat exchanger around the house therefore pro- 

vides no energetic advantages. 

~esign of ground heat exchangers 

Many parameters which influence the heat or cooling output 

of the ground heat exchanger are predetermined by the posi- 

tion, the size and the use of the dwelling for which the 



ground heat exchanger is planned. These parameters are the 

thermal diffusivity and the thermal conductivity of the 

earth, the course of the outdoor temperature, and the volume 

of supply air. The only freely variable parameters which 

significantly influence the heat or cooling output are the 

depth and the length of the ground heat exchanger. 

Figs. 11 and 12 show the mean expected annual heating and 

cooling yields of the 
1000 

- 900 ground heat exchanger 
: 800 

5 700 
investigated as a func- - 

, 600 tion of the installation 
5 500 

400 depth, as calculated 
300 .- 2 200 from the analytical ap- 
100 

o proximate solution. It 
0 1 2 3 4 5 6 7 8 9 1 0  

~ n s t a l l a r l o n  depth crnl is apparent from these 
diagrams that an optimum 

Fig. 11 Heating output of the installation depth ex- 

ground heat exchanger ists at which the heat- 

ing and cooling yields 

1 = senslble cool~ng output 
2 = sens~ble  & latent cooling output 

ar=6.0152x10-' m2,s 

0 1 2 3 4 5 6 7 8 9 1 0  
lnsta l la l lan depth Cml  

are maximised. This 

depth is 4.5 m in the 

present case. The opti- 

mum installation depth 

is dependent upon the 

thermal properties of 

the ground, as shown in 

191 a 

~ i g .  12 cooling output of the 
The optimum pipe length 

ground heat exchanger 
is determined by the 

requirement that in win- 

ter, even in the case of short-period low-temperature extre- 

mes, the supply air temperature behind the ground pipe must 

always be greater than O°C.  This requirement is of great 

importance for the operation of the heat-recovery equipment. 



Supply air temperatures below O°C would result in icing of 

the exhaust air side within the plate heat exchanger of the 

1 = values at OF 0 "C 
2 = vaLues at OF-20 OC 

course along the qround plpe La1 

heat-recovery equipment, 

which would seriously 

disrupt the function of 

the air-conditioning 

system. 

Figs. 13 and 14 show the 

temperature course along 

the ground pipe in win- 

ter (month: January) and 

in summer (month: July). 
Fig. 1 3  Course of the a i r  tern- In each case, the tempe- 

perature i n  the pipe rature curve corre- 

sponding to the monthly 

1 = values at 4,,=17,6 O C  

2 = values at fte=35,O ' C  

course along the qround plpe Cml 

mean value of the out- 

door temperature (curve 

I), together with the 

temperature curve re- 

sulting from a sudden 

extreme outdoor tempera- 

ture (curve 2), are dis- 

played. The extreme val- 

ues are temperatures 

which can occur in Ger- 

many. Fig. 13 in con- 
F i g .  1 4  course of the air tern- junction with the above 

perature i n  the pipe mentioned requirement 

gives the length of the 

ground heat exchanger under consideration here, laid at a 

depth of 3 m, to be 45 m. 
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ABSTRACT 

A new algorithm for the continuous measurement of variable air change rates with tracer gases will 

be presented. It differs from the constant concentration method by allowing the concentration level 

to vary according to the air change rate. Also the the mixing process of tracer gas within the room 

under investigation is considered and limited measurement ranges and injection rates of the tracer 

gas equipment can be accounted for. The new algorithm has a number of advantages, such as quick 

response to variations in the air change rate and reduced tracer gas consumption. The development 

of the control strategy is described and its practical applicability is shown by measurements in a 

laboratory room. 

1 INTRODUCTION 

Continuous measurements of time varying air change rates are usually performed by the constant 

concentration tracer gas method [3]. The basic idea is rather simple, the problem, however, lies in 

the choice of the control algorithm for the determination of the tracer gas injection rate. Up to now, 

classical controllers of P-, PI-, PID-type or modifications thereof as well as adaptive control 

algorithms have been used [2,4,9]. 

This paper presents a new control algorithm, which incorporates the following points: 

1. The target level for the tracer gas concentration is allowed to vary according to the air change 

rate. 

2. The mixing process of the injected tracer gas with the room air is taken into account. 

3. The limited range of the tracer gas flow rate controller is considered. 

Points 1 and 2 allow a quicker response to changes in the air change rate without causing over- or 

under-shoots. Furthermore point 1 saves tracer gas by lowering the target level for high air change 

rates. Point 3 prevents "wind-up" effects in linear controllers [6] as reported e.g. in [4]. This 

control algorithm will be described in section 2. Section 3 presents measurement results to show its 

application to the measurement of variable air change rates. 



2 DESCRIPTION OF THE CONTROL ALGORITHM 

2.1 Determination of Variable Air Change Rates 

To determine the time varying air change rate n(t) of a room with volume V and tracer gas injection 

rate q(t) from the measured tracer gas concentration c(t), we start with the differential form of the 

tracer gas conservation law for a single zone with constant temperature 

By integration over a time interval [t - t,, t] and division by the length t,, one obtains 

1 4 = -n(t) a) + - f(*) 
ti," v 

where 

It has been assumed, that the air change rate n(t) varies slowly, such that it is approximately 

constant during the time of integration: 

Thus, the slowly varying air change rate can be obtained from (2) as (see also [1,2]) 

This relation holds in principle for arbitrary time functions for the tracer gas injection q(t) and 

concentration c(t). The only assumption for its validity is that the air change rate is constant during 

the integration time t,, which may be in the range of a few minutes. The range of the 

measurement t time is not limited, thus allowing continuous measurements. Two special cases will 

be briefly mentiond 

@ If the tracer gas injection consists of a single pulse completely released within the integration 

time t,, then f; i(t) is the total tracer gas volume. This corresponds to the pulse injection 

technique [I]. 



If the tracer gas injection is controlled such that the concentration remains at the constant level 

of a prescribed target concentration c, then z(t) = cT = const, Ac(t) = 0 .  One can even 

omit the integration and obtains the familiar form of the constant concentration technique 

In general, eqn. (5) could be used for continuous air change rate measurements for (almost) 

arbitrary values of q(t) and c(t). For practical measurements, however, two restrictions have to be 

obse~ed: 

0 The tracer gas injection rate is determined by some kind of flow controller, which can only 

release gas at a rate between a minimum and maximum value such that 

0 % ¶* ¶(t) q-. 

@ Similarly, the measurement device for the tracer gas concentration operates properly only for 

a given concentration range 0 < c* < c(t) IS C- . 

This requires that the limited injection rate has to be controlled in such a way, that the 

concentration remains in the measurement range of the concentration measurement device. 

It is important to note, that this control problem differs from the usual constant concentration 

method. The control of the tracer gas concentration is not a prerequisite for the measurement 

method, but merely a matter of practical instrumentation considerations. For the constant 

concentration method, deviations of a few percent of the target concentration are critical. Here, the 

tracer gas concentration my vary by a factor of 1:10 or more depending on the dynamic range of 

the concentration measurement device. 

There are control algorithms that require an a-priori-knowledge of the air change rate for the 

determination of the coefficients (e.g. proportional control). Of course, these algorithms are not 

well suited for air change rate measurements with the constant concentration method. They require 

additional measures like an integrating term (PI-control) or coefficient adaption. However, these 

measures tend to slow down the response to changes in the air change rate. With the method 

suggested by eqn. (5), a dependency of the tracer gas concentration on the air change rate is not a 

problem, as long as the operating range of the concentration measurement device is not exceeded. 

It is therefore possible to tune the control algorithm for faster response rather than for minimal 

deviation from some target concentration. This trade-off will be addressed in the following 

subsections. 



2.2 Mixing Model 

The core of the proposed method is a control algorithm for the tracer gas injection rate q(t) to keep 

the concentration c(t) within the measuring range of the concentration measurement device. This 

algorithm has to be adapted to the room under investigation. Therefore a mathematical model for 

the tracer gas injection and exfiltration is required. 

The control algorithms described in [2,4,9] consider the room as a black box and use the measured 

concentration as the only source of information. Depending on the mixing process of the injected 

tracer gas within the zone, changes in the injection flow rate will lead to concentration changes only 

after a certain delay time. Consequently, all these algorithms show a rather slow response to 

variations in the air change rate. After a step-up or step-down of the air change rafe, it takes one 

hour or more until these methods show the new value with acceptable accuracy, as reported in 

[2,4,91. 

The mixing process of tracer gas with a fan has been described by an additional time constant in 

[lo]. It is used, however, only for the characterisation of the controlled system and has not been 

incorporated into the controller. This model will be elaborated here in more detail to serve as the 

basis of a control algorithm. 

Usually, tracer gas is distributed in the room under investigation by a mixing fan at the Iocation of 

the tracer gas injection. The resulting time and space dependent concentration field can be described 

in great simplification by a two-zone-model of a room with volume V according to figure 1. The 

mixing fan and the injection source are separated by a ficticious zone with volume V2 from the rest 

of a room with the volume Vl = V - V,. Between both zones exists an air flow F, which is 

generated by the mixing fan. The room exchanges air with the exterior at a rate F,. Zone 1 (room 

without injection zone) and zone 2 (injection zone) are assumed to be well mixed. Their respective 

tracer gas concentrations are cl(t) and c,(t). The tracer gas balances for both zones (isothermal case) 

are given by (see [5]) 

The zone of instantaneous mixing of the injected tracer gas is confined to the immediate 

surroundings of the mixing fan, such that V2 a Vl and Vl :: V. Then, the relation between 

infiltration rate F, and volume of zone 1 Vl is approximately given by the air change rate n: 



Under this assumption, the two-zone model given by (7) is related to the one-zone model (1) by 

1 v, dl(t) = -ns(t) + --q(t) - --k2(f) v 
This is obtained by rearranging eqns. (7) and (8). 

Equations (7) give a state space description of the room under investigation (see [6,7,10,11]). The 

injection rate q(t) is the input function and cl(t) and c,(t) are the state variables. The room 

concentration cl(t) is the output function and equal to the first state variable. This state space model 

will be used for the development of the control algorithm in the next section. 

Fig. 1: Two-zone mixing model 

2.3 Control Algorithm 

A first approach for the control of the tracer gas concentration would be a simple control loop, 

which computes the injection rate q(t) from the current concentration in the room cl(t). It has been 

already discussed that the use of classical control algorithms leads to a slow response, since the 

influence of the tracer gas injection can only be observed by its retarded effect on the concentration 

~l(t) - 

A faster response could be expected, if not only the room concentration c,(t) but also the 

concentration in the injection zone c2(t) would be used a input to the controller, because an injection 

acts directly on c2(t) before c,(t) is affected. This leads to the concept of state feedback [6,7,10,11], 

since all state variables are fed into the controller. The problem is that the concentration in the 

injection zone is not available for real measurements, since the injection zone itself is only a model 

and not a well defined item. 



This problem can be overcome by a state observer [6,7,10,11]. That means here that the two-zone 

mixing mode1 is included in the control algorithm in order to estimate the non-measureable quantity 

cz(t) from the meamrable quantities c,(t) and q(t). This estimate is used for the state feedback. Since 

the first state variable c,(t) is known, a reduced-order state observer of first order is sufficient for 

the estimation of c,(t). The design of state observation controllers can be found in standard text 

books on control systems (see e.g. [6,7,10,11]) and will not be outlined here. 

Before a concise description of the control algorithm will be given, it is necessary to consider the 

limited range of the flow control device for the tracer gas injection. While the control algorithm 

may compute some desired injection rate q(t), the flow controller can only release gas at a rate qb(t) 

with limited range, such that 

where q, and q,, are determined by the type of flow controller. This nonlinearity has to be 

included into the control algorithm, in order to provide the necessary information on the actual 

injection rate. 

A block diagram of the control algorithm is shown on the left side of figure 2 (dashed box labelled 

controller). It consists of four components: 

0 A factor 1, which computes the injection rate required to maintain a given target concentration 

c, under standard conditions defined in advance. They are based on the two-zone mixing 

mode1 and inelude an estimate of the mean air change rate during the measurement. Under- 

and over-estimation does not effect the accuracy of the measurement but only the tracer gas 

concentration level that is actually reached. 

A block F, which computes the partial injection rate r,(t) from the current injection rate qb(t) 

as released by the flow controller. 

@ A block Fy which computes the partial injection rate r,(t) from the (smoothed) tracer gas 

concentration. 

@ A nonlinear block which computes the tracer gas injection rate as actually released by the flow 

controller according to (10). 

Each of the blocks F, and Fy simulates a first order differential equation. 



2.4 Total System for the Determination of the Air Change Rate 

The total system for the determination of the air change rate is shown in figure 2. It consists of the 

blocks controller, room, smoothing, and evaluation. 

Fig. 2: Total system for the detennination of the air change rate 

The controller has been described in the previous subsection. The room under investigation 

responds to the injection rate qb(t) with the tracer gas concentration c,(t). Its measurement values 

can be modelled as the output c,(t) of the ideal two-zone mixing model and an additive noise signal 

eo), which accounts for concentration fluctuations due to incomplete  nixing and inhomogeneities 

in the flow field. 

If the control algorithm is to be designed for a fast response to changes in the air change rate, then 

care has to be taken that short term fluctuations in the measured concentration c,(t) do not lead to 

an injection rate qb(t) with similar fluctuations. To avoid this situation, the measured concentration 

is smoothed by averaging c,(t) over a time span t,. The smoothed concentration c,(t) is used as input 

signal to the control algorithm as well as for the determination of the air change rate in the 

evaluation block. 

The evaluation computes the estimate n(t) for the air change rate according to equation (5), where 

qb(t) is used for the injection rate. Since smoothing the measured concentration introduces a delay 

of tJ2, the same delay has to by applied to q,(t) as well. One may argue, that equation (5) based on 

the single- zone model (1) is not consistent with a control algorithm based on the two-zone 

model (7). An evaluation formula based on the two-zone model could be obtained by integrating (9) 



over t,. However, eqn. (9) differs from the single-zone model (1) only by t2(t) scaled by the 

relation of the injection zone volume to the total volume. Since V2/V a 1 , this contribution may be 

neglected and the single-zone model is used instead for the calculation of the air change rate. 

It should be noted that the two-zone model appears twice in the total system: 

@ It is used to describe the influence of the tracer gas injection into the room on the measured 

concentration. The model parameters depend on the fan size and the air change rate in the 

room under investigation and may vary with time. 

@ It has been used for the design of the controller and is contained implicitly in the blocks F, 

and 8''. The model parameters were assumed as fixed values. 

2.5 Properties of the Controlled System 

The properties of the controlled system are analyzed under some simplifying assumptions: 

@ The tracer gas flow control device operates in the linear range, i.e. q,(t) = q(t). 

@ The room under investigation behaves like an ideal two-zone model, such that e(t) = 0 and no 

smoothing is necessary, i.e. c,(t) = c,(t). 

@ The system is in a stationary state. The parameters and the injection rate are constant and any 

transient terms in the concentration have decayed. 

@ The flow rate of the mixing fan assumed for the design of the controller equals the flow rate 

of the mixing fan in the room. 

The air change rate assumed for the design of the controller is denoted by n, while nR denotes the 

actual air change rate in the room under investigation. The measured concentration is cR = c,(t). 

If the air change rate n, used for the controller design is equal to the air change rate of the roorn, 

then the observer is able to give a correct estimate for the concentration in the injection zone and 

the measured concentration c, will be equal to the target concentration c, 



However, if the air change rate in the room is yet to be determined, then only an estimated value n, 

can be used for the design of the controller. The observer based on this value will not produce the 

correct injection zone concentration, if the actual air change rate nR differs from n, Consequently, 

also the actual room concentration c, will differ from the target concentration c, It can be shown 

that the concentration and the air change rate of the model assumptions (c*, n,) and of the mom (c,, 

nJ are related by 

cR nT+a 
- = -  
cT nR+a 

(11) 

where a is a measure for the DC-gain of the controller. It determines the relation between the 

concentrations c, and % between the limiting cases: 

a = O :  'R 'l' - = -  
el' "i? 

a - m :  cR = cT 

For a=O (no control), the relation of the concentrations is inverse to the relation of the air change 

rates. This corresponds to a constant tracer gas injection. For a+=, the measured concentration c, 

is equal to the target concentration c, independent of the air change rate %. This is the case of an 

ideal constant concentration method. 

Note, that the DC-gain of the controller determines also the sensitivity to noise in the measured 

concentration. The noise sensitivity increases with increasing gain. Thus, the controller design is a 

compromise between sensitvity to noise and deviation from the target concentration. However, the 

ultimate goal is the determination of the air change rate, where - according to eqn. (5) - a constant 

concentration is not required. Therefore, the design of the controller may focus on low sensitivity 

to noise rather than minmind deviation from the target concentration. Choosing a moderate DC- 

gain will lead to an injection rate q(t) that is little affected by concentration measurement noise and 

to a concentration level in the room c, that deviates more or less from the target concentration c, 

A good estimate of the actual air change rate can be expected from these signals (see eqn. (5) and 

the block "evaluation" in figure 2). The range of possible values for cR can be adjusted to the 

measurement range of the tracer gas analyser by selecting proper values for c, n, and a. A typical 

value for a is a = 3-n,. 

Inspection of eqn. (1 1) shows that high air change rates in the room decrease the concentration level 

and thus the tracer gas consumption for long term measurements. The main advantage of the 

proposed control configuration becomes apparent in non-stationary situations. It leads to a 

substantially faster reaction to temporal changes in the air change rate compared to controllers 

designed for minimal deviation from the target. This will be demonstrated by an example in the 

next section. 



3 MEASUREMENT RESULTS 

The system for the determination of the air change rate as depicted in figure 2 has been 

implemented in one channel of the tracer gas measurement system MULTI-CAT (Multichannel 

analysis of tracers) 181. The result of a measurement in a laboratory room is shown in figure 3. 

Door and windows were opened and closed during the measurement according to the following 

schedule: 

Obviously, the tracer gas concentration is not constant. Instead it reaches a new equilibrium in each 

phase. This is due to the fact, that the DC-gain of the controller was selected for a high noise 

supression in the concentration measurement. It can be seen that the injection rate is very smooth, 

although the concentration curve exhibits quite sizeable short term fluctuations. The air change rate 

was calculated from the injection and the smoothed concentration by eqn. (5). It varies between ca. 

0.5 l/h in phase 1 and up to 14 Z/h in phase 3. 

The following advantages of this control strategy become apparent from these curves: 

0 Even with high variations of the air change rate, the variations of the injection rate are rather 

modest and stay within the linear range of the tracer gas flow control device 

(here 2 - 100 L/h). Demanding a constant concentration level for all four phases would have 

led to excessive injection rates ( > 100 Llh) in phase 3 or for a reduced concentration level 

to an injection rate below the minimum value (2 L/h) for phase 1. 

@ The controller responds quickly to variations of the air change rate. The time series of the air 

change rate shows, that after each opening or closing of the door or the windows a transition 

phase of less than 15 minutes is sufficient until a new equilibrium is reached (if it exists at all, 

see phase 3). Other control strategies, which try to maintain a constant concentration under all 

circumstances, exhibit a transition phase in the order of one hour and more [2,4,9]. 

@ The concentration level decreases with an increase of the air change rate (see phases 1,2,3). 

In other words, the exfiltration of tracer gas from the room is under proportional to the 



time in minutes 

time in minutes 

time in minutes 

Fig. 3: Measurement of variable air change rate in a laboratory room: 
measured tracer gas concentration, injection rate, air change rate 



exfiltration of air. This leads to a reduced tracer gas consumption for continuous 

measurements. 

CONCLUSION 

A new control algorithm for the determination of variable air change rates has been presented. In 

contrast to the usual constant concentration method, it incorporates the following points: 

@ The target level for the tracer gas concetration is allowed to vary according to the air change 

rate. 

@ The mixing process of the injected tracer gas with the room air is taken into account. 

@ The limitations of concentration measurement range and tracer gas flow rate are observed. 

This approach is rather flexible since the algorithm can be adapted to the measurement conditions 

on site and to the properties of the tracer gas equipment. The following advantages over existing 

constant concentration control algorithms have been confirmed by measurements in a laboratory 

room: 

@ The variation range of the injection rate can be confined to the flow range of the tracer gas 

flow control device at hand, even with high variations of the air change rate. 

The controller responds quickly to variations of the air change rate. The response time to a 

step change of the air change rate is less than 15 minutes. 

@ The tracer gas consumption for continuous measurements is reduced compared to the constant 

concentration method. 
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Advanced Humidity Control Device for the 
Prevention of Mould 

Abstract 
The knowledge of IEA-Annex 14 'Condensation and Energy' has been applied to develop a new 
strategy for humidity control in dwellings. The presented control element assures safe prevention 
from mould growth at a minimum energy consumption. 
The advanced humidity control &vice cQnsists of a surface temperature and an indoor air 
temperature sensor, from which readings a microcontroller evaluates the appropriate RH setpoint. 
A humidity sensor then reads the actual RH in the room air and compares it with the momentary 
setpoint. If the actual RH in the room exceeds the setpoint, a humidity reducing device (a fan, a 
dehumidifier etc.) can be activated to lower the humidity level in the room. The advanced 
humidity control device adapts individually to any building's prevailing boundary conditions 
(insulation quality, thermal bridging, room air temperature, moisture emissions with regard to 
occupant behaviour) in such a way, that no favourite conditions for the growth of mould occur. 

INTRODUCTION 
Many buildings in Europe suffer from moisture damages, The reasons are manifold. To develop 
measures to cure mould growth in buildings, an international project under the leadership of the 
International Energy Agency (IEA) Annex 14 'Condensation and Energy' was started in 1987. 
5 countries (Belgium, Germany, Italy, The Netherlands, and United Kingdom) joined this 
research project. 

Mould problems are a rather widespread reality in these 5 countries, especially in the rented 
and/or social housing sector. The outdoor climate conditions of these countries are very different. 
Additionally, there are various other factors, which impact the possibility of mould growth as 
there is 

- the poor quality of the thermal insulation of the building's envelope 
- low room air temperature 
- high moisture emission rates in the building 

In affected buildings often at least 2 of the 3 facts are the reason for having mould growth. In 
rarer cases only one cause is sufficient to supply favourite conditions for mould growth. 

Mould growth usually starts at the thermally weakest spot in a room, in the corner of an outside 
wall, at the ceiling under a poorly insulated roof, etc, usually there, where severe thermal 
bridging is. 

There is no doubt about, that proper insulation is the best way to prevent mould growth. 
However, it is not always possible as retrofitting work is often very expensive. Sometimes a 
building should be pulled down in 2 or 3 years, but till that time the tenants should live in a 
healthy environment without mould in the house. 

Fspecially in the 5 new German States, the former German Democratic Republic, the building 
quality is very poor. It is not possible to retrofit all houses at once. Therefore, another technical 
approach h i  insulation is needed to reliably prevent mould growth at the lowest consumption of 
energy possible. 



Copin? with Mould Growth in the past 
Recommendations for occupants with moisture problems in the buildings are manifold: 

- they should open windows after showering or cooking 
- they should ventilate regularly 
- they should keep room temperatures high 
- they should reduce vapour emitting activities to a minimum. 

Unfortunately, these recommendations are difficult to put into practice. People have - in the 
interesting range of 40-80% RH - only a very vage perception against relative humidity (RH) in 
the room air. Therefore, they are not able to correctly react against too high RH-levels in the 
building. Higher room temperatures result in a higher heating bill; this is often not accepted. To 
change occupants habits (e.g. drying of clothes inside the apartment, many flower plants, 
aquarium, etc.) is very difficult and very seldom successful. Reality shows, that any control 
mechanism, which needs the input of occupants, fails on a long term. 

State of the Art Control Stratedes 
Bathrooms are very often equipped with a simple exhaust fan. There are different devices on the 
market to activate such a fan to extract moisture. 

Munwl control: The occupant activates the fan by using an on/off switch 

Light-switch control: Mostly applied to bathrooms without windows. If a person enters a 
bathroom and turns on the light, the fan is also activated by the light switch. If the light is turned 
off, the fan is also turned off. A more sophisticated way or' fan control involves a timer. The fan 
is activated approx. 2 minutes after the light is switched on and keeps on running for 
10-15 minutes after the light is turned-off. 

Photo-diode control: For later installation the industry offers a way to save up the wiring 
between the fan and the light switch. The fan casing is equipped with a photo diode. If the light 
is turned on, the signal is detected by the photo diode and the fan is controlled in the same 
manner as with light-switch control. 

Interval timer: Another way to keep up with moisture is an interval timer, which activates the 
fan independently of any activities in the room every hour for 5 minutes. Time intervals can be 
adjusted. 

Hjlgrostat control: A hygrostat activates the fan, when the RH in the room air is higher than a 
chosen setpoint. 

All control devices on the market should keep moisture damages away from the room but none of 
these have the potential to really avoid mould growth because they are not linked to the problem. 
Also the hygrostat control is a pretty poor solution, because the user doesn't know the appropriate 
setpoint, he has to choose regarding the thermally weakest spot at his wall at his current indoor 
air temperature conditions. An often recommended setpoint for dwellings is 60-65% RH. This 
setpoint range is arbitrarily chosen. It will lead to a continously running fan during summer and a 
too high setpoint during wintertime. Reflecting the following described influencing factors for 
mould growth this fixed setpoint is not oriented to the problem and therefore neither able to 
avoid mould nor to safe energy. 



Boundary conditions for mould growth 
Mould growth depends of 

- the relative humidity against the surface - the surface temperature 
- the nutritive quality of the substrate - and many other minor factors 

One goal of IEA-Annex 14 was, to come up with a simple practical approach to state under what 
conditions mould growth occurs. Mould growth is a very slowly happening process. Short periods 
of surface condensation will never lead to problems as long as there are periods in between 
where the surface can dry out again. 

Moisture damages are not a question of momentary peak values but of average values of weeks 
and months. 

Advanced Humiditv Control 
An advanced humidity control strategy must fulfil the following requirements: 

- it must be oriented to the problem, i.e. no global solution for a room, the control strategy 
must be linked to the problem spot of the wall 

- it has to take different occupancy patterns into account e.g. low/high room air 
temperatures, low/high moisture emissions - it must be independent of the local meteorological conditions 

- it should not need any manual adjustments 
- it should activate a humidity reducing device in such a way, that the monthly mean RH 

against the surface is slightly lower than the critical RH, where mould growth may 
reappear. - operating just under the critical RH ensures a minimum of energy consumption (e.g. 
electric energy for a fan, thermal energy for the heating of the ventilated air). 

A problem oriented solution has to be adopted to the conditions, where mould growth becomes 
impossible. Results of IEA-Annex 14 /I/ show that mould germination occurs when the mean 
water activity against/on a nutrient surface remains higher during a shorter or longer time than a 
threshold value 'a', a being a function of the mould species, the temperature, the substrate 
(nutrient), and other things. Using the fact that in steady state, the water activity is nothing other 

than the RH, the condition for mould germination becomes possible, when psla- pi , where p, is 

the vapour pressure of the room air against the surface and pi is the saturation pressure of the 
mom air against the surface, which is only a function of the surface temperature I!&. 

Mould growth is a very slowly happening process. Unfavourable conditions may prevail 
throughout longer periods (days, weeks). A first order approximation has been established which 
says, that the RH against the surface on a monthly base should not be higher than a defined 
threshold value a, where a is a function of the lowest surface temperature in a room, usually a 
thermally weak spot in the building envelope. 

Description of the Advanced Humidity Control Device 
As previously discussed, a problem oriented control strategy has to take the thermally weakest 
spot of a room into account. Via ventilation or other humidity reducing strategies we have to 
certify that at this location - on a monthly mean - the RH does not exceed the critical value a. 



This is ensured by a controller, Figure 1, which consists of a first temperature sensor to measure 
the surface 

controller 

a- to operate a 
humidity reducing 

device on/of f 

Firmre 1: Schematic of control device 

temperature ds at the critical location and a second temperature sensor to measure the room air 
temperature di. From these readings a microcontroller evaluates the appropriate RH setpoint cpc 
for the room air. A humidity sensor reads the actual RH qi in the room and compares it with the 
calculated setpoint. If the actual RH exceeds the evaluated setpoint, a first relay is closed. If the 
room RH still increases, a second relay closes etc. 1.e. the control device can operate for example 
a multi-speed fan. 

Field Tests 
Field tests have been performed to verify, whether the a-value concept holds in practice /Y. As 
the controller operates due to the momentary values of $, di, and pi, different control 
algorithms were investigated to operate the fan in such a way, that on a monthly mean the 
defined threshold value is not exceeded 

In houses with severe moisture problems the system was able to avoid reappearance of mould. 
During summer the fan run for appox 10-15 minutes after the end of a shower process. These 
periods became larger in fall and lasted 6 to 8 hours at minimal fan speed during winter at 
outdoor temperatures below freezing. 

User Behaviour and Acceptance 
From the day the humidity controlled system was installed, occupants did never open the 
bathroom window again. They were highly appreciated by the a~tomatic system which was 
turned on and off automatically. ?he mirrors in the bath were free of condensation shortly after 
showering which increased the quality of living. 

In August, when the fan was not installed, the occupants returned to their old habits and 
ventilated by using the window. It was also appreciated that the extract system prevented the 
spread of vapour into other rooms of the building. 



The control strategy has no physical limits. If thermal bridging is too severe, i.e. the temperature 
factor r which is defined as 

r =  3s - Ve (8e - exterior temperatwe; the bars indicate mean values over some 
Vl - ge days). 

is lower than 0.5, it is difficult to avoid mould growth only bv ventilation. The air, which is 
extracted by the fan is supplied to the room partly from outdoors and, usually to a higher 
proportion, from indoors. As the air of the adjacent rooms has a higher absolute humidity than 
outdoors, the potential to take up more moisture in the bathroom is reduced. If the setpoint in the 
bathroom approaches the humidity level of the adjacent rooms the limit is almost reached. 

Further Applications 
The advanced humidity control device activates one or more switches to operate any device also 
in more speeds, which has the potential to reduce the humidity level in a room. It can be a fan, 
which is to be operated in 2 or 3 speeds, it can also be a dehumidifier or a smart window, which 
is opened and c l d  automatically or even an electric heating wire attached to the surface to 
increase the surface temperature. 

This advanced humidity control device assures, that the possibility of reappearing mould is at a 
minimum and the amount of energy used is lowest. It takes the occupant behaviour, which 
influences the indoor temperature and the vapour emission, directly into account. Furthermore, it 
is independant of the outdoor climate, as it keeps the humidity reducing device (fan, dehumidifier 
etc.) running till the threshold criterium is met. 

SU ARU 
Based on the knowledge of the biological and physical conditions, under which mould in 
dwellings germinates and spreads, an Advanced Humidty Controller was hveloped to operate a 
humidity reducing apparatus (a fan, a dehumidifier etc.) in such a way, that the RH in the room 
will not exceed a certain threshold value. On one hand mould growth is securely prevented, on 
the other hand a minimum of energy is used. 

The work was carried out within the national research and development programme 'Liiftung im 
Wohnungsbau' (Ventilation in residential buildings) and refers to research grant 0338323C from 
the Project Management for Biology, Ecology and Energy (BEO) of KFA Jiilich GmbH on behalf 
of the Federal Ministry for Research and Technology (BMFT). 
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Synopsis 

A laboratory investigation has been made in a modem Swedish bathroom continuously 
ventilated by an exhaust fan. The tests consisted of measurements of the humidity, temperature 
and local mean-age after a standard shower. The measurements were mainly made in a non- 
heated installation. 

The maximum relative humidity, in a batboom, is approximately constant at a given air 
temperature. This does not seem to be true for the measurement under the bath where the 
maximum moisture content was found to be constant. 

The most accurate measurement was made immediately after the shower. The best results were 
found by increasing the aimow .The best advantage is the amount of the vapour spread in the 
room decreases. The increased airflow did not have any effect of the moisture content in the 
middle of the room and under the bath. 

The use of an hfmed heater also shows an improved reduction of the moisture content in the 
middle of the room and extracted moisture. The use of a radiator only showed a reduction of the 
moisture content in the middle of the room. 

One hour after a shower approximately 240 g moisture is extracted and after two hours 
approximately 340 g moisture is extracted from the bathroom.The extraction of moisture will be 
much lower during summer when the moisture content in the supply air is high. To reduce the 
moisture problem in summertime it may be worth considering installing a dehumifier since an 
increased airflow only will give a small reduction. 

List of symbols 

Parameters: 

4 
t *  
RH* 
x* 
xa* 

Air flow ( Us) 
Temperature (OC) 
Relative humidity (6) 
Moisture content in the air (glkg) 
Added moisture content, xa* = x*-xin (glkg) 
Extracted moisture (g) 
Extracted moisture during one hour (g) 
Extracted moisture during two hours (g) 
Electrical power (W) 

Where (*) represents the following locations: 

in Measuring point in the supply air terminal device 
out Measuring point in the exhaust air terminal device 
r.1 Measuring point 0.1 m above the floor in the room 
r l  .l Measuring point 1.1 m above the floor in the room 
n.0 Measuring point 2.0 m above the floor in the room 
b.3 Measuring point 0.3 m above the floor under the bath 



Introduction 

Moisture problems are very common in modem Swedish bathrooms although they are 
continuously ventilated by an exhaust fan. Condensation on surfzes and high humidity levels 
are common problems, which may cause rot and mould problems. 

The problems usually occur in summertime when the supply air has a very high humidity or in 
the winter when the wallsurface temperature is low. A high humidity level will also cause 
discomfort for the user. 

When examining moisture problems it is important to h o w  the maximum humidity level is and 
the time of exposure. 

This paper is based on laboratory measurements of a bathroom module. A report is given in 
mef 41. 

Test procedure 

The tests were carried out using a three minute standard shower, 40 OC and 27 1 of water mef 21, 
with an airflow rate of 10,15 and 20 l/s respectively. 

The tests were made with three different kinds of heating systems: 

- no space heating at all 
- a wall mounted electric radiator (R ) 
- a roof mounted Mared heater (IRH) 

As a reference case the 15 11s airflow with no space heating was chosen according to the Swedish 
building code. 

The tests consisted of measurements of: 

- air and surface temperature 
- humidity 
- local mean-age of the air 

2.1 Sampling and preparation 

The bathmom made for exhibitions lRef 11, measures 1.92 x 3.24 x 2.23 m x L x W]. Supply 
air enters the room though the opening between the doorleaf and the doorstep. The air is 
extracted through an exhaust air te device located in the wall over the bath. In order to 



simulate the presence of a person, 100 W of heat is generated by an electric heater located in the 
bathtub. The location of the measuring points is shown in figure 2.1 

Figure 2.1 Location of measuring points in the bathroom module (See also list of symbols) 

Humidity and temperature measurements were made in the supply and exhaust air terminal 
device, at the height 1.1 m and 0.1 m in the middle of the room and 0.3 m above the floor under 
the bath. The accuracy of the humidity measurements is better than +/- 5 9% RH. 

Temperature measurements were made in 8 different points between 0.1 and 2 m above the floor 
in the room and on the surfaces of the walls and the floor. 

Local mean-age of air was measured in the exhaust air terminal device, under the bath and in 6 
points between 0.1 m and 2 m above the floor in the room. The measurements were made with 
nitrous oxide according to [Ref 51 and [Ref 61. 

Each test where measured during a period of at least two hours. 

3 Results and discussion 

3.1 Introduction 

The moisture content in the air is a combination of the vapour production from hot water in the 
shower and evaporation from the wet surfaces. The vapour from the shower is assumed to follow 
the same slope as the logarithmic concentration-time decay curve of tracergas measurements.The 
wet surface will then yield a moisture exchange depending on the moisture content in the 
boundary layer. 



The principal humidity curves expressed as relative humidity in the air after a standard shower 
are shown in figure 3.1. 

t i m e  ( m i n u t e s )  

Figure 3.1 Measured humidiry transients in a bathroom for the reference case .(I5 11s exhaust 
ailflow ,no space heating) 

The maximum humidity is measured in the exhaust air terminal device. The humidity rises to 80 
% RH almost immediately and reaches 95-98 % RH when the shower is over. After a couple of 
minutes the maximum value in the middle of the room, approximately 90 % RH, is reached. 
After additional minutes the maximum value under the bath ,70430 % RH, is reached. 

The humidity decreases faster in the exhaust air terminal device and in the middle of the room 
than under the bath.From approximately 15 minutes after the end of the shower the highest 
humidity level in the room is found under the bath. 

This is an example of a typical test run, but the measurements show wide variations, especially 
under the bath. Droplets of water drain down the wall during and after the shower. Another 
difficulty is the influence of the air temperature and the humidity in the supplyair. 



3.2 Airflow patterns 

The airflow was supplied through a 32 mm slot under the door. The construction of the doorstep 
fonned a large whirl which gave a wellmixed ventilation with an air-exchange efficiency of 55 to 
60 %. The higher value was found when the supply air temperature difference was decreased 
from -0.5 to -2 OC below the room temperature trl .l . 
The local mean-age of the air showed small variations. in the heated and non-heated referance 
case it was calculated to be 0.22 hours except under the bath,where it was 0.24 hours. 

The influence of the airflow is shown i figure 3.2 

A OUT 

Figure 32  Measured mean-age of air, reference case i.e. no space heating. 

3.3 Maximum moisture content directly after the shower 

The majority of the measurements were made in the non heated bathroom with an airflow of 15 
Vs (reference case). The water on the surfkce was measured to be approximately 0.3 kg after a 
standard shower. 

The maximum moisture content in the air, at reference airflow, was compared with all the 
measurements .It was found that the level is a function of the room temperature and the moisture 
content in the supply air.The values are shown in figure 3.3. 



Figure 3.3 Maximum moisture content at different air temperature,exhaust airflow 15 11s . 
The maximum of relative humidity is approximately constant at a given air temperature except 
under bath where the maximum moisture content is constant ,14 @g . 
The slope of the logarithmic added moisture-time curve was found to decrease with time.The 
first half an hour of the measurements showed the highest degree of accuracy. 

If a mixed ventilation is assumed, the slope will correspond to the local mean-age of air. The 
values are shown in table 3.1 

Table 3.1 The inverted slope of the added moisture content 

The best results for the exhaust air terminal device were found when the airflow was increased 
and by use of a infrared heater. The effect of an increased airflow is much higher for the added 
moisture than for the local mean-age of air. 

The slope in the middle of the room was highly affafted in the radiator case and the infrared 
heater case. In two of the cases no valid slope was found according to the big variations. 



3.4 Moisture content in the air with no space heating 

One hour after the shower the variations of the slope for the same case increased.To investigate 
the continued process, the maximum and mean values of the added moisture content in the air 
were measured for the different positions of the bathroom. The values are shown in figure 3.4 

Figure 3.4 Moisture added to the air in the bathroom as a fwtction of the moisture content in the 
supply air.The values is based on measurement, one hour afer the shower for the reference case 
at an air temperature of 22 O C .  

At 0.1 m in the mom and in the exhaust ATD a high influence of the moisture content of the 
supplied air was observed. The measured values at 1.1 m in the mom and under the bath were 
not affected by the supplied air to same extent, but the variation was bigger. 

The totally extracted moisture content was calculated. This was repeated for a two hour mean 
value. The results are given in figure 3.5 



Figure 3.5 Totally extracted moisture as a finction of the moisture in the supply air.The values 
is based on measurement, afer one and two how afrer the shower for the reference case at an 
air temperature of 22 '6 

A simplified formula of the totally extracted moisture can be defined as 

The constants A and B are given in table 3.2 

Table 3.2 
1 Parameter 1 Constant 1 Constant I 

An air temperature of 22 O C  and a relative humidity of 50% RW corresponds to a moisture 
content of 8.2 g/kg. One hour after the shower approximately 240 g moisture was 
extracted from the bathroom and after two hours approximately 340 g moisture was extracted. 

In order to compare other results with this reference case a non-dimensional relationship is 
introduced as 

F= (8) 
reference value* (@g) 

* the reference value according to f o d a  (1) for a certain moisture content in the supply air. 



A decrease in airflow, to 10 Vs, was found to increase the variation in the measured points. 

The opposite was found when the aimow increased.Tbe reduction of relative humidity after one 
hour, was not easily observed except at 0.1 m in the room and in the exhaust air. 

The airflow will effect the totally extracted moisture as shown in figure 3.6 

Figure 3.6 Totally extracted moisture (equation 2 )  afer one and two hours as a funcrion of 
airflows. 

Increasing the aimow by 33% will give rise to an increase in the extracted moisture, after one 
hour with by 20% and after two hours 25% . A 33% demease in aimow will reduce the extracted 
moisture with 17% compared with the extracted moisture for the reference aimow 15 Vs. 

3.3 Moisture content in the air with space heating 

The measurements were repeated with a centrally located idtared heater. As the bathroom 
module was not insulated these measurements do not have the same degree of accuracy. The 
extracted moisture content, in different locations, varied to a grat extent. The influence of totally 
extracted moisture and electric power is shown infigure 3.7 



Figure 3.7 The relationship between the reference and the infrared heater case. Totally 
extracted moisture after one and two hours at different electrical power. 

The electrical power corresponds to an air temperature , trl .l ,of 23 and 24 O C  . 
The measurements were also made with an electric radiator. As the moisture content in two of 
the measurements was very low, xin = 4.3 @kg, the fonnula (1) will give higher inaccuracy. 
The influence of the air temperatures is shown in figure 3.8 

Figure 3.8 The relationship between the reference and the radiator case. Totally extracted 
moisture after one and two hours at different air temperature.(the air temperature of the 
radiator case is higher than 223 OC. 



Between the cases with the infrared heater and the radiator only a small surface temperature 
difference was found. 

4 Conclusions 

The process of vafour production from the shower and evaporation from the wet surfaces will be 
different in different locations. 

The maximum relative humidity, in a batbroom , is approximately constant at a given air 
temperature. This does not seem to be true for the measurement under the bath where the 
maximum moisture content was found constant. The test results also show that the moisture 
content, at one hour after a shower, is highly influenced by the moisture content in the supply 
air. 

The most accurate measurement was made directly after the shower. The slope of the added 
moisture content show that the best results were found by increasing the airflow but the best 
advantage is the reduction of the vapour spread in the room. 

The increased airflow did not have any effect of the moisture content in the middle of the room 
and under the bath. This was shown by the mean values of added moisture content in the air and 
in table 3.1 . 
The totally extracted moisture was highly affected by an increased airflow as showed by the 
slope of the logarithmic added moisture-time curve.The use of an infrared heater also show a 
improved reduction of the moisture content in the middle the room and extracted moisture. No 
valid slope was found under the bath but the relative humidity found lower due to the increased 
temperature.The totally extracted moisture also indicate a smaller improvement. 

The use of a radiator only showed a reduction of the moisture content in the middle of the room. 

One hour after a shower approximately 240 g moisture is extracted and after two hours 
approximately 340 g moisture is extracted from the bathroom. 

The extraction of moisture will be much lower during surnmer when the moisture content in the 
supply air is high.This will affect the time of wetness. The same amount of extracted moisture is 
achieved after one hour with a supply moisture content of 7 g/kg ,as after two hours with a 
moisture content of 9.5 g/kg. 

To reduce the moisture problem in summertime it may be worth considering installing a 
dehumifier since an increased airflow only will give a small reduction. 

Iavestigations have also been made to examine the effect of the supply air terminal device over 
the door,another location of the infrared heater and a reduction of the wet surface behind the bath 
by closing the slot around the bath. A final report is found in reference [4]. 

Further investigations are planed for a model of moisture content in the different locations of the 
room which combine the processes, ventilation, vapour from the shower and evaporation from 
the wet surfaces. 
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Synopsis 

A conference room has been converted to temperature- and carbon dioxide controlled 
ventilation. A number of tests have been conducted with the system in different load 
conditions. The variables that have been measured are air flow rate, temperature 
and carbon dioxide concentration. The activity in the room during the measurements has 
also been well recorded. The main purpose has been to evaluate the ability of a demand 
controlled ventilation system to maintain a good indoor air quality. 

The room is also acting as a reference field test installation for a simultaneously ongoing 
testprogram for sensors for demand controlled ventilation. From measurements on sen- 
sors for humidity and volatile organic compounds, conclusions have also been drawn 
about how suitable these sensors are for the purpose of demand controlled ventilation. 

A simple system with temperature controlled air flow rate can in many cases be sufficient 
to achieve a well functioning demand controlled ventilation. 

Carbon dioxide control seems to work very well and the output of the sensors has a very 
distinct and good correlation with the number of persons present in the room. The measu- 
red background/outdoor level is quite stable and the sensors do not show any great sen- 
sitivity to changes in temperatur, humidity or any other contamination in the air. 

The relative humidity sensors are quite accurate and seem to bee very suitable for humidity 
control , but as their output is only slightly increased even for a large number of persons 
present and as the background/outdoor level can vary substantially and rapidly, they do not 
seem suitable for this type of demand controlled ventilation. 

The sensors for volatile organic compounds are quite sensitive to the presence of persons, 
tobacco smoke and other contaminants produced in the room, but they are also very sensitive 
to changes in temperaturelhumidity and to changes in the contamination level in the outdoor 
air. Different sensors also have quite different outputs for the same air. The sensors seem to 
have a potential for demand controlled ventilation, especially when the main load is some- 
thing other than heat sources and human related production of carbon dioxide, but further 
development of sensors and/or control system software is needed. 

List of Abbreviations 

AQ Air Quality 
C02 Carbon Dioxide 
DCV Demand Controlled Ventilation 
IE A International Energy Agency 
RH Relative Humidity 
HVAC Heating, Ventilation and Air Conditioning 
VOC Volatile Organic Compounds 



1 Background 

Within the framework of IEA Annex 18 "Demand Controlled Ventilating Systems" a number 
of research projects are being operated at present. The aim is to investigate the possibility to 
reduce energy consumption while maintaining a good indoor AQ. One of these projects is a 
full scale test of a DCV-system in a conference room situated at The Swedish National 
Testing & Research Institute. 

Project Description 

The conference room has been in use for about eight years. All furniture and other inventories 
are of about the same age. The room has a mixed ventilation system designed for a maximum 
of about 20 persons. A new WAC-system, separated from the rest of the building, has been 
installed. The system is equipped with devices for heating, cooling and heat recovery. It has 
been especially designed to give a larger than usual span between maximum and minimum air 
flow rate. To regulate the air flow rate, the system is equipped with sensors for both tempera- 
ture and CO,. It is normally temperature regulated, but when the C02 concentration exceeds 
700 ppm the system is CO, controlled. Both sensors are installed on one of the walls, 1.7 m 
above the floor. To avoid that the temperature sensor is influenced by heat from the C02- 
sensor, the sensors are placed several meters apart from each other. 

A proposed "Method for Evaluation of Demand Controlled Ventilation" has been used as a 
guideline throughout the project. The above given air flow rates have been checked and the 
output voltage signal from the air terminal devices calibrated. The room-average air-change 
efficiency (RAACE) has been measured by means of C02-decline at two different air flow 
rates. RH- and C02-sensors have also been calibrated in the beginning and the end of the 
project. The VOC-sensors have only been checked functionally. These sensors all give an 
output signal between 0 and 10 volts, which we in the following will refer to as an indicated 
AQ of 0-100%. The energy consumption of the lighting can vary from 160 to1200 W. 

Area: 43 m2 
Volume: 115m3 
Air flow span: 170-1000 m3/h 
M C E :  46% (900 m3/h), 64% (300 m3/h) 
(inlet temperature 5 'C below room temperature) 

The room has also been acting as a reference field test installation for a simultaneously 
ongoing testprogram for DCV-sensors. C02-sensors, RH-sensors and VOC-sensors have 
therefore been installed in a chamber connected to the exhaust air duct. It was planned to 
control the system with some of these sensors as well, but due to problems in getting a stable 
baselevel to regulate against these plans had to be abandoned. 

The main purpose has been to evaluate the ability of a DCV-system to maintain a good indoor 
AQ. Measurements have only been made on the temperature- and C02 controlled system, but 
from simultaneous measurements on sensors for RH and VOC, conclusions have also been 



drawn about how suitable these sensors are for the purpose of DCV. 

The conference room is in rather limited use. Most of the time it is empty and when in use 
there are very seldom more than 10 persons present. Because of this the threshold level 
for GO2-control is rarely exceeded. Instead of making long time measurements we have 
there-fore concentrated our measurements to 12 shorter periods of 6-12 hours. These 
periods have been chosen to cover different load conditions that are of interest. During 
the test periods the following parameters have been measured: 

Air flow rate: exhaust air 
Temperatures: inlet air, exhaust air, on one of the walls 
RH: exhaust air (9 sensors) 

CO,: exhaust air (2 sensors), on one of the walls (1 sensor) 
VOC: exhaust air (6 sensors) 

As most of the time the system is only temperature controlled, we have decided to include 
some results and conclusions from measurements on this as well. 

A test is also conducted where the reaction of the sensors to tobacco smoke is studied. This is 
done at three different manually chosen air flow rates. 

Calculations on energy savings are very much dependent on other system components than 
the DCV itself, what system you are comparing with and also how often the system is in use. 
Because of the very limited use of the actual system it has not been considered worthwhile 
to make any such calculations. 

3 Full Scale Tests 

3.1 Temperature Controlled Ventilation 

Due to the heat produced by the human body itself and other heatsources that are activated 
when people are in the room, in this case mainly electric lighting, the system will react by in- 
creasing the air flow rate and decreasing the inlet air temperature. If the increase in air flow 
rate, due to the influence of the human body as a heat source, corresponds to the human 
need of fresh air, then a temperature controlled system vill theortically act just as a CO, 
controlled system. The problem is that the human beeing is very seldom the only heat source 
in a room and that these other heat sources can vary quite differently from the number of 
persons present. But if the main load is due to heat sources, then a simple temperature control 
is probably the best system and other more sofisticated systems are superfluous. We have in 
our case also noticed that the lighting is a heat source of the same magnitude as the heat from 
10-15 persons. The lighting is therefore such a large heat source that it can force 
the system to increase the air flow rate all on its own. 
Test No.7, that is shown in diagrams 1-3 below, is a good example of how the temperature 
control is working. During the test there was first a meeting with 4 persons going on for 
two hours, then a lunch break for one hour, then another meeting with 3 persons for one 
hour followed by a third meeting with 8 persons going on for half an hour. The lighting was 



then turned off and the room was empty for the rest of the measurement periode. The lighting 
was also lowered after one hour of the first meeting and throughout the lunch break. Although 
the air flow rate never exceeded 350 m3/h the CO, concentration was always below 700 ppm 
and both the air quality and the thermal comfort were considered as good. 

m 
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Diagrams 1-3; Air flow rate, temperatures and CO, concentration (test No.7). 

The test presented above is for a low heat load condition. At medium loads we have had some 
problems with instability. Changes between half and full speed of the fans can then occur up 
to 6 times per hour, resulting in unpleasent sound and pressure shocks.In the next test that is 



presented (No.11) this is exemplified by the system behaviour during the lunch break and for 
two hours after the last meeting. 

3.2 Temperature- and C02 Controlled Ventilation 

Test No.11, that is shown in the diagams 4-5 below, is a good example of how this system is 
working . When the measurment starts the room is empty, but people have been in the room 
for a very short while about half an hour before. This can bee seen on the CO, concentration 
which is a little bit higher than the background level (335 ppm according to the sensor) and 
slowly declining. After a little bit more than one hour and a half 24 persons enter the room 
attending a meeting for nearly two hours. Then there is a lunch break for one hour and a 
half, followed by a second meeting with the same people, going on for slightly more than one 
hour. The room is then left empty for the rest of the day. Lighting is on during the first 9 hours 
of measurement. The AQ and thermalcomfort are also this time considered as good. 

Diagrams 4-5; Air flow rate and CO, concentration (test No.11). 

In diagram 5 above one can clearly see when people are entering and leaving the room. One 
can also see that there is no great difference between the sensor placed in the exhaust air 
duct and the one that is placed on one of the walls. This difference (exhaust conc. minus wall 
conc.) is more clearly shown in diagram 6 below. 



Diagram 6; Difference between C02-sensors in two different positions (test No.11). 

This diagram shows that the difference between the two sensors most of the time is less than 
220 ppm. It is only during the beginning of the first meeting that the difference for a short 
while is a little bit more than 100 ppm. This particular sequence is more clearly seen in 
diagram 7 below. From this diagram one can see that the wall-mounted sensor has a delay of 
about 2 minutes. 

0 5 10 15 20 min 

Diagram 7; Step-up for C02 -sensors in two different positions (test No.11). 



In diagram 8 below the response curve of the flow rate is given together with the CO, con- 
centration in the exhaust air. The result must be considered as very good. Especially as the 
system is controlled by the delayed sensor on the wall. A test with a simulated heatsource 
(1200 W lighting + 1200 W heat fan) does not give the same quick response at all. 

0 1 : : : : : : : : : : : : : : : : : : : : : : I  

0 s 10 15 M min 

Diagram 8; Air flow rate and C0, conc., 24 persons enter the room (test No.11). 

In diagram 9 below the measured background/outdoor CO, concentration during two 
different tests are shown. To what extent this variation is due to variations of the real mn- 
centration or variations in the sensor itself we do not know. The difference is in any case 
so small, compared with the response due to human presence, that it almost can be neglected. 

Ted Nod 1 (3 may) 

Diagram 9; Measured outdoor background CO, conc. during two different tests. 

Note: We have in thii context noticed some problems with one of the CO;! sensor types. It has to 

be connected to the supply voltage for several days before the output signal reaches a long 
term stability. If the supply voltage exceeds the nominal voltage by more than 10% (not unusual), 
then it can cease to function. We therefore had to install a power resistor to keep the supply 
voltage down. 



3.2 Humidity-sensor Measurements 

Most of the RH-sensors have in the parallel laboratory testing project proven to be quite 
accurate. In our measurements all factory calibrated sensors but one are within a span of 
Ir: 5%RH. After our own calibration and curve fitting the results are even better. We have 
therefore chosen to present only curves for one sensor, but for three different tests. The 
results are given in diagram 10 below. 

Diagram 10; Relative humidity during three different tests. 

One can here clearly see the effect of human related humidificatin during test No.11. 
Calculations on the results indicates that about one third of the human energy consump- 
tion (30-40 W) goes into humidification of the air. During this test we have only very 
little variation in the background/outdoor RH level. 

In test No. 9 the room is empty during the whole test. The variation in the background level. is 
in this case of the same magnitude as was the effect of as many as 24 persons i test No.11. 

Test No.12 is similar to test No.11, but the number of persons is now only 13-14 and due to 
simultaneous changes in the background level it is now impossible to distinguish when the 
meetings took place. 

If one compares the different curves one can also see how much the background level can 
vary over a longer period of time. 

If one wants to regulate the air flow rate with RH-sensors according to the number of persons 
present, then the RH and temperature must probably be measured both in the inlet and the 
exhaust air. The sensors will also have to be extremely sensitive and accurate. Finally some 
software must calculate the amount of humidity produced and regulate the air flow rate 
accordingly. One problem is that the humidification per person can vary quite much. 

Another disadvantage with RH controlled DCV is that it does not react to smoke or any other 
source of contamination in the room. 



3.3 VOC-sensor Measurements 

A rather representative set of VOC-sensor curves are shown in diagram 11 below. They 
are also taken from test No.11 and one can clearly see the response to human presence. 
Sensors 4 and 16 represent more or less the behaviour of all but one VOC-sensor. That is, 
they have the same kind of response but at different levels and with different sensitivities. 
Sensor 3 behaves a little bit differently. It seems to react negatively to something that is 
produced in the room and is therefore going down to a lower level when the air flow rate is 
decreased. It can also bee of interest to notice that all sensors indicate lower AQ after lunch. 

Diagram 11; The response of VOC-sensors to to human "load" (test No.11). 

In diagram 12 below one can see that the sensors are sensitive to changes in temperature and 
RH. During the first two hours the temperature is increased, then for three hours everything 
but the RH (and possibly the outdoor AQ) is constant. One can also see that an overall de- 
crease in RH results in an increased sensor-indicated AQ. For sensor 4 a RH below 20% 
makes it constantly indicate 100%AQ. Compare with diagrams 10-11. 

Diagram 12; The sensitivity of VOC-sensors to temperature and humidity (test No.9). 



In diagram 13 below all other parameters (temperature, CO, concentration and RH) are held 
constant. This means that the variations of the VOC-sensors must be due to variations in the 
outdoor air. And if we look at the time when a decrease in AQ has occured, it correlates very 
well to people finishing their jobs in the afternoon. The decrease is therefore probably caused 
by contamination from cars that just have started up. There is a parking lot just outside the 
building and also a road with busy traffic at 16 pm and 17 pm. Sensor 3 is, unlike the other 
VOC-sensors, not sensitive to those outdoor variations. During functional tests with outdoor 
air, we have had atmospheric inversion and all sensors including sensor 3 were negatively 
affected (sensor3: 38%AQ, sensor4: 63%AQ, sensor 16: 26%AQ). 

Diagram 13; Sensitivity of VOC-sensors to changes in the outdoor AQ (test No.2). 

Sensor 16 was also equipped with a software that changes the output in three different steps. 
This can then be used to regulate the speed of the ventilation fans. Monitoring the outputs and 
recalculating them into three air flow rate steps in the range of 250 to 1000 m3/h gives for test 
No.11 the result given in diagram 14 below. This indcates that there is room for improvements 
on the software. (See top of page 5 for explaination of the curve for the real air flow). 

myh 
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Diagram 14; Real air flow rate compared to that recommended by VOC-sensor 16 
(test No.11). 

VOC-sensors will probably have to be installed both in the inlet and the outlet air. Each pair 
(or more) of sensors will also have to be either nearly identical in behaviour or calibrated 
in such a way that some software can take care of the differences. 



3.4 Smoke Test 

A has been conducted with tobacco smoke. The temperature and RH were nearly constant 
during the whole test (20-21'C and 35-37%). The air flow rate was manually controlled to 
three different levels. The air flow rate, VOC-sensor output and CO, concentration during 
the test is shown in diagram 15-17 below. The test can be divided into 10 periods with 
different load conditions according to the following table. 

period 1 2 3 4 5 6 7 8 9 1 0  
start (hour.minute) 0.00 0.50 1.00 1.20 1.55 2.40 2.50 3.35 3.55 4.35 
duration(minutes) 50 10 20 35 45 10 45 20 40 60 
number of persons 0 0-7 7 7 6-7 7 5-7 6-7 7 0 
number of cigarettes 0 0 0 12 0 0 10 0 8 0 

Diagrams 15-17; Air flow rate, VOC-sensor response and CO, conc. (test No.4) 



One can clearly see the decrease in indicated AQ during the smoking periods. The AQ 
was considered as very poor during periode 7 and especially during periode 9. 

Calculations on the response of the VOC-sensors give the result that the presence of one 
human beeing corresponds to smoking in the range of 0.2 to 1.0 cigarettes per hour. 

It is also of interest to notice that the C0,-sensor during the same period of time gave 
no significant indication about how poor the AQ really was. If the CO, control had been 
turned on it would only have been activated during period 9 and the increase in air 
flow rate to decrease the CO, concentration to 700 ppm would only result in a slight 
and insufficient increase of the AQ. 

4 Conclusions 

The sudied system seems to have a very good ability to maintain a good indoor AQ. The 
main problem with the system has been instability at medium heat loads. 

The usefulness of DCV are very dependent on what kind of system it is installed in and 
how the system is used. Furthermore the kind of DCV-system that is the best depends on 
what the main load is. 

If the main load may be of different types at different times, then a combination of different 
control variables can be necessary. 

A simple system with temperature controlled air flow rate can in many cases be sufficient 
to achieve a well functioning DCV. If the main load is due to heat sources, then a simple 
temperature control is probably the best system and other more sofisticated systems 
superfluous. 

The lighting and other heatsources are often of such a magnitude that they can not be 
neglected, especially if the air flow rate is temperature controlled. 

The output of a C0,-sensors has a very distinct and good correlation with the number 
of persons present in the room. The measured background/outdoor level is quite stable 
and the sensors does not show any great sensitivity to changes in temperatur, humidity 
or any other contamination in the air. The latter can be both good and bad. Insensitivity 
to tobacco smoke is, as we have seen, not a good desired characteristic in DCV-systems 
where smoking may occur.. 

The RH sensors are quite accurate and seem to bee very suiteable for humidity control, 
but as their output is only slightly increased even for a large number of persons present 
and as the background/outdoor level can vary substantially and rapidly they do not seem 
to be suitable for the kind of DCV that we have studed. The requirements on sensitivity 
and accuracy will probably be too extreme, making sensors to expensive. 



The sensors for VOC are quite sensitive to the presence of persons, tobacco smoke and 
other contaminants produced in the room, but they are also very sensitive to changes in 
temperaturelhumidity and to changes in the contamination level in the outdoor air. 
Different sensors also have quite different outputs for the same air. The sensors seem to 
have a potential for demand controlled ventilation, especially when the main load is some- 
thing other than heat sources and human related production of carbon dioxide, but further 
development of sensors and/or control system software is needed. 

Except for simple temperature control, CO,-sensor controlled systems seem to be the only 
on the market today that have been developed enough to be recommended. 

Having a well functioning mixed ventilation system, it does not seem to matter much whether 
the sensor is placed in the exhaust air or on one of the walls. 

The authors wish to acknowledge the financial support of the Swedish Council for Building 
Research and the Swedish National Board for Technical Development. The authors would 
also like to express their gratitude to the participating manufacturers of sensors as well as to 
the Hakt AB who has delivered the ventilation system. Finally the authors would like to thank 
all those who have voluntarily participated as "loads" during the tests. 

Note: A more detailed report from the measurements will be published later this year. 
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Synopsis 

A test pro e has been designed to evaluate the perfo characteristics of sensors for 
the automatic control of ventilation rates. The test programme consists of two main parts, one 
being the evaluation of sensor performance in laboratory tests and the other referring to long 
term characteristics of sensors in actual buildings. Included in the present evaluation are eight 
different types of humidity sensors, two carbon dioxide sensors and five mixed gas sensors. 

The test results indicate that capacitive h d d i t y  sensors are well suited for the control of humi- 
dity levels in buildings. The combined e m r  of linearity, hysteresis and repeatability is normally 
below 5% RH at 20 OC. The cross-sensitivity to variations in the ambient temperature and power 
supply (voltage and frequency) are acceptable and the cross sensitivity to hydrocarbons, carbon 
dioxide and tobacco smoke is negligible. A plastic stripe humidity sensor on the other hand pro- 
ved unsuitable due to excessive hysteresis and linearity errors. 

Carbon dioxide sensors show acceptable performance for control purposes but sensor calibration 
and/or adjustment is a t h e  consuming process. These sensors are sensitive to humidity below a 
threshold value. The mixed gas sensors show a mixed behaviour. Some react strongly to tobacco 
smoke, some slightly and one hardly at all. The characteristic curve was determined using a gas 
cocktail consiting of equal parts of one alifatic NC, one aromatic HC and one aldehyde. Tests 
were also made with one component at a t h e  but there was little difference in the response to 
the individual components. 

All sensors endured the climatic tests reasonably well. Mechanical vibration on the other hand 
caused some of the sensors to break. Radiated electromagnetic fields affected all sensors and 
electric shocks, due to a simulated strike of lightning, proved too much for most of the sensors. 

List of symbols and abbreviations 

AQ 
ASD 
D m  
f 
HC 
IEA 
RW 
M S  
SP 
U 
VOC 
WBT 

Air quality 
Acceleration spectral density 
Dew point temperature 
frequency 
Hydrocarbon 
International Energy Agency 
Relative hwidity 
Root mean square 
The Swedish National Teshg & Research Institute 
Voltage 
Volatile organic compounds 
Wet bulb temperature 



Background 

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

Different types of "indicators" can provide different types of information concerning the 
ventilation requirements of a specific building. Furthermore, different types of sensors for the 
same "indicator" can give different results. Such sensors must be sensitive enough to detect 
changes in the air quality requiring increased or decreased supplies of outdoor air and 
simultaneously be stable enough to funGtion satisfactorily over long periods in varying 
environments. 

Hence it is of great value to increase our knowledge concerning questions such as 

1) which "indicators" are suitable 
2) which sensors are possible for the planned "indicators" 
3) how do the different "indicators" read relative to each other 
4) how do different sensors for one particular "indicator" read in the short term as well as in 

the long term. 

Project description 

Sensors for the following types of indicators (in accordance with the scope of IEA Annex 18) 
were included in a laboratory p 

* Water vapour m, WBT, DPT) 
* Carbon dioxide 
* Non-oxidized gases (VOC, e.g. Cm%, 6 0 ,  etc). 

The tests consist of two main parts. In the first part one specimen of each sensor type is 
extensively laboratory tested and in the second part one specimen of each sensor type is exposed 
to normal indoor climatic conditions (e g in an office building). 

Thus two specimens of each sensor type are included. To limit the size and cost of the project, 
testing was planned for a maximum of fifteen sensors ( seven for water vapour, three for carbon 
dioxide and five for non-oxidized gases). In the actual test it was not possible to include more 
than two carbon dioxide sensors due to time considerations. Several suppliers expressed an 
interest to participate in the test but only two actually delivered any sensors. Instead another 
humidity sensor was included to give the same total nwber of sensors. 

This presentation pertains only to the laboratory part of the test program. The experience in 
using this test procedure has been reasonably good and thus a continuation of the project with 
other types of sensors is possible. Feed back from the tests however indicate a need to revise 
some of the procedures. 



The laboratory tests consist of four main parts (see separate detailed description in chapter 3). 

* Checking of the manufacturers' data sheets and instructions 

* Determination of the performance of new sensors including comparisons with data 
sheets 

* Determination of the cross-sensitivity of sensors exposed to various combinations 
of the three chosen indicators as well as variations in the power supply, 
atmospheric pressure, temperature and air velocity 

* Environmental tests concerning exposure to dry heat, dry cold, humidity, 
temperature change, vibration, electromagnetic radiation and electrostatic 
discharge. 

Results relating to the specific makes of sensors will be published when the entire project has 
been terminated. Before publication of the test results, the supplier/manufacturer of a sensor 
shall however be permitted to study the results and express his opinion. 

Laboratory testing of DCV sensors 

The test procedure consisted of four main parts as described in 2.1. In this chapter the detailed 
test procedure is described including presentation of some results. Sensors for the following 
indicators were tested: 

* Water vapour (8 types) 
8 Carbon dioxide (2 types) 
* Non-oxidized gases (5 types) 

3.11 Sampling and preparation 

Sensors were selected and tested by the respective manufacturer prior to delivery to SP. Special 
care was asked for regarding packaging and handling of the selected sensors in order to avoid 
unrepresentative test results due to delivery mishaps. All necessary instructions concerning 
general descriptions, installation, operation and maintenance were to be included in the delivery 
of the sensors. The sensors were installed in the laboratory as described by the manufacturer's 
instructions. The reference ambient testing conditions were considered to be (unless other values 
were specified in the individual test procedures): 

Temperature: 20 f 2 "C 
Relative humidity: 40 f 10 % 
Pressure: 101 f 1 kPa(a) 
Air velocity: < 0.5 m/s 
Supply voltage: Nominal f 5 % 
Supply frequency: Nominal f 5 % 

Air quality: Normal indoor air (C02 = 350 f 50 ppm, VOC < 0.4 mg/m3) 



The test room was kept free of strong electric or magnetic fields and the input power to the 
sensors was supplied via magnetic stabilizers (except during tests with electromagnetic 
radiation). 

The reference gas for testing VOC-sensors was composed of the following constituents: 

1 aldehyde (Oc tanal, C7N1 5 a O ) :  

1 aromatic HC (Toluene, C7H8) 
1 aliphatic HC (Nonane, CgH20) 

These substances were intended to represent organic compounds that are frequently found in the 
analysis of air from e.g. office buildings. 

3.2 Data sheets and general information 

A standardized data sheet for the presentation of sensor characteristics was proposed. Prior to 
the test the manufacturers were asked to fill in the data asked for in this data sheet. This 
information was noted as background information to be compared with the test results. 

3.3 Determination of the performance of new sensors 

The sensor performance has been defined in terms of the following parameters, 

Warming up b e  
Zero drift 
Linearity 
Repeatability 
Hysteresis 
Stability 
Accuracy 
Sensitivity 
Rise t h e  
Sensitivity to influence factors (cross-sensitivity). 

3.3.1 Warming up time 

The intention was to measure the warming up t h e  by inserting the sensor into a test chamber 
with all parameters, except for the primary measurand, at the reference conditions (see 3.1). The 
measurand (e.g. humidity) was held constant at a value corresponding to an output signal of 40- 
60 % of the measuring range of the sensor. The sensor was then left 24 h with the power switch- 
ed off. The power was then switched on and the sensor output was measured. The time from 

- switching on the power supply until the output was stable within the claimed uncertainty of 
measurement was recorded as the warming up t he .  



One half of the humidity sensors had negligible warming up times (less than 30 s). The other 
half of the hunnidity sensors had sizeable warming up times, e.g. no. S9 (2000 s), S12 (4000 s), 
S14 (1800 s) and S15 (4000 s). The VOC-sensors on the other hand have two different warming 
up times, one after a short interruption of the power supply and one after the heated sensing 
element has been permitted to cool down. These were not determined in this investigation but 
the long term wanning up time may be as long as a fortnight or even up to a month according to 
the manufacturer. 

3.3.2 Determination of the sensor characteristic curve 

The output from the tested sensors were recorded for values of the measurand according to table 
3.1. 

Table 3.1. Values for determination of the sensor characteristic curve 

The VOC-cocktail is normally composed of equal parts of the three constituents. At test point 3 

(1.0 mg/m3) tests were also performed with the total concentration consisting of only one of the 
reference gases at a time. It was found that for this particular cocktail, and with these particular 
sensor types, changing the composition had no sigmficant influence on the result. 

Measurand 
Relative 
humidity (%) 
Carbon 
dioxide (ppm) 
VOC 

(mglm 3) 

The VOC-sensors were not possible to test in a closed system as planned originally. The sensors 
were encased in plastic housings with emissions substantial enough to cause a continuous 
increase in the VOC-level if left in a closed tank. Instead outdoor air was supplied continually to 
the tank and a specified amount of the VOC-cocktail was evaporated into this air flow. As can 
be seen from examples of the characteristic curves for VOC-sensors in diagram 3.1 the 
behaviour of different sensors may be markedly different even though the sensing elements 
come from the same manufacturer. 

1 2 3 4 5 6 7 8 9 

- 20 40 60 80 60 40 20 - 

200 500 1000 1500 2000 1500 1000 500 200 

0 0.5 1.0 1.5 2.0 1.5 1.0 0.5 0 

Linearity is calculated as the maximum deviation between any measured value and a straight 
line between points 2 and 5 in table 3.1. Hysteresis is calculated as the maximum deviation 
between points 2 and 8,3 and 7 ,4  and 6. Finally the sensitivity is calculated as the change in 
output between points 3 and 4 in table 3.1, divided by the corresponding change in input (e.g. 
V/% RW). The results obtained are presented in table 3.2 below. Sensor no. S14 is equipped 
with two sensing elements, one for humidity and one for VOC. 



Table 3.2. Results from determinations of the sensor characteristic curve. 

* The response of the sensor was too small to be significant or the results were inconclusive. 

A special problem with the use of an open system is that the the quality of the outdoor air is 
beyond the control of the experimenter. Figure 3.2 illustrates this problem clearly. The supply 
air to the test set up is being fed with a constant level of 3.5 mg/m3 of toluene. Initially the out- 
put of the sensor is constant but at a specific time, which corresponds to the end of the working 
day, the indicated air quality deteriorates. This is the result of people starting their cars to go 
home. This is also an illustration of one of the problems in controlling ventilation flowrates 
using a VOG-sensor. In this case the sensor would have signalled to the ventilation system to 
increase the outdoor air flow even though the outdoor air was the source of the decreased air 
quality. 



Figure 3.1. One example of output signals in terms of "percentage air quality" for 
sensors S1 , S4 and S14 as a function of the VOC-level in mglm3. 

Figure 3.2. Output signals in terms of "percentage air quality" for sensors S1 -S4 
and S14 as a function of time. The VOC-level was aimed at 3.5 m g l d  but the 
background level changes afer 800 s. 

VOC-sensors were also tested with tobacco smoke corresponding to two levels of smoke con- 
centration at each of three different flowrates (minimum flow for a non-smoking environment, 
minimum flow for a smoking environment and the maximum flowrate of the system). Cigarettes 
were smoked by an "artificial smoker" to achieve a reproducible test. In figure 3.3 the response 
of CO2-sensors (SO, S5 and S6) and VOC-sensors (S1, S2, S3, and 54) are shown for the case 
of 1 0 cigarettes smoked sinzultaneously at a condition of minimum ventilation rate for a non- 
smoking environment. The diagram indicates that although this is a case of extreme smoke 
pollution one of the VOC-sensors does not react at all and one only reacts to a very small extent. 
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Figure 3.3. Response of C02-sensors (SO, S5 and S6) and VOC-sensors ( S l ,  52, 
S3, and $4) when 10 cigarettes are smoked simultaneously at a condition of 
minimum ventilation rate for a =-smoking environment. 

In figure 3.4 the characteristic curve for the two C02-sensors are shown and in figure 3.5 results 
for three of the humidity sensors are presented. As can be seen in figure 3.5 there is a consider- 
able difference in linearity and hysteresis between sensors 57 and S8 (capacitive) on the one 
hand and sensor S10 (plastic stripe) on the other hand. 

Figure 3.4. Characteristic curves for the two CO2-sensors S5 and S6. 
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Figure 3.5. Characteristic curves for three humidity sensors (S7, S8 and S10). 

3.3.3 Repeatability and stability 

The sensors were tested at points 2 and 5 in table 3.1 alternatively 5 times. The repeatability is 
the maximum deviation between any measured value and the corresponding measured value in 
3.3.2. To evaluate the stability of the sensors they were kept at point 4 in table 3.1 for 24 hours. 
The stability is the maximum deviation between any measured value and the initial value. 
Results from determinations of repeatability and stability for humidity sensors are presented in 
table 3.3. 

Table 33.  Results from determinations of repeatability and stability. 

S12 RH 

S13 RH 

514 RH/ VOC 

S15 RH 

0.6 

0.3 

0.3 / - 

0.2 

0.3 

0.3 

0.4 / - 

0.1 



3.3.4 Rise time 

The sensor input was changed from point 2 to point 4 and then from point 4 to point 2. The rise 
time and fall time respectively were calculated as the time between a change of input until the 
output has changed to 90 9% of the steady state value. The air flowrate passing the sensor during 
the test was to be specified by the manufacturer. If no specification was made, the flowrate used 
was 3 m/s for sensors mounted in ducts and less than 0.15 m/s for wall mounted units. 

The rise times of most humidity sensors were quite short. Therefore the test will have to be 
repeated with a measuring system using a higher time resolution. Rise times for carbon dioxide 
and VOC-sensors have not yet been evaluated. 

The sensitivity of the sensor to various influence quantities is tested by varying each influence 
quantity, one at a time, according to table 3.4. 

Table 3.4. Variation of influence factors. 

The cross-sensitivity is given for each influence factor as the ratio between total change in 
output and total change in input. Test results are indicated in table 3.5 expressed as the change 
in output relative to the nominal operating point. The response to tobacco smoke is only 
indicated qualitatively by "yes" or "no". 

MLuencc 
factor 

Temp., 

(OC) 

RH, 
(%) 
Voltage, 

(V/Vn) 
preq., 

(fi) 
Pressure, 

W a )  

*z' 
( e m )  
voc, 
(mdm3) 

Tobacco 
smoke 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 

20 30 10 20 20 20 20 20 20 20 20 20 20 20 

4 0 4 0 4 0 8 0 2 0 4 0 4 0 4 0 4 0 4 0 4 0 4 0  4 0 4 0  

1.0 1.0 1.0 1.0 1.0 1.2 0.8 1.0 1.0 1.0 1.0 1.0 1.0 1.0 

1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.1 0.9 1.0 1.0 1.0 1.0 1.0 

101 101 101 101 101 101 101 101 101 105 97 101 101 101 

500 500 500 500 500 500 500 500 500 500 500 1000 500 500 

0 0 0 0 0 0 0 0 0 0 0 0  1 0  

NO NO NO NO NO No NO No No No No No No Yes 



Table 35. Resultsfiom the cross-sensitivity test. 

* The response of the sensor was too small to be significant or the results were inconclusive. 

Sensor 
no. 

S1 VOC 

Vol- 
tage 

(unit/ 
v) 

I 1 4.9 I 0.0 1 0.3 - I 0.0 1 0.0 10.1 

Fre- 
quen- 
CY 
(unit/ 
a) 

no 

Tem- 
pera- 
ture 
(unit/ 
I() 

Air 
pres- 
sure 
(unit/ 
hPa) 

Rel. 
humi- 
dity 
(unit/ 
% 
RH) 

C02 
(unit/ 

ppm 
C02) 

VOC 
(unit/ 
mgl 
m3) 

Cig. 
smo- 
ke 
(yes 
or no) 



3.4 Environmental tests 

Environmental tests were performed to check the resistance of a sensor to possible extreme 
situations in the environment within the field of application of the sensor. Tests were carried out 
concerning 

* Climatic parameters 
* Mechanical parameters 
* Electrical parameters. 

3.4.1 Climatic parameters 

Climatic tests were performed in accordance with JEC standards on low temperature, dry heat, 
damp heat and change of temperature. IEC 68-2-1, Test Ad, was used for the low temperature 
test. The sensors were exposed to a temperature of +5 OC for a duration of 16 hours. 

This test seemed to have little effect on the sensors and all survived. Concerning the sensitivity 
of the actual output signal reference is made to table 3.5 regarding temperature as an influence 
parameter. 

The next step was to expose the sensors to a temperature of 55 OC for a duration of 72 hours as 
specified in IEC 68-2-2, Test Bd, dry heat. Functional tests were carried out at an intermediate 
temperature of 40 OC. This test also seemed to have little effect on the sensors and all were still 
functioning after the test. Concerning the sensitivity of the actual output signal reference is again 
made to table 3.5, this time regarding temperature as an influence parameter. 

Damp heat was tested as prescribed by IEC 68-2, steady state, Test Ca. The temperature 
selected was 40 OC at a humidity level of 93 %. The duration of the test was 21 days. None of 
the sensors showed any signs of significant deterioration due to this test. Concerning the 
sensitivity of the actual output signal reference is made to table 3.5 regarding humidity as an 
influence parameter. 

The effect of a cyclic change in temperature was investigated according to IEC 68-2-14, Test 
Nb. The temperature was cycled between a low level of +5 OC and a high level of + 40 OC. The 
rate of change of temperature was 5 "C/min, the number of cycles was 5 and the exposure time 
was 3 h. Results show that all sensors pulled through also during this test. 

In addition humidity sensors will be checked functionally after storing the sensors at -10 OC with 
the power switched off for 24 h. The ambient conditions will then be changed to +20 OC with a 
relative humidity of 80 % in less than 10 minutes. This test is yet to be carried out. 



3.4.2 Mechanical parameters 

Mechanical tests were performed in accordance with the IEC standard on random vibration, IEC 
68-2-36, Test Fdb. The equipment was mounted on the vibrator using its normal means of 
mounting, e.g. flanges and screws. Tests were repeated for each of the three perpendicular axes 
of the equipment and a functional check was performed after exposure to: 

ASD 10-20 Hz: 0.5  HZ 
ASD 20-500 Hz: -3 dB/octave. 

The total rms acceleration was 1.9 g for a duration per axis of 90 minutes. One CO2-sensor (S5) 
and two humidity sensors (S12 and S14) broke during this test. 

3.4.3 Electrical parameters 

Electrical tests were performed in accordance with IEC standards on conducted bursts, 
electrostatic discharge, electromagnetic radiation and surge voltage immunity. Conducted 
transient bursts were tested according to IEC 801-4. In this test each group of signal cables was 
exposed to transients using capacitive coupling boxes for each group. At least 2 minutes of both 
polarities were used for testing of each group. All exposures were repeated for each specified 
functional mode of the equipment with a voltage amplitude of 4 kV. 

Most sensors were greatly affected during the actual transient burst. The output of one humidity 
sensor (S15) changed from 1 V to -10 V and another (S13) changed from 3.8 V to 25 V. The 
remaining CO2-sensor changed its output from 10.3 V to 40 V and then slowly died altogether. 
Humidity sensor no S10 was also irretrievably damaged by this test. 

Electrostatic discharges were applied as described by IEC 801-2. The test generator, charged to 
a voltage of 8 kV, was approached to points on the test object normally accessible to the 
operator. Ten discharges were applied on each preselected point and the test was repeated for 
each functional mode of the equipment. During the electrostatic discharge there was little 
change in the output signals of the sensors. However three further sensors (S3, S9 and S13) did 
not pass this test and thus only seven of the fifteen sensors remained for the test with radiated 
interference. 

This test consisted of exposing the sensors to radiated electromagnetic fields as specified in IEC 
801-3. The sensors were submitted to electromagnetic radiation with a field strength of 10 V/m 
with the frequency changing from 27 to 500 MHz while the correct function was checked 
continuously. When disturbances occured the frequency was recorded. The test was repeated for 
each functional mode. The results clearly indicate that this type of interference is a potential 
source of trouble. Even though the behaviour of individual sensors was quite different in detail 
all of them changed their outputs by several orders of magnitude at specific frequencies or 
frequency ranges. 



For the final electrical test, i.e. surge voltage immunity ("thunder"), seven sensors (Sl, S2, S4, 
57, S8, S11 and S15) remained. The test was carried out as outlined in the draft proposal IEC 
801-5 IIP and the voltage used was 2 kV. 

As a result of this final test three more sensors (S2, S4 and S15) were irrevocably damaged. 
Thus as a final result of all the environmental testing there was a total of four surviving sensors. 

3.5 Final test 

The sensor outputs of the surviving four sensors were checked in accordance with table 1 in 
chapter 3. The results for two of the sensors are shown in figure 3.6 . Sensor no. S8 has endured 
all tests extremely well whereas sensor no. 57 has survived but changed its output at low 
humidities considerably. This is probably due to a change in off-set voltage. 

Figure 3.6. The characteristic curves ofhumidity sensors S7 and S8 afrer the 
environmental testing. These curves can be compared with the corresponding 
curves in figure 3 5. 



Conclusion 

The test results indicate that capacitive humidity sensors are well suited for the control of humi- 
dity levels in buildings. The combined error of linearity, hysteresis and repeatability is normally 
below 5% RH at 20 O C .  The cross-sensitivity to variations in the ambient temperature and power 
supply (voltage and frequency) are acceptable and the cross-sensitivity to hydrocarbons, carbon 
dioxide and tobacco smoke is negligible. A plastic stripe humidity sensor on the other hand 
proved less suitable due to excessive hysteresis and linearity errors. 

Carbon dioxide sensors show acceptable performance for control purposes with a deviation of 
less than 30 ppm at a level of 1000 ppm. Sensor calibration and/or adjustment is however a time 
consuming process. These sensors are also sensitive to humidity below a threshold carbon 
dioxide level. The mixed gas sensors show a mixed behaviour. Some react strongly to tobacco 
smoke, some slightly and one hardly at all. On the other hand all of them seem quite sensitive to 
humidity. Tests with varying compositions of the chosen VOC-cocktail indicated little 
difference in the response to the individual components. 

All sensors endured the climatic tests reasonably well. Mechanical vibration on the other hand 
caused some of the sensors to break. Radiated electromagnetic fields affected all sensors and the 
electric shock due to a simulated strike of lightning proved too much for most of the sensors. 

The environmental tests were decisive in the respect that only four out of fifteen sensors 
survived all of the tests. These results notwithstanding the test conditions were chosen to 
represent favourable operating situations that e.g. household electronics may encounter. It must 
however be born in mind that laboratory tests are one thing and the facts of real world situations 
may be quite a different cup of tea. Future in situ evaluations will hopefully provide further 
useful information in this respect. 
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Abstract 

Demand controlled WAC-systems have many advantages. The principle is to 
optimize comfort and to minimize energy consumption simultaneously. 

In modern office buildings, indoor temperature is very often a useful 
control parameter, The question is, wheather it should govern the system 
for each room individually or for a zone. In the latter case: how shall the 
zones be defined? Above all, performance criteria have to be weighed 
against the investment cost. 

This paper discusses different strategies, which have been or are going to 
be realized for office buildings. The results are from computer simulations 
and show the fields of application. The investigation concentrates on 
ceiling cooling by a water system (which is part of combined waterlair 
HVAC-system). 

1. Introduction 

In this paper it is looked at up-to-date and future office buildings which 
offer a high standard of user comfort and minimized energy consumption [ 11 . 
Both principles may be fullfilled at the same time relaying on a building 
concept which incorporates excellent thermal insulation of the envelope and 
soft HVAC-technology [ 2 ] .  If the internal heat loads exceed 30 w/m2, it 
might be appropriate to use combined water-air systems [3]. 

In large office buildings, a variety of activities take place. Some of them 
result in high internal heat loads, but others doen't. For this reason, the 
control of the HVAC-system is an important part of an integral building 
concept. Many kinds of control strategies can be thought of or have already 
been realized. Two diverging philosophies are known: one is to use highly 
sophisticated demand control. On the other side, one can try to avoid 
control as far as possible. 

Both principles have already been put to practise. But comparable results 
are not available up to now. In this paper, a theoretical investigation on 
the problem of control of water cooling systems is presented. 

2. Type of Building and WAC-System 

This study concentrates to a specific type of building (41. Nevertheless, 
the results may be generalized. We assume that the building has an airtight 
envelope with windows with an outstanding thermal insulation (U-value below 
0.8 w/~'K), and a soft climatisation, which meets the requirements of 
comfort and energy saving. Although there are no radiators below the 
windows, there is no sensible downdraft in the environment of the window 
and a nearly symmetrical infrared radiation field even in strong winters. 
The user experiences a very pleasant indoor climate throughout the year. 

The large variety of performance purposes has brought up a number of 
different control types for the WAC-system. Control parameters are time, 



temperature, humidity, COz, etc . Since control equipment raises the 
investment costs, rooms with similar load profiles are often bound together 
to control-zones. Unfortunately, the result of this procedure is in many 
cases unsatisfactory. 

For this study, we assume to deal with mechanical climatisation of the 
combined type: the air system is a displacement ventilation with a rather 
limited, constant air change rate, so that time is the only control 
parameter - a simple on-off-function. (Clearly, auditora are excluded from 
this study). Its purpose is solely given by the requirements of air 
quality. 

A water system acts as energy transport system, predominantly in the mode 
of cooling. The heat energy exchange between room and water takes place by 
the ceiling: water pipes are integrated in the concrete (this study). Other 
possibilities are to use ceiling mounted radiators or capillary networks 
attached to the concrete [ 5 ] .  In any case, the infrared radiation exchange 
plays an important role. 

Outstanding advantages of a system with splitted functions are the high 
energy transport capacity of water (this lowers the air duct sizes and also 
the investment costs drastically), and the possibilty to avoid the variable 
control of an air duct network. 

Principally, there are three possibilities to control a water cooling 
system, namley: - time (exclusively) 

- temperature (exclusively) 
- time and temperature 

Further, the control function must be defined: it may simply be the onloff- 
function or it may be the water temperature (three way valves). 

If temperature acts as control parameter, it's still the question: which 
temperature should be used? It may be: 

- room temperatures (room individual control) 
- mean temperature of a zone (control of zones) 
- temperature of a reference room (control of zones) - outdoor temperature (not very helpfull within this context) 

Defining a control strategy, a variety of criterias must be observed. Among 
others, these are: 

- comfort requirements (temperature range) 
- variablilty of heat load profiles within the whole building 

(Or zone) 
- flexibility (modification of the ground-plan or purposes) 
- investment costs 
- energy consumption 
- system behavior (time constants of the building mass, type 
of cooler) 

A number of buildings based on the splitted concept have been planed by our 
company and have shortly been constructed or are still under construction. 
For this reason, practical experience is still missing. But with the help 
of numerical simulations, the fields of application of the different 
solutions have been checked. Some of the results are presented here. 

3. Dynamic Simulation Models 

Two different numerical models have been developpedto specifically conduct 
investigations on the above described type of office building. Both are 
single room models with periodic boundry conditions. In order to simulate 
also thermal chargeldischarge processes, the time step is 6 minutes only. 



Although the physical concepts of the two models are different (e.g. in 
only one of the models the room air is incorporated), the same conclusions 
are obtained. 

The model used in this study has the following features. The basic idea was 
to simulate in detail the two physical processes: infrared radiation 
between all surfaces of the room and heat energy conductance inside the 
thermal masses (floor, walls, ceiling). 

The air is not simulated in this model. For the validity of this 
hypothesis, one can argue as follows: 

- With the above defined concept (mechanical ventilation with 
a low air change rate and inlet air temperature at comfort 
level) only a small fraction of the heat energy produced by the 
sources is removed directly by the ventilation system. This 
fraction can be subtracted from the heat load prescribed in the 
model. The major part of the heat load is transferred from the 
sources to the surrounding surfaces by radiation and 
convect ion. 

- Preliminary studies have shown that the heat removal process 
is not very sensitive to the distribution pattern of the 
sources (the reason is, that energy exchange by radiation is 
very efficient). Therefore, it can be assumed, that radiation 
is the only transfer mechanism from the sources to the 
surfaces. 

- The time constant of the room air is in the range of 10 to 20 
minutes. The mean room air temperature is strongly correlated 
to the wall surface temperatures. 

The perceived temperature is a function of the radiative temperature and 
the air temperature. In this study, the area weighed average of all surface 
temperatures is taken instead. 

The internal heat loads are held constant during 8 hours of each of the 5 
work days. This simple assumption is dictated by the goals of the 
simulation: investigation of the fields of application of several control 
strategies means to look for the limitations. 

The water cooling system is simulated by a parametrized model which has the 
vertical temperature gradient of the cooling ceiling as input. The on/off- 
function is controlled in four different modes: 

- permanent: 
The cooling system is running permenantly (= no control). 

- temperature: 
Cooling is swichted on if a wall surface temperature exceeds 
21.0°C and is swichted off if it undergoes 20.7OC. 

- time: 
Cooling is on during working time (8 hours, 5 days), 
or, alternatively at night (12 hours, 7 days). 

4. Parametric Studies 

The simulated room has a ground floor of 20m2. Floor and ceiling are 
assumed to be built of concrete (each 15cm thick, periodic boundry 
conditions). Two types of wall constructions are assumed: light walls (very 
common in office buildings) and concrete walls (10cm). The stationary key 
values of the two room types are given in table 1. 



Table 1: Heat capacity of the thermal masses for the two types of room. The 
"temperature difference" is the result of a 1000 W source acting for 8 
hours without cooling. 

Heat loads of 200 or 1000 W, respectively, represent a low type and a high 
type case. The sources are switched on for 8 hours from the beginning of 
each work day. 

Temp.diff. 
[Kl 

1.45 
0.96 

TYPe 

light 
heavy 

At the start of each simulation, all temperatures are set to 20°C. The 
first day will therefore not represent a common performance. In the 
following, the third or fifth day is looked at. In some cases, one has to 
look for a steady state, which is reached after a few days up to two weeks, 
depending on heat load, wall mass, control strategy and water temperature. 

Capacity 
[MJ/Kl 

19.9 
30.1 

Table 2 gives an overview of the three cases presented in this paper. Each 
case was done with the two wall types and the two heat loads as defined 
above. The water temperature is set to 18OC or 20°C, respectively. "Active 
part" means percentage of the ceiling surface, which acts as cooling 
ceiling. (For the case of suspended radiators, this is necessarily less 
than loo%, but here, 100% active part can be realized). 

Table 2: List of cases discussed in this paper. 

With figure 1, the effect of the temperature control shall be demonstrated. 
Its a simulation of case 1 with light walls and low type heat source. 
During the first 8 hours of the second day, temperatures increase as a 
consequence of the heat energy input. But since the wall surface 
temperature doesn't reach 21.0°C, the ceiling remains passiv. After the 
work time, the internal heat source is switched off. The surface 
temperatures begin to sink because of the equalizing effect of thermal 
conductance (thermal charge of the masses) and radiation. At the end of the 
second day, the heat energy is more or less equally distributed. The 
temperature is now 0.29 K higher than 24 hours before (Table 1, but 200 W 
only). - During the third day, the source is again active (hours 48 to 56). 
In the time span from hour 51 to hour 54, the temperature control puts the 
ceiling to the active cooling mode (water in circulation). After that, the 
active mode is turned off, but since the volume mean temperature of the 
concrete ceiling is well below the actual equilibrium temperature, the 
ceiling acts in a passive mode for the rest of the day. The next day begins 
with a room temperature slightly below 20°C. 

No. 

1 

2 

3 

Water temp. 

18OC 

20°C 

20°C 

Control strategy 

temperature 
or 

time 

permanent 

time (night) 

Active part 

100% 

60 . . . 100% 
100% 
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Fiaure 1: Surface temperatures for days 2 and 3 for case 1 with temperature 
control, light wall construction and 200 W heat load. 

The type of wall construction has an important effect on the temperature 
behavior of the room. This is demonstrated with two simulations of case 1, 
both temperature controlled and with 1000 W internal heat sources: one room 
with light walls, the other with concrete. The differences can be seen in 
figure 2. Expressed with the mean values of the room temperature (work 
time, third day), the difference is 0.5 K. The maximum temperatures are 
21.6OC (light type) and 20.8OC. Light walls react to heat sources with 
higher temperatures compared to concret walls. Since in our model the wall 
temperature is taken as control parameter, the resulting time schedules of 
active cooling is different for the two rooms: In the room with the light 
walls, the system is switched on 30 minutes after the sources have started 
to operate, in the other room after 2.5 hours. (In practical applications, 
one would certainly choose different threshold temperatures for the two 
wall types). 
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Fiaure 2: Room temperature and wall temperature for days 2 and 3 for two 
simulation of case 1, both with temperature control and 1000 W internal 
heat loads: light or heavy wall type, respectively. 



In the examples given so far, the effect of thermal inertia of the masses 
could be seen. This is especially true for the next case. In practice, it 
might be an advantage to run the cooler during night time only. Therefore, 
the concrete ceiling acts as a buffer. Here, a simulation of case 3 is 
looked at: light wall construction, 1000 W internal heat load, cooling 
ceiling active during 12 hours each night. The process of thermal charge 
and discharge of the masses is shown in figure 3. 

' ~ ' " " " " " " ' * " ' " " " '  
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Fiaure 3: Energy contents of the thermal masses over one week. It's a case 
with light wall construction, 1000 W internal heat load, cooling ceiling 
active during 12 hours each night. 

5 .  Results 

The aim of this study is to come to an idea of the fields of operation for 
the different control strategies. Clearly, the power of the heat loads is 
a very important parameter. In many office buildings, the load profiles 
differ from room to room to a large extent. In any case, one must declare 
an upper limit of heat loads to which the comfort requirements have to be 
met. With some systems, it might also be necessary to define a minimum 
temperature. 

Case 1 

The two control strategies "temperature" and "time", as defined in chapter 
3, are compared. Figure 4 shows the daily mean room temperatures (work 
time, third day) as a function of the heat load power. The four curves 
represent the combination of the two wall types with both control types. 
With temperature control and heavy walls, the mean temperature is 
practically independent of the heat load, with light walls, the dependance 
is minor. The situation becomes very different with the fixed time control. 
Either, the rooms with low heat loads are too cool, or, if the water 
temperature is shifted, rooms with substancial loads are critical to become 
unacceptably warm. Consequently, this type of control may be applied in 
buildings with minor variety. 



Fiaure 4: Daily mean room temperatures (work time, third day) as a function 
of the heat load power. The curves represent the four cases: 

light walls, temperature control - light walls, time control ------ concrete walls, temperature control 
m=-=- concrete walls, time control 

Case 2 

Fiaure 5: Daily mean room temperatures (work time, fifth day) as a function 
of the heat load power for permanently active cooling systems. The curves 
represent the four cases: 

light walls, 60% active part ------ light walls, 100% active part - concrete walls, 60% active part 
I--=-= concrete walls, 100% active part 

Case 2 demonstrates the ability of systems without any control of the 
cooling ceiling (strategy: permanent). The water temperature is held at 



20°C in order to prevent undertemperature. Again, for four situations 
(light and concrete walls, 60 and 100% active part) the daily mean room 
temperatures are shown as a function of the heat load (figure 5). Day 5 is 
chosen for the following reasons: within the first week, the state of 
dynamic equilibrium is nearly reached in the cases "100% active part", but 
is not reached in the 60%-cases, So, the temperatures given in figure 5 are 
typical in the latter cases, but they represent an upper region for 100% 
active part. - The result is, that with 100% active part, the cooling 
ceiling can keep an acceptable indoor temperature throughout a large range 
of heat loads, whereas with a limited active part restrictions must be 
accepted. 

Case 3 

In this case, night cooling with fixed times (12 hours each night) is 
simulated. The results given in figure 6 are for the third and the fifth 
day of the first week (the argumentation of case 2 is again valid). 
Although the comfort conditions taken over the whole range are not as 
favorable as with permanent cooling, they are nevertheless acceptable. 

Fiaure 6: Daily mean room temperatures (work time, third and fifth day) as 
a function of the heat load power for night cooling systems. The curves 
represent the four cases: 

light walls, third day - light walls, fifth day ------ concrete walls, third day 
=--=-- concrete walls, fifth day 

The figures 4 to 6 show daily mean temperatures. Sometimes, limits for 
maximum temperatures have to be respected. Since the variation throughout 
a day depends on heat load, wall type, control strategy and water 
temperature, the same kind of investigation should be conducted for maximum 
temperatures. 



6. Conclusions 

Dynamic computer simulations demonstrate, that acceptable comfort 
conditions can be achieved with different or even opposing control 
strategies. In this paper it is looked to ceiling cooling systems with 
demand control by temperature, and, on the opposite side, to systems 
without any control. 

Demand controled systems principally offer more flexibility than time 
controlled or permanently running systems. Nevertheless, there exist many 
situations in which the less sophisticated systems are attractive. 
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PERFORMANCE ANALYSIS OF DEMAND CONTROLLED 
VENTILATION SYSTEM USING RELATIVE XUMIDIW 

AS SENSING ELEMENT 

SYNOPSIS 

This paper evaluates the suitability of humidity-controlled house ventilation system to 
determine (i) the effectiveness of relative humidity as a sensing element, and (ii) the operating 
and performance characteristics of such ventilation strategy. The ventilation system consists 
of continuously running "mechanicalw air extractor units and "passive" air inlet units equipped 
with humidity sensors. The ventilation system was installed in two single storey houses which 
were monitored during November 1989 to April 1990. Results showed that the changes in the 
relative humidity did not appear to track the levels of normal human activity accurately. The 
difference in air in-flow through each passive air inlet due to changes in RN (2 to 10%) varied 
from 0.8 Us  to a maximum of 1.7 Us, which was found to be insufticient based on high CO, 
levels (> 1200 ppm) in occupied rooms. The humidity-controlled mechanical exhaust system 
was found satisfactory in maintaining the level of exhaust air-flow with changes in RH. The 
air in-flow and out-flow analyses showed that the air leakage though the house envelope 
remained as a predominant form of fresh air supply to the house, thus defeating the purpose 
of demand controlled ventilation. The energy consumption of these two houses reduced by 
more than 8% by cutting down the fresh air provided to house during un-occupied periods. 
Relative humidity as an exclusive sensing element may not be sufficient enough to achieve 
required quality ventilation in houses. 

1. INTRODUCTION 

Modern houses have significantly improved building envelopes in terms of insulation and 
airtightness to improve energy efficiency and human comfort. Given the current trend towards 
increased aktightness of house envelopes, it is recognized that houses now being built in North 
America will have to incorporate some form of controlled mechanical or passive ventilation. 
The controlled ventilation should assist in removing the moisture source as well as providing 
sufficient fresh air to occupants [CMHC 19901. 

In Canada, the CSA Standard M26 - ResidentialMechanicaI Ventilation Requirements - defines 
the requirements for mechanical ventilation systems for providing minimum controlled rates 
of ventilation air to habitable spaces by using continuous or intermittent air supply and exhaust 
devices [CSA 19891. It is likely that the M26 Ventilation Standard will be referenced, as 
mandatory, in the upcoming 1995 National Building Code and in those provincial codes based 
on it. The minimum mechanical ventilation requirement is 0.3 air changes per hour (ach), 
which is similar to ASHRAE Standard 62-1989 [ASHRAE 19891. 

One such controlled ventilation strategy is based on humidity sensing passive air inlets and 
humidity-controlled mechanical exhaust system. The humidity-controlled ventilation (HCV) 
systems rely on humidity levels generated by the occupants as being the controlling variable 
determining the necessary ventilation rate. In this way it attempts to follow a "demand- 
controlled ventilation" strategy (DCV): ventilate the house when and as needed. The HCV 
system was installed in two single storey detached houses located near Ottawa, Ontario which 
were monitored during the winter months of November 1989 to April 1990. The study 
objectives were to (i) to gauge how well the ventilation system responded to changes in indoor 
humidity, and (ii) to determine the response of air inlets and extractors to indoor RH and 
occupancy. The ventilation system was evaluated using two criteria: (i) the occupant related 
pollutants dominate house related pollutants; and (ii) the house envelope is sufficiently air- 
tight that some form of passive or mechanical ventilation is required. 



2. HUMIDITY-CONTROLLED HOUSE VENTILATION (HCV) SYSTEM 

The indoor humidity levels depend on the following factors: (i) the number of people in the 
house (a person at rest emits roughly 40 grams of water vapour per hour); (ii) the occupancy 
level in the room (a vacant room will have a lower humidity level than when occupied); (iii) 
the utilization of each room (level of human activity, laundry, cooking, bathing, dishwashing, 
etc.); and (iv) the effect of air infiltration and ambient air temperature and humidity. The 
indoor humidity level seems to vary according to occupancy and level of utilization of space. 
Therefore, a ventilation system designed to respond according to the changes in indoor relative 
humidity have seemingly good potential to supply fresh air and exhaust stale air according to 
occupancy when and as needed. 

The humidity sensor in HCV system is composed of polyamide tissue (nylon strips) which 
responds to changes in humidity with shrinking or stretching. The movements of the nylon 
strips are amplified and transmitted by a system of actuator to the movable shutter. The air- 
inlets and extractor units are composed of humidity sensor, actuator, movable shutter and 
deflector. Fresh air is introduced through air-inlets into the main rooms such as the living and 
dining areas, family rooms, and bedrooms according to the relative h d d i t y  in each room. 
The exhaust outlets are located close to the source of pollutant generation such as kitchen, 
bathrooms and laundry room. 

Extractor Units: The extractor units control the rate of exhaust by automatically varying the 
size of the extractor opening in proportion to the level of indoor relative humidity (RH). The 
extractor opening contains an inflatable rubber tubelspring assembly, which controls the 
dimension of the opening pneumatically. As the relative humidity in the room rises, the 
pneumatic circuit closes, causing the tube to lengthen a d  allowing greater air flow through 
the extractor. As the relative humidity drops, the tube shortens and widens, reducing air flow 
through the extractor. In this way, the exhaust rate is proportioned according to the relative 
humidity. Air extractors are hooked to the 100 L/s (208 cfm) central exhaust fan, which are 
placed in rooms where humidity is produced such as bathrooms, kitchens and laundry rooms. 
The exhaust fan runs 24 hours a day at slow speed and continually maintains a slight negative 
pressure across the building envelope. 

Air Inlets: The air inlets are installed with through-the-wall supply diffusers, placed in each 
bedroom and the main living area in the house. The air flow into the house through the 
supply diffusers is controlled by the relative humidity of each room or space. The air inlets 
provide a variable free opening of 5 to 30 cm2 (0.78 to 4.65 in2), adjusting the opening by 
means of a humidity sensing element that sets the damper position. Two humidity ranges can 
be selected on the fixture: 25% to 60% RH, for cold climates, and 40% to 70% RH for milder 
climates. The humidity sensor is located in the fixture, but away fron~ the incoming fresh 
airstream, so that it senses the average room humidity level @3aets and Dietz 19861. Figure 
1 shows the schematic of an air inlet. 

3. HOUSE DESCRIPTION C TERlSTICS 

Two test houses are located near Ottawa, Ontario. These houses are designated as House A 
and House B. 

House A: This house is a split entrance, raised bungalow with three bedrooms, a dining room, 
living room, kitchen and unfinished basement. The electric baseboard heaters are controlled 
by individual wall mounted thermostats. This house has 109.7 m2 (1,137 f f )  of heated floor 
space and volume of 460.2 m3 (16,243 ft3). The estimated airflow to cause at 10 Pa pressure 
difference is 88 Lls (184 cfm). The measured airtightness was 3.18 air changes per hour at 50 
Pa. 



House B: This house is a three bedroom bungalow with eat-in kitchen, and living room as 
shown in Figure 2. It has a floor area of 101.8 m2 (1,056 f f )  and volume of 414.9 m3 (14,644 
f?). The estimated airflow to cause at 10 Pa pressure difference is 84 Us (175 cfm). The 
electric baseboard heaters with wall mounted thermostats are located in each room and 
wherever necessary. The measured airtightness was 3.03 air changes per hour at 50 Pa. 

4. RESULTS AMI) DISCUSSION 

Monitored data was examined and "typidl snapshots of three to four days were selected to 
determine the performance of the HCV components and system as a whole. The following 
operating conditions were used in evaluating the HCV system: (i) periods of normal house 
occupancy and non-occupanc~r, (ii) the outdoor temperature: below -10 C (14 F), between 0 
(32 F) and -10 C (14 F), between 0 C (32 F) and 10 C (50 F); and (Z) surge loads such as 
when several people enter (or leave) a room at the same time. 

4.1 Relative Humidity and Air Inlet Response 

Analysis of air inlet response to relative humidity was performed for two scenarios using 
several snapshots: (i) during the normal occupancy periods, and (ii) surge loads. 

Normal Occu~anm With variation in human activity, in most cases, the RH changes by 1 to 
10%. The HCV system is a humidity-controlled system and in its current configuration the 
air inlets do not show instant response of air inlet to the changes in room humidity. When 
there is a small increase in RH (1 to 3%) due to normal human activity, as shown in Figure 
3, the air inlet response times are slow and the resulting increases in ventilation rates are very 
slight; however, CO, level indicate increase by more than 15%. Air flow through the 
individual air inlet vary from 0.8 Us (1.7 dm) to a maximum of 1.7 Us (3.5 cfm). The time- 
referenced data on RH and air inlet position did not necessarily followed each other, for 
example, a slight increase in RH might have been followed by the closing of the air inlet rather 
than the opening. The relative humidity levels do not appear to track the levels of human 
activity in any significant way during normal occupancy. 

Suree Loads: Several snapshots were observed to see the effect of "surge" loads on the HCV 
system to evaluate its "quick" response. The ventilation system showed quick response to 
changes when several people entered the room at the same time; however, it was sluggish to 
respond to changes when several people left the room at the same time as shown in Figure 
4. The quick response of the air inlets opening when a sudden increase in the occupancy 
increased the air flow from 0.8 (1.7 cfm) to 3.5 Us (7.3 cfm) in most cases. The CO, levels 
increased heavily during "surge" loads and remained high (more than 1000 ppm) for a period 
of more than 2 hours. This indicates that the air flow through the air inlets during sudden 
"loading1 may not be sufficient to meet the ventilation requirements of occupants at that time. 

Relative humidity is found to be a poor indicator of occupancy. Response times are slow and 
often there is no discernable change in RH despite major changes in occupancy and CO, 
concentrations. Relative humidity displays lag time with changes in occupancy due to 
absorption and desorption characteristics. 

4.2 Carbon Dioxide and Air Inlet Response 

The carbon dioxide (COJ is commonly used as an indicator of air quality in buildings. The 
time-referenced snapshots of 60, are shown in Fig 4 and 6. Unlike relative humidity, CO, 
levels do appear to track the human presence and levels of activity very well during normal 
occupancy and for the "surge" loads. A rise in CO, consistently occurs at the times of 



maximum activity. During unoccupied periods, CO, levels decay, as indoor air is continuously 
exhausted from house by the extractor units. Presumably, CO, can be a good indicator of 
occupancy and indoor air quality with demand-controlled ventilation systems. 

In both houses, the CO, levels in the master bedrooms peaked at more than 1200 ppm and 
remained above this level for a period of three to seven hours during the night time. The 
higher CO, levels indicate the lack of supply of fresh ventilation air to the house. It is 
probable, therefore, that the current air inlet system is not providing adequate fresh air supply 
to the house. 

Since CO, appears to be a good indicator of occupancy, the demand-controlled ventilation 
systems, like HCV, might require a combination of CO, and indoor relative humidity sensors 
to provide good air quality and moisture control in cold climate houses. 

4.3 Com~arison of Indoor Carbon Dioxide and Relative HumiditlV 

Figure 5 shows the comparison of CO, and RH. It shows that variations in RH are more 
stable and smaller than changes in CO,. The CO, tends to indicate instant changes in the 
occupancy while the RH lags about 15 to 30 minutes behind changes in occupancy. The time- 
referenced comparison of CO, and air inlet response do not track each other well. However, 
one or two hour averaged variations in CO, and RH response can be compared well in either 
increasing or decreasing trends. This observation raises the question regarding whether the 
humidity-controlled air supply inlets are effective in demand-controlled situations where the 
supply of fresh air is supposed to be provided on a room by room basis when necessary. 

4.4 Performance of Humiditv-Controlled Ventilation Svstem 

In both houses, an intentional opening area (IOA of air inlets) to the total house leakage area 
(ELA) ratio varied approximately from a minimum of 12% (all air inlets in minimum position) 
to a maximum of 35% (inlets in maximum position). This suggests that a significant amount 
of ventilation air is entering the house through non-intentional openings. 

The in-flow and out-flow calculations showed the following results for both houses: The fresh 
air flow through air inlets varied from a minimum of 12% during non occupancy periods to 
a maximum of 27% of the total air in-flow during full occupancy. Estimated total air flow 
through &l air inlets varied from 6.5 Us (13.5 cfm) to 16 Us  (33.3 cfm). The air leakage 
through the house envelope remained as a predominant means of supplying fresh air to the 
house. Therefore, even if all air inlets were fully opened (say 90 to 95%), it would not 
substantially increase the fresh air supply to the rooms. The air inlets do not seem to have 
control over where fresh air is supplied. The fresh air will most likely be supplied to the 
basement where the majority of the leaks occur. In this regard, the air inlets are of 
questionable value except where the air leakage patterns are uneven and require additional 
leakage in a specific applications such as in a small isolated room. 

The performance analysis of exhaust system showed that the continuous air exhaust was 
maintained adequately by the air extractors. The flow measurement results showed that these 
units were working according to their settings and on an average provided required 37 Lls (77 
cfm) of exhaust in both houses. These extractors were constantly exhausting air from the 
house and kept the house depressurized. 

The energy consumption monitoring and data analysis showed that the HCV system reduced 
the energy consumption by more than 8% when compared to forced air system. The energy 
efficiency of the HCV system is achieved by cutting back the fresh air provided to the house 
occupants, presumably at times when it is not required). However, the results of air quality 



monitoring (CO,,) in both houses raise questions about the suitability of humidity control as 
an exclusive control for ventilation rates. 

5. CONCLUSIONS 

This paper has attempted to describe the performance of the most recent approach to house 
ventilation using the indoor humidity level as a sensing element. The following conclusions are 
drawn from the monitoring results of humidity-controlled ventilation system installed in two 
houses: 

- In most cases the indoor relative humidity changes by 1 to 10% with the changes in 
occupancy. The change in air in-flow through individual air inlet varies from 0.8 Us  (1.7 
cfm) to 1.7 Us  (35 cfm), which was found to be insufficient based on high CO, levels 
in occupied rooms. 

- Air inlets supply approximately 12 to 27% of the total fresh air. Remaining fresh air 
supply is through the envelope leaks. 

- Air extractor units were working according to their settings and on an average provided 
the necessary 37 Lls (77 cfm) of exhaust. 

- Relative humidity does not appear to reflect the levels of human activity accurately. 
Hence, the use of humidity as an exclusive sensing element for ventilation control may 
not be suitable in cold climates. 

- Carbon dioxide levels do appear to track human presence and activity very well. Since 
CO, appears to be a good indicator of occupancy, the demand-controlled ventilation 
systems, like HCV, might require a combination of C0, and indoor relative humidity 
sensors to provide good air quality and moisture control in cold climate houses. 
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Figure 1: Humiditycontrolled air-inlet. 
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Synopsis 

A literature search was performed to gain as much 
knowledge as was available on ventilation, indoor air 
quality sensors and demand controlled ventilation (DCV) 
strategies, Field data was gathered on the time and spatial 
variation of indoor air quality in houses. 

Appropriate designs were then developed. Design 
strategies are discussed elsewhere (1). Hour by hour 
simulations of the performance of several ventilation 
systems in various Canadian climates were done. Energy 
savings were then estimated for DCV and heat recovery 
ventilation with air to air heat exchange. These were 
compared to a base case of continuous exhaust ventilation. 
All systems utilized air recirculation. 

Introduction 

Demand Controlled Ventilation (DCV) is the control of 
ventilation air supply rates to the minimal rate required to 
control indoor air quality. These systems can reduce energy 
requirements and/or improve indoor air quality. The designs 
examined in this study are orientated primarily toward 
energy efficiency. 

Analysis Technique 

An hour-by-hour multi-zone thermal simulation program 
ENERPASS (2) was combined with the National Institute of 
Standards and Technology contaminant simulation program 
CONTAM87 (3). This new program ENERPASS/CONTAM was used to 
estimate energy use and carbon dioxide concentrations for 
various systems in various locations. The program allowed 
the ventilation system airflow to be controlled as a 
function of pollutant concentration. Because the two 
programs had to pass data between them, execution time was 
slow at 7 to 10 minutes per day of simulation on an IBM AT 
compatible with math coprocessor. Most of the annual energy 
performance results were projected based on simulations of 
January to March weather data. Fifty percent of the space 
heating was found to occur in this period. Results were 
extrapolated to annual savings from the base case. 

Simulations were performed for Vancouver, Winnipeg and 
Toronto for a base case of continuous mechanical exhaust 
only ventilation, continuous balanced flow heat recovery 
ventilation, and DCV using carbon dioxide as the control 
parameter. See Tables 1 and 2. Some demand controlled heat 
recovery ventilation systems were also simulated. 
Simulations were performed with three and six occupants. 
Canada has an average of 2.9 occupants per dwelling. Two 
demand control modes were simulated - match peak and match 
average. The match average mode consisted of-performing 
multiple runs to find the 



carbon dioxide setpoint that would result in the same 
heating season average carbon dioxide concentration as the 
base case, Similarly, for the match peak mode of control, 
multiple runs were carried out to find the set point which 
matched DCV peak concentrations with those of the non-DCV 
base case. It is assumed that acceptable C02 levels lie in 
this range, A DCV system with matched average C02 is a 
conservative comparison which results in an indoor 
environment with the same average C02 levels but reduced 
peaks - a more comfortable environment than continuous 
ventilation, A matched peak mode allows the DCV system to 
achieve significantly greater cost savings by reduc'ing 
ventilation at all times, except during periods with highest 
pollutant activity or occupancy. 

Results 

All houses simulated were assumed to have relatively 
large air recirculation systems. Air recirculation within 
dwelling units reduces the local concentration of occupant 
generated pollutants and thus reduces the amount of 
ventilation required, This would not be true in conventional 
housing with high building generated pollutants. 

The house is a bungalow with full basement and 123 m2 
per floor. Fan capacities and other information is in 
Tables 1 and 2. Electrical fan energy savings were assumed 
to be 25%. Field trials (1) showed non-optimized savings of 
23 and 24% suggesting more was possible. The simulations 
performed were for houses that were sufficiently airtight to 
benefit from controlled ventilation. A11 houses were run 
using a 0.1 air changes per hour natural air leakage rate. 
This corresponds to houses with equivalent sharp edged 
orifice sizes at 10 Pascals pressure of 200 cm2 in 
Vancouver, 170 cm2 in Toronto, and 150 cm2 in Winnipeg, 

Simulated carbon dioxide levels are shown in Figure 1, 
for continuous fan (base case) versus match average and 
match peak DCV control modes. The results are for two days 
one being a weekend day with higher occupancy. 

Simulation results are presented in the following 
figures and tables, DCV rates were reduced by about 25% for 
match peak mode and 10% for match average from a base case 
level of 0.32 air changes per hour. 

With DCV was able to save 9.6 Gj/yr (Vancouver) to 15.7 
Gj/yr (Winnipeg). Based on local energy prices the savings 
were from $46 (Vancouver) to $69 (Toronto) per year. With a 
ten year system life, these savings could translate into an 
allowable economic investment opportunity of $460 to $690. 
These savings are about the same as current heat recovery 
ventilation using air to air heat exchange. 

The matched average C02 case demonstrates that DCV can 
improve comfort by reducing the peaks in concentration and 
still provide some savings, Savings ranged from $19 per year 
(Vancouver) to $37 per year (Toronto) translating into an 
allowable economic 10 year investment of $190 to $370. All 



space heating energy was costed as natural gas. Electrical 
space heating energy savings would be about double. 

The DCV system as modelled would require 22 L/s more 
capacity than the continuous exhaust fan, wiring from a 
sensor in the recirculation system to a controller and a 
controller. Potential exists for lowering the cost of DCV 
controllers by integration with thermostat and home security 
functions. 

A factor which became apparent during economic analysis 
is the importance of efficient fans. While the amount of 
energy was not large, the dollar value of fan energy became 
quite significant due to the disparity between natural gas 
and electricity rates. 

For comparison purposes, a number of simulations were 
performed with heat recovery ventilation. Higher efficiency 
runs used values of about 70% heat recovery effectiveness 
depending upon outside temperature while lower efficiency 
runs used 50% without a temperature dependence. 

Conclusions 

The scenario examined for DCV potential is as follows; 
Building related pollutants such as formaldehyde are 
minimized, the pollutants resulting from events such as 
showers and cooking are removed (I), and occupant related 
pollutants as indicated by carbon dioxide concentration 
dominates the indoor pollution load. The dwellings were also 
assumed to be tight enough to avoid excessive air leakage. 
Air recirculation was then used as a mechanism to dilute 
occupant related pollutants. If this scenario is satisfied, 
it was estimated that there is a good opportunity for the 
reduction of ventilation air flow by demand control, DCV can 
use measurements of carbon dioxide concentration to control 
air flow rates. 

Demand controlled ventilation has the potential to 
reduce ventilation energy consumption by about the same 
amount as typical heat recovery ventilators. Although the 
energy efficiency of heat recovery systems could be 
improved, demand controllers have more potential for cost 
reduction. Further field demonstration should be undertaken 
to improve the understanding of the performance of these 
systems, 
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Figure 1 CO2 Comparison - 3 Simulation Scenarios 
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Tab 1 e 1 Simulation Results 

Gas forced air heating, 3 occupants 
VANCOUVER: 

Fan Capacity (us) 
Ventilation + lnfiltration (ach) 
C02 - average (PPm) 

- maximum (PPm) 
Space Heat Energy (GJhr) 
Ventilation Fan Energy (GJiyr) 

TORONTO: 

Fan Capacity 
Ventilation + lnfiltration 
C02 set-point 
C02 - average 

- maximum 
Space Heat savings 
Fan savings* 
TOTAL DCV SAVINGS 

Fan Capacity 
Ventilation + lnfiltration 
6 0 2  - average 

- maximum 
Space Heat Energy 
Ventilation Fan Energy 

Fan Capacity 
Ventilation + lnfiltration 
C02 set-point 
C02 - average 

- maximum 
Space Heat savings 
Fan savings* 
TOTAL DCV SAVINGS 

WINNIPEG: - 
Fan Capacity 
Ventilation + lnfiltration 
C02 - average 

- maximum 
Space Heat Energy 
Ventilation Fan Energy 

Fan Capacity 
Ventilation + lnfiltration 
C02 set-point 
C02 - average 

- maximum 
Space Heat savings 
Fan savings* 
TOTAL DCV SAVINGS 

BASE (continuous exhaust fan) 
53 fl 

59.5 
2.6 

DCV: Continuous HRV: 
Match avg. Match peak low effic, high effic. 

25/75 25/75 
0.30 0.23 0.31 0.31 

BASE (continuous exhaust fan) 
53 

82.0 
2.6 

DCV: Continuous HRV: 
Match avg. Match peak low effic. high effic. 

25/75 25/75 
0.29 0.24 0.31 0.31 

BASE (continuous exhaust fan) 
53 el 

112.6 
2.6 

DCV: Continuous HRV: 
Match avg. Match peak low effic. high effic. 

25/75 25/75 
0.29 0.23 0.31 0.31 
645 790 

1 5621 707) 5891 589 
655 ( 8231 835 835 
3.5 15.0 21.8 27.7 

0.7 0.7 -2.6 -2.6 

*based on 25% off-time 



Tab 1 e 2 DCV Simulation Results 

Gas forced air heating 
VANCOUVER: Exhaust Fan HRV 

Occupants: 3 6 3 6 
Continuous Fan Capacity (us) 53 53 39 
(base case) Ventilation + lnfiltration 

C02 - average 
- maximum 

Space Heat Energy 
Ventilation Fan Energy 

Demand 
Controlled: Fan Capacity 
(match avg.) Ventilation + infiltration 

C02 set-point 
C02 - average 

- maximum 
Space Heat savings 
Fan savings* 
TOTAL DCV SAVINGS (GJIyr) 3.2 3.3 1.6 

($1~ r) $18.60 $1 9.19 $17.35 

TORONTO: 
Occupants: 

Continuous Fan Capacity (us) 
(base case) Ventilation + lnfiltration 

C02 - average 
- maximum 

Space Heat Energy 
Ventilation Fan Energy 

Demand 
Controlled: Fan Capacity 
(match avg.) Ventilation + lnfiltration 

C02 set-point 
C02 - average 

- maximum 
Space Heat savings 
Fan savings* 
TOTAL DCV SAVINGS 

Demand 
Controlled: Fan Capacity 

Ventilation + lnfiltration 
C02 set-point 
602 - average 

- maximum 
Space Heat savings 
Fan savings* 
TOTAL DCV SAVINGS 

Exhaust Fan HRV 

*based on 25% off-time 



DCV Simulation Results 
Gas forced air heating 

WINNIPEG: 

Continuous 
(base case) 

Demand 
Controlled: 
(match avg.) 

Demand 
Controlled: 

Demand 
Controlled: 

Occupants: 
Fan Capacity (us) 
Ventilation + lnfiltration (ach) 
C02 - average ( P P ~ )  

- maximum ( P P ~ )  
Space Heat Energy (GJIY r) 
Ventilation Fan Energy (GJIyr) 

Fan Capacity 
Ventilation + lnfiltration 
6 0 2  set-point 
C02 - average 

- maximum 
Space Heat savings 
Fan savings* 
TOTAL DCV SAVINGS 

Fan Capacity 
Ventilation + lnfiltration 
C02 set-point 
C02 - average 

- maximum 
Space Heat savings 
Fan savings* 
TOTAL DCV SAVINGS 

Fan Capacity 
Ventilation + Infiltration 
C02 set-point 
CO2 - average 

- maximum 
Space Heat savings 
Fan savings* 
TOTAL DCV SAVINGS 

Exhaust Fan HRV 
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Field investigations were undertaken on five houses to determine the potential for 
improved performance and lower costs through the use of a demand controlled 
ventilation (DCV) systems. All 5 houses were energy efficient, low toxicity 
construction, and were chosen to reflect a range of mechanical systems consistent 
with Canada's new ventilation standard (CSA F326). Three of the test houses were 
extensively monitored and, after 90 days of conventional operation, were converted 
to DCV using a wide variety of sensors and controls. A fourth house with a 
previously installed DCV system was submitted to a series of "activity scenarios" 
to evaluate the performance of a DCV system based on extractors and inlets that 
respond to indoor relative humidity. The fifth house was a new house, designed 
to demonstrate DCV technology, and to validate the insights obtained from the 
other 4 houses. Commissioning of the new DCV house showed the suitability of 
using low cost sensors for detecting VOCs, absolute humidity, air flow and activity 
levels. A low-cost but sophisticated computerized control and monitoring system 
was used to analyze the ventilation needs and to switch fan motor windings and 
speeds to create a range of "operating modes" for the ventilation system. A video 
monitor display with occupant control added a further measure of demand control. 
The result was a successful demonstration of how currently available and 
affordable sensors and controls can be used to improve the performance of typical 
ventilation systems. 

"1.0 introduction 

This research project was completed for the Research Division of Canada 
Mortgage and Housing Corporation, and is part of Canada's contribution to an 
international research effort on Demand Control Ventilation (DCV). The research 
took place between September 1989 and December 1990. 

The primary objective for the project was to determine if DCV can improve the way 
in which Canadian houses are ventilated, while lowering the operating or capital 
cost of ventilating systems. A further objective was to provide guidance for home 
builders and ventilation system designers on what DCV strategies might be most 
appropriate for near term applications. 

The project was completed in five separate phases described in Table 1. 

Table "I Phases of GMWG Funded DGV Research 

Phase 1 

Phase 2 

Phase 3 

Phase 4 

Phase 5 Economic Analysis of DCV I 



The results of the first two phases have been combined into a separate publication 
- A DCV Primer for Builders and System Designers, which provides a popular 
explanation of ventilation strategies, and identifies many types of sensor 
technologies and DCV hardware that are currently available or under development. 
This paper summarizes the findings from the field investigations on the five 
research houses. A companion paper, also prepared for AlVC 1991, summarizes 
the results from the computer simulations and economic analysis. 

Field investigations were intentionally designed to test ventilation systems 
compatible with the new CSA F326 Ventilation Standard for Canadian houses. Four 
of the five research houses were energy efficient, low toxicity construction. The 
houses were located in both coastal and interior climatic zones. The variety of 
systems was intended to reflect the most common approaches applied in new 
energy efficient Canadian housing. 

Table 2: Description of ventilation systems in the Five Research Houses 

I Helma house I Multiple sensor DCV system, HRV with recirculating I 

Smith house 

Morewood house 

The Sue, Jones and Smith houses were extensively monitored and retrofitted as 
part of the research. The Morewood house had an existing DCV system which was 
tested as found. The Helma house was new construction, and incorporated 
ventilation design specifications prepared as part of this project. 

Exhaust only ventilation with recirculating system 

Exhaust only ventilation without a recirculating system 

Field investigations began with extensive commissioning tests on existing 
ventilation systems, followed by minor up-grades and installation of long term 
monitoring equipment. After three months of monitoring house performance and air 
quality without DCV, each house was retrofitted with a new DCV system. 

The new DCV systems employed a variety of sensors, to permit continuous 
measurement of such parameters as C02 levels, pressure differentials, 
temperatures indoors and out, relative humidity, absolute humidity, air flow through 
the ventilation system, activity levels within the house, operation of heating 
equipment and clothes dryers, and air flows through variable exhaust equipment 
and furnace blowers. Several patented devices for gauging air quality measurement 
were also employed in the houses, including the Massawa Vital Air Purity meter 
(with sensors for oxygen, particles and humidity), and the Halitech Sensor (for 
odours and combustibles). Different combinations of sensors were used in each 
house, as dictated by the type of systems. Spot measurements were also 
conducted for measuring formaldehyde, organics and other pollutants. 



Intensive monitoring of activity scenarios was conducted in four of the research 
houses, to measure how the systems responded to very different kinds of activities 
within the home. The intensive monitoring included: a tracer gas growth test in 
each house, to measure ventilation effectiveness; a tracer gas decay test, to 
measure ventilation efficiency; a mass balance moisture test, to measure the 
capture efficiency of the exhaust inlets; and a multi-point absolute humidity test, to 
measure the moisture absorption and desorption rates of the entire house. 

During the intensive monitoring, Co-pilot, a program designed for MSDOS 
computers, was successfully used as a sophisticated controller and data acquisition 
system. A new version of Co-pilot, written for this project, was capable of simulating 
many different DCV control strategies. 

An additional two months of monitoring was conducted on the Sue, Jones and 
Smith houses, following the installation of DCV systems. This approach provided 
extensive data for comparison with the earlier pre-DCV configurations. 

2.0 Results 

The results of field monitoring on three of the research houses is presented in the 
following table. 

Table 3: Summaw of Low Level Mc 

DCV Control Strategies 

nitoring - Before and A1 

use Jones house 

After Before After 
Activ. RH C02 

580 1168 189 

10.5 2.7 n.a. 

21.4 21.2 22.1 

te: n.a. - not available due to di 

er DCV 

Smith I 

Before 
RH 

1385 

7.1 

24.4 

4 
a collectic i problems 

With demand control, ventilation reductions of 6% to 21% resulted for the period 
monitored. This will result in a corresponding reduction in energy required to heat 



the ventilation air. In addition, fan electrical energy was reduced from 23% to 34%. 

While generally reducing energy use, all three DCV systems achieved slight 
reductions in average C02 levels, and significant reductions in peak 602  levels. 

3.0 Jones house 

Three figures from the Jones houses are presented as an example of the data that 
was analyzed prior to choosing a DCV strategy for this house. A similar procedure 
was followed for the Sue house and the Smith house. 

Figure 1 : Typical Working Day presents a typical working day in the Jones house. 
The house has 335 square meters of living area and is rated as a super energy 
efficient home under the Canadian R2000 Program. The house is heated with a 
hot water radiant boiler and is ventilated with a fully ducted HRV running 
continuously. Two adults and four children live in the Jones house. The mother 
works at a nearby school and the children are all school age. 

C02 levels slowly rise during the night with 6 people sleeping with a ventilation rate 
at 62 Us. CO2 levels are constant through the night and peak at 8:30 AM as the 
family prepares to start the day. 

The HRV is activated either by relative humidity sensors or by manual controls. 
The maximum HRV flow is at 7:30 AM and likely corresponds to showers. C02 
levels decay slowly over the day but begin to rise when the children first arrive 
home from school at 3:00 PM. The maximum peak for C02 (850 ppm) is reached 
at 11 :00 PM just before bedtime. Activity Sensors detect some slight movement 
during the night as occupants use the washroom and a burst of activity in the 
morning. Activity sensors detect the arrival home of the youngest children in the 
early afternoon. Weekends were found to only vary slightly from this typical 
working day. 

Figure 2: Evaluation of Absolute Humidity Sensor for DCV Control presents 
intensive monitoring of the same house at the same time of year, but over several 
days. Absolute humidity and C02 are being sampled every 5 seconds and 
averaged and stored on a 3 minute basis by the data acquisition system. Only a 
rough visual correlation exists between peaks in C02 and absolute humidity. 
Humidity and C02 peaks tend to coincide, however the C02 peaks are usually one 
to three hours later. During unoccupied periods, C02 concentrations drop from 
peaks of 800 - 900 ppm to 500 - 600 ppm (about 35%). For the same period, 
absolute humidity drops about 15% to 20%. At night, when the six occupants are 
sleeping, C02 concentrations remains relatively stable, while the absolute humidity 
tends to fall. 

Figure 3: CO-Pilot CO2 DCV Control shows the Co-pilot data acquisition control 
program acting as a DCV controller in the Jones house. This trial of the software 
shows that the feedback gain set for the ventilation system controller was to high, 



causing an erratic fluctuation in the ventilation rates. Further experimentation was 
required to obtain a smooth transition. With a C02 set point of 650 ppm the DCV 
system was unable to match the load during breakfast. However, during most of 
the night flows of either 40 Us or 88 Us were able to control the load. 

4.0 New DCV House 

The Helma house was a new house, designed to demonstrate DCV technology, 
and to validate the insights obtained from the other 4 houses. Commissioning of 
the new DCV house showed the suitability of using low cost sensors for detecting 
VOCs, absolute humidity, air flow and activity levels. The Helma house DCV 
system has five main features that are presented in Table 4. 

Table 4: Features of DCV Control Strategy in Helma House 
b i 

Feature 1 

Feature 2 

Feature 3 

The system automatically turns on when people are at home 
and cycles on and off when people are away. The ventilation 
rate is calculated by the software program based on activity 
levels and the number of people at home. (Alternatively, a 
C02 sensor could have been used.) 

An air quality sensor will detect when pollutants are produced 
and will increase ventilation rates. The Figaro semi- 
conductor sensor operating in AC mode with a breather will 
sense toxic cleaning chemicals, off-gassing from construction 
materials and cigar smoke. 

The system automatically monitors moisture levels in the 
home and outdoor temperatures. The system will 
automatically lower humidity levels to prevent condensation 
form occurring on window surfaces if outdoor temperatures 
drop. 

The information that is being monitored is continuously 
displayed on a video monitor in the living room. The 
occupant can always be aware of how the system and the 
house is performing. 

The software written to control the system is able to achieve 
any ventilation rate by switching between two motor windings 
and four motor speeds. Moving averages are used to 

Feature 6 L The occupant can override the system at any time to set 
minimum and maximum ventilation rates by turning a dial and 

occupant can choose when to rely on 



5.0 Conclusions and Recommendations 

A number of useful guidelines for designing DCV systems in Canadian housing 
were discovered by analyzing data from the before and after low level and intensive 
monitoring. The guidelines apply to the 5 research houses and we believe can be 
safely applied to other Canadian homes. 

DCV offers benefits only when time-varying occupant generated pollutants 
exceed building related pollutants 

Source control of building generated pollutants at the construction stage is 
essential for applying DCV control strategies in new Canadian homes. 

602  is an excellent indicator of occupancy and ventilation requirements in 
residential buildings. A small, moderately priced passive C02 gas analyzer 
performed well in three research houses. However, the cost of the technology 
is too expensive for the bulk of Canadian houses. 

* Activity related pollutants are best controlled by special purpose high capacity, 
directly vented, exhaust fans with high capture efficiencies. 

Relative humidity is a poor indicator of occupancy. Response times are slow 
and often there is no discernable change in RH despite major changes in 
occupancy and C02 concentrations. Absolute humidity is a much better 
indicator of occupancy than relative humidity but still displays a lag time that is 
due to absorption and desorption characteristics of the house. Ventilation control 
based on absolute humidity is limited to the heating season, and is best 
combined with a window inside surface temperature to provide condensation 
control. 

The dehumidistats commonly employed for RH control were found to be grossly 
inaccurate as supplied by the manufacturers, subject to drift over time, and 
lacking any convenient means for re-calibration. 

Passive lnfra red (PIR) activity sensors proved low cost and reliable during the 
field trials. They have a poor short term correlation with C02 but excellent long 
term correlation. The poor short term correlation is due to the fact that activity 
is sensed instantly whereas pollutant concentrations rise over time. Short term 
correlations could be improved with more sampling points, and a software 
program that is able to gauge the level of activity over time and allow the 
system to respond to the rhythms of the household. 

Semi-conductor sensors (e.g. Figard T68800) appear to have potential as an 
overall IAQ indicator if used in alternating operation with a breather that 
periodically flushes the sampling chamber to automatically zero the sensor. 



High mixing rates in residential houses are preferable to zoning and can greatly 
reduce the ventilation requirements on a room by room basis. In an energy 
efficient home, the ventilation requirements - not the heating load - should 
dominate the design specifications for air moving and distribution systems. 

DCV systems are particularly effective at reducing peak pollutants 
concentrations. This offers improved health and comfort, even if the mean level 
of pollutants are similar for systems without DCV. 

Further research, including theoretical work and chamber testing, is needed to 
develop a simple and reliable performance test capable of describing the 
effectiveness of fresh air distribution, and the response time of systems to fresh 
air demands. The development of these tests could greatly facilitate the 
evolution of ventilation systems and the incorporation of minimum standards 
within the building code. 

Inlets equipped with humidity controlled bladders were found to be particularly 
ineffective for DCV application, both in coastal climates and in central Canada. 

DCV system design can be simplified by defining the most common operating 
modes for the house, and configuring the air mixing and air change rates 
accordingly. Typical operating modes could be: standby (with timer activated 
intervals of operation); occupant arrival; high activity; odour control: and sleep. 

A potential exists for lowering the capital costs of sophisticated DCV systems 
by using a multipurpose home computer. 

Occupants should not be relied upon to optimize the operation of ventilation 
systems, although occupants must have the ability to interpret and override 
automatic controls 

DCV systems have the potential to become highly visible sales features in new 
homes, especially if occupants are provided with continuous feedback on their 
indoor and outdoor environments. 

References: 
1. Moffatt, P., Moffatt, S., and Cooper, K. "Demand Controlled Ventilation", Final 
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Figure 2: Evaluation of Absolute Humidity Sensor for DCV Control 
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Summary 

The performance of a system for demand-controlled ventilation was 
investigated for a period of 1.5 years. Presence sensors of the passive 
infkared type are used to control the ven~lation rate in each 
classroom. The signal from the presence sensors was recorded, as 
well as the CO2 concentration in the classrooms. 

One of the classrooms was equipped with displacement ventilation. 
A compa~son was made between displacement and mixing 
ven~laGon to investigate the CO2 concentration in the stay zone. A 
s i ~ f i c m t l y  lower CO2 concentra~on was measured in the case of 

displacement ventilation. 

Project description 

In 1988, the rebuilding and renovation of an elementary school was 
ed in the Murmicipality of Nacka outside Stockholm, Sweden. 

Fig  1. Jarla school in Nacka 



The most important part of the renovation project concerned an 
improvement of the ventilation in the school. One objective was to 
provide good air quality in the classrooms. A low energy 
consumption was also desired. 

The purpose of this project was to demonstrate that it is possible to 
maintain better air quality in the classrooms by means of demand- 
controlled ventilation when the rooms are in use, and that this can 
be achieved at  lower energy consumption, compared with the 
dimensioning of fresh air flows in accordance with current building 
codes. 

Measurements and calculations also showed that this was a 
profitable measure. 

The installation and test measurements were funded by the 
Swedish Council for Building Research (BFR). 

Building form 

The schools consists of two buildings joined together by a common 
stairwell. The buildings were constructed at different times. The 
older section, which has four floors and contains six classrooms, a 
cafeteria and administrative offices, was built in the 1920s, while 
the newer building dates from the beginning of the 1940s and has 
three floors and six classrooms. 

The classrooms face the south and southeast. The height from floor 
to  ceiling is approximately 360 cm in the older section, and 310 cm 
in the newer section. The floor measures 9 m x 6.5 rn in the 
classrooms. 

Building services. 
Heating and ventilation before renovation. 

The school has a radiator system for heating that is connected to the 
Nacka district heating system. When the school was renovated, the 



radiators were equipped with thermostat valves. Before the 
renovation, the ventilation system consisted of a natural draft 
system in the older section of the school. The new building had a 
mechanical exhaust air system, in which the fan operated 24 hours 
a day. 

Before the renovation, tests were conducted to test the tightness of 
the buildings and the air change situation. In the building with the 
natural draft system, as well as in the section with mechanical 
exhaust air ventilation, carbon dioxide measurements were 
conducted in the classrooms to determine how the air was changed. 
At the end of a lesson, the CO2 concentration was between 2000 and 

3000 ppm. 

In the newer section of the school, the 602 concentration normally 

stayed below 2000 ppm, provided that windows were opened during 
recesses. 

CO concentration Mechanical Exhaust Ventilation 
( P P ~ )  

Break, open window Time (h) 

Fig 2. C02-concentration in a classroom 
before renovation 



Air flow tests indicated air changes corresponding to a fresh air 

flow of approximately 2 Vs per student. Thus, earlier complaints 
about the ventilation system were justified. 

Heating and ventilation after renovation 

The existing radiator system was kept. The radiators were equipped 
with themostat valves. When the school was renovated, the six 
classrooms in the older section were equipped with a supply and 
exhaust air system that was 
existing building codes (5  Vs of fresh air per student). 

The six classroo~lns in the newer wing were equipped with a 
demand-controlled ventilation system connected to a separate M U ,  
as shown in Fig. 3. The objective was to prevent the carbon dioxide 
concentration fro~n exceeding 1000 ppm in the stay zone. 

Demand controlled ventilation (Jarla School) 
\ A 

Normal flow: 225 Ils (9 Ils, 25 pupils) 
Stand-by flow: 28 11s 

4 
1 st floor 

Fig 3 .  System principle 



The system functions as follows: 

- Each classroom is equipped with a presence sensor of the 
passive infrared type. When the device senses that someone is 
in the classroom, a supply air damper opens and closes ten 
minutes after the presence sensor picks up the last movement 
in the room. 

- When the damper opens, the supply air to the classroom 
increases from approximately 28 Vs to about 225 Vs. This 
corresponds to  7.5 Vs per student, with 30 students in the class 
(grades 4-61, or 9 I/s per student, with 25 students in the 

classroom (grades 1-3). 

- The general ventilation (basic flow) system operates 24 hours a 
day. 

- Air exhausted into the corridor outside the classrooms is 
evacuated through exhaust air devices on each floor. 

- The central air handling unit for supply and exhaust air is 
equipped with fans with guide vane control. The supply air is 
controlled by maintaining a constant pressure in the supply air 
duct system The exhaust air follows the supply air flow. 

- The AHU is equipped with a plate heat exchanger for heat 
recovery, as well as a microprocessor-based controller that 
makes it possible to easily monitor the AHU's function. No air is 

recirculated. 

- Five classrooms have traditional mixing air distribution with 
air being supplied at the front end of the ceiling. One room has 
displacement ventilation, with the supply air terminals 

positioned at floor level at the two corners in the front of the 
classroom. The supply air temperature is 18OC. 



Measurements after the renovation 

Fig 4.  Classroom (306) with d i  spl acernent venti l ation 

Measurements were conducted in three classrooms after the 
renovation was completed. One classroom had &spiacement 
ventilation and five bad rairring air dist~bution. 

The follo9Cring measurements were made during 1990-91. 

- The CO2 concentration was recorded on a continuous basis for 

about two months. 

- The s i p d s  (supply air Wow) from the presence sensors were 
recorded in conjmction d t h  the C02 measurements. 



- Fresh air and exhaust air temperatures were recorded. 

- Detailed measurements were made of horizontal and vertical 
C02 gradients in two classrooms over a period of several days. 

- The supply air flow was measured when the detailed 

measurements were made. Dwring these periods, teachers or 
students recorded how many persons were present in the room. 

- The variation in the supply air in the central air handling unit 

was recorded. 

Results of the measurements 

Function of the ventilation system. 
Room function. 

During the 1.5 years the system has been in operation, the 
measurements have shown that the demand-controlled system has 
functioned as planned. An example of this is shown in Fig. 5. 
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and Tuesday, May 14th and 15th 1990 
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Here the carbon dioxide concentration and signal from the presence 
sensor have been measured for the three classrooms over a 48-hour 
period. The figure shows 

* that only one of the three classrooms was in normal use on 
Monday, May 14,1990. 

that in the other classrooms, some one entered the rooms to get 
books or other materials on a few occasions. 

class meeting was probably held one evening in one 
of the classrooms. 

that the classrooms were cleaned on Tuesday evening. 

The fact that two of the classrooms were not used on Monday was 
not in agreement with the ordinary schedule. In general, the signal 
of the presence sensor followed the respective class schedules 
closely. 

Fig  6 .  Power supply  c u t  off 



During the same week referred to above, the operation of the 
ventilation system was disturbed at the end of the week, due to the 
ongoing renovation work in the school. On Thursday and Friday the 
power was cut off completely to the AHU. The consequences of this 
disturbance are shown in Fig. 6. 

Central Air Handling Unit 

The following was recorded in the central air handling unit: 

- the control signal to the guide vanes for supply air: 100% = f d  
flow. 

- the static pressure in the duct system (supply air): set value 
310 Pa. 

- the control signal for the air heater: 100% = open valve. 

- the supply air temperature: set value = lB°C. 

x - 0: 22 Jan 91 Q7:59:00 

0 ! I I I I t 

0 10 20 30 40 50 60 
M i n  

Fig 7.  Measured values f n  central AHU 



Fig. 7 shows how the air flow increases as the classroom is used. 
Only about 50% of the total air flow in the AHU is affected by 
demand control, since the remaining 50% is supplied to two 
workshops and to teacher rooms. 

It is possible to see that: 

- at 8.00 a.m. students e at  one of the classrooms. 

- the presence sensor in the classroom opens a damper. 

- the pressure decreases. Guide vane B compensates the pressure 
drop. 

- another classroom starts to be used, C and D, and the signal to 
the guide vane increases. 

- at  100% all classrooms are being used. 

Air quality 

During the longer measurement periods, the CO2 concentration 

was recorded in the exhaust air from the three classrooms. 

The goal to keep the CO2 concentration below 1000 ppm in the stay 
zone was achieved. This could be expected, considering the actual 
supply air flows being used. 

The air quality was also considered good by students and teachers, 
despite the fact that measurements were made during the 
outgasing period, when solvents were being emitted by new building 
materials. The interior of the school was also painted and fitted with 
an acoustic ceiling. 



Comparison between mixing and displacement air 
distribution 

In two classrooms, one with displacement air distribution (3061, and 
one with mixing air distribution (206), detailed measurements were 
made of the C 0 2  concentration vertically. In room 306 (displacement 
ventilation), the 6 0 2  concentration was also measured horizontally 

at  floor level. 

When measuring the 602 gradient vertically, two measuring bars 

with sensors were used at 0.1, 1.1 and 2.1 m above the floor. The 
bars were placed about 2 m fkom the rear wall of the classroom as 
shown in Fig. 8. Thus, measurements were made at  six points in 
all. 

X = vertical measure 
points 

CI horisontal measure 
points 

During the measurements, activity was normal in the classroom, 
g that students moved between their desks and the 

blackboard, and between groups. 

The results from the two vertical measurements are shown in Fig. 
9. After a recess, the measurements were carried out over a double 
lesson (about 90 s in length). 



Depending on the actual number of students in the classrooms, the 
fresh air flow corresponded to 8.0 Vs per student in the room with 

displacement ventilation. and 9.2 Us per student in the room with 
mixing ventilation. If the measurement values are corrected to take 
this into account, the measured concentration at the 2.1 m level 
coincides in both classrooms, which, theoretically, should be the 
case. 

As can be seen from the diagrams, the 602 concentration in the 

mixing air distribution case (206) is largely the same at all 
measurement points. But in the classroom (306) with displacement 
air distribution, a clear difference can be seen between the 602 
concentration at the three different levels. 



Here, the mean concentration in the breathing zone (1.1 m) is 
approximately 750 ppm, while the concentration at 2.1 m is about 
1000 ppm, 

Fig 9. Mixing vs displacement ventilation 
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Thus in classrooms, displacement air distribution improves air 
quality in the breathing zone corresponding to about 250 ppm of CO2, 
compared with mixing air distribution and a similar air flow. 

It can also be stated that, with displacement air distribution, it is 
possible to decrease the fresh air flow, and thereby lower the energy 
requirement for heating air, by about 25 percent, and still retain air 
quality. 

In general, it can be noted that the measured concentrations (206) 
indicate that the children (ages 7-13) exhale about 18 1 of 602 per 
hour. This is otherwise a value considered typical for adults 

g office work. 

The horizontal measurements were also made at six points at floor 
level (0.1 m). 

Fig 10. C02-concentration in 6 points at 0.1 m level 

g points and results are shown in Fig. 10. As 
indicated by the results, the supply air, which was cooler than the 



room air temperature, was distributed effectively throughout the 
classroom. The radiators were not on when the measurements 
were made. 

Energy performance 

The measurements codrnaed that the air flow to the classrooms 
met the requirements shown on the respective schedules. Based on 
the schedule for the six classrooms with de 
ventilation, the system" h c t i o n  and energy requirement for 
heating can be simulated. Climate data were used for Stockholm. 

kWh/classroom, year [STOCKHOLMAREA ( 
24h operation 
Tsuppl. = 18°C / vvx i 70% 
Energy = 0.4 SWkWh 

Electricity 

Heat 

- 
A Enery: 7,300 kWh/y 3,700 kWhly 

pay on: 3.4 years 6.4 years 

Pay on: 0-b 
4.5 yean 

As shown in Fig. 11, increasing the fresh air flow specified in the 
existing building code (5 Us per student, 150 1 per class) to a fresh air 
floor guaranteeing good air quality - for example, a maximum of 
800 ppm of CO2 (10 Vs per student, 300 1 per class), doubles the 

energy requirement for air handling. 

By using demand-controlled ventilation, however, the energy 
requirement is reduced by more half. The use of heat recovery 
m h e r  decreases the mount of energy required. Based on the 



demand-controlled ventilation and heat recovery system used in this 
project, the payoff period has been estimated at about 4.5 years for 
both measures. 

Conclusions 

When the air flow is 8-9 Vs per student, the student feel the air 
quality is suflCicient during those months of the year when the room 
temperature is at an acceptable level. 

In the autumn and spring, an increase in the fresh air flow, using 
air cooler than room air, is desirable to keep the room temperature 
down. It is not always possible to  open windows to air out the 
classrooms because of noise, or  because of pollen, for example. A 
high room temperature is one of the main reasons why the students 
feel the air is dry and of "poor" quality. 

In a VAV system controlled on the basis of air quality, the air flow 
can vary between 100-10% at any time of the year. 

This places special demands on the control of the heating coil in the 
central air handling unit. 

The classroom ventilation system controlled by presence sensors 
has functioned reliably. The estimated energy savings were 
confirmed. In a centralized ventilation system, equivalent savings 
can almost be achieved by using a more eficient heat recovery 
system. This should be a more profitable solution in systems with 
short operating times, such as in schools. 
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Synopsis 

In Halnastad a multi-apartment house has been built with air carried heating. Fresh 
air was used as the only heat carrier. To improve the air quality it was decided to 
not use circulation flow, which is normally requited for air carried heating. The 
heating requirement was obtained with a higher air flow than what the standard 
requires. This also implied improved air quality. The standard specification states 
0.5 changes per hour as the minimum requirement, but in Halmstad the house was 
ventilated with 0.7 - 1 .O changes per hour. The drawbacks resulting for this 
(greater ventilation losses, with operating faults to fans) have been solved with a 
high degree of heat recovery and frequency control of the fans. 

The measurement results indicate that the increased ventilation losses on the basis 
of a higher ventilation flow were 11 kWh/year m2. The operating fa& for the 
fans increased from 60 W to 110 W per apartment. The tenants experienced an 
improved air quality in comparison with a control group. All the air in the 
apartments was replaced with fresh air within two hours. Despite that the installed 
system is not fully commercially developed the costs for installation and operation 
were the same as for conventional heating and ventilation systems. 

In the next generation of similar systems the experience of this project will enable 
the reduction of the safety margins during pl&g. During the planning it was 
decided to dimension the system for 1.3 changes per hour. During practical 
operations 1.0 changes per hour has proved to be sufficient. This implies that it is 
possible to reduce the duct dimensions, use smaller fans, smaller air-to-air heat 
exchangers, and remove the frequency controls on the fans. This enables a 
considerably cheaper system and a better acoustic climate. 

Background 

Ventilation 

In Sweden the minimum requirement with respect to the ventilation (see Ref. 1) of 
apartments is regulated for the different types of rooms and the activity which 
takes place. In addition there are requirements as to which type of air is to be 
supplied to the different rooms. 

In living rooms the "outdoor air flow rate" shall be at least 0.35 ltrlsec m2 of the 
floor area. 

Even in bedrooms the "outdoor air flow rate" shall be 0.35 ltr/sec m2 of the floor 
area. However, in addition to the requirement for outdoor air flow there is a 
requirement on an "air flow rate" of 4 ltr/sec per bed. The concept of air exchange 
includes both outdoor flow and transferred air. 

areas can be ventilated with " mitted air'" only. Depending on 
the type of morn there are different requirema& as to how large the flow shall be. 



Example 

A three-room apartment is to have the following ventilation flows and types of air. 

Example 

Type of room Living area Outdoor air Tran#erred air Exhaust air 
m2 vs vs Vs 

Bedroom I* 12.6 4.4 
Bedroom 2** 12.8 4.5 3.5 
- Living room 30.7 10.7 
- Kitchen 13.4 
- Bathroom 4.2 
- Hall 7.7 

*) one bed 
**) two beds 

In the example above it was the exhaust air for the kitchen and bathroom which 
were critical for the dimensioning of the apartment, the total outdoor flow rate was 
20 ltrlsec. This corresponds to 0.4 air turnovers per hour. A typical value for the 
number of movers  per hour is 0.5 as per Swedish standard requirements. 

During the last five years the debate in Sweden has been intensive as to how much 
we should ventilate our apartments, and on the use of circulation air. 

The reason why the use of circulation air is not favoured is that impurities are 
thereby distributed to the entire apartment. Arguments that the ducts for circulation 
air are dirty and contaminate the air have also been presented. 

1.2 Heat recovery 

Since the end of the 70' s the majority of buildings have been provided with some 
form of heat recovery. The two methods which have been used for the recovery of 
the ventilation air are air heat exchangers or exhaust air heat pumps. The different 
systems are estimated to have an equal share of the market. 

The reasons that buildings were provided with heat recovery were on the one hand 
rising energy prices. and on the other the modified standards (Ref. 2) which 
required heat recovery when the heat content in the exhaust air was > 50 MW 
hom/year. 



1.3 Insulation 

In the standard requirement for the insulation of external walls the requirement for 
U was up to 1975 0.58 ~ / m 2  OC. The new standard the next year almost halved 
the U value to 0.3 w/m2. 

Test object 

In Hdmstad a multi-apartment house with 14 apartments has been built during 
1989. Since the building is well insulated the power requirement for heating is 
low. By reasonably increasing the ventilation flows it is possible to supply heat 
via the ventilation system. The air which is used for heating is outdoor air only. 
There is no circulation air in the system. To meet the heating requirement of 
design temperature (-16°C) with a max supply air temperature of 50°C one air 
change per hour is needed. Depending on the outdoor temperature the number of 
air changes varies steplessly between 0.7 - 1.0 /hour. In the system there is an air 
to air heat exchanger. The temperature efficiency capacity of the unit is 67%. The 
unit is placed in the fan room and supplies al l  the apartments. Each apartment is 
provided with a follow-up heating battery which enables the regulation of the 
temperature in each apartment up to 22°C. 

The house is well insulated, the heat transmission ratio of the outer walls in 0.17 
w/&. 

2.2 Results and discussion 

The Swedish National Testing and Research Institute (SP) were commissioned by 
Swedish Council for Building Research (BFR) to make an evaluation during the 
period Feb 1990 to April 1991 as to how the system functioned with respect to: 

- Greater ventilation losses on the basis of higher ventilation flow. 

- The air quality. 

- The air exchange efficiency. 

- Noise from fans. 

- Greater operating faults to fans as a result of higher flow. 

- Poll investigation of the experience of the tenants as to the indoor environment. 

- Economical yield of the system. 

The measurements were initiated in connection with occupation of the building in 
December 1989. 

tion check in conne~tion with occupation 



- Long-term measurements. 

- Function check at he end of the project. 

The measurements in connection with the function checks have been canied out 
with intensive measurements. The objective of these measurements was to ensure 
that the system functioned as intended at the planning stage. 

The long-term measurements have been canied out with a data logger which was 
installed in the building. Via a modem the measurement values have been 
transferred to a mini computer (VAX) to SP every day. The objective of these 
measurement was to follow-up energylpower consumption for electricity and 
heating. 

The results form the project are presented in a report, see reference 5. 

Measurement resu Its 

3.1 Greater ventilation losses on the basis of a higher 
ventilation flow. 

The total air flows to the building and the sub-air flows to the apartments have 
been measured continuously during the measurement period. 
The measurements indicate that the ventilation flow to the building has varied 
between 0.7 - 1.0 changes per hour. 
The mean value for the ventilation was 0.9 changes per hour over the measurement 
period. 

The heat recovery unit's temperature efficiency has been measured up to 67%. 

To study the differences in the ventilation losses between a ventilation system 
which complies with the minimum requirements as per Swedish standards (0.5 
changes per hour) and the air exchange which has taken place in the building (0.7 - 
1 .O), calculations were made in the computer program AXSEL; see reference 6. 

From these calculations it was revealed that the ventilation losses increased by 
5200 kWh/year for the whole building. The total living area in the building is 475 
m2. The increase in ventilation losses per year thus becomes 11 kwh/m2 floor 
area. 

Volatile organic substances 

The building's air quality with respect to volatile organic substances was 
established by absorbing the substances on tenax tubes for a period of one hour. 
This measurement was canied out in the fresh air duct and in an apartment. The 
measurements were camed out 16 months after occupation. 



These measurements indicated that the VOC content was 170 ~ g / m ~ .  
Several of the substances which were identification the indoor air were 2- 
(epoxyethexy) ethanol, one of many glycol ethers, used in water diluted paints. 
Phenol, included in different binder agents in flooring of PVC. 

In order to study differences in VOC in the outdoor air, measurements were made 
for one week. These measurements were carried out with the aid of a photo- 
acoustic 
method which registered VOC in the form of methane equivalents every 12 
minutes. The measurements were made in the fresh air duct to the building. 

The content of VOC proved to vary between 50-65 pg~m3 of air during the 
measurement period. 

The content of VOC in indoor air is usually less than 200 ~ g / r n ~  as per the 
experience have of measurements in Swedish apartments. 

3.3 Relative humidity content in the indoor 
environment 

The relative humidity content was ~neasured continuously during the measurement 
period in four apartments. During a three week period in 
values read off were registered. During this period the RH was between 30-35%; 
the indoor temperature was 23OC and the outdoor temperature was -4 OC. The 
highest level on RH was registered in Apgust -90. During a couple of weeks in 
August the RH value was 60%, the indoor temperature was 23 OC and the outdoor 
temperature was 19 OC. 

The discomfort limits which we have in Sweden indicate that RH should lie 
between 30 - 60%. 

3.4 Air exchange efficiency 

A measure of how efficiently the ventilation air is entered into all the areas in an 
apartment is the "air exchange efficiency" (see Ref. 3). The efficiency is given in 
per cent of the theoretical min time taken to exchange all the air in a room. If the 
efficiency is less than 406, and the number of changes is 0.5 hour, it will take 5 
hours before the air is exchange in the apartment. 

The air exchange efficiency was measured in one apartment in the building to 
50%. Since the number of changes per hour is 1 .O, the air will be exchanged every 
other hour in the apartment. 

A typical value of the air exchange efficiency in a conventional ventilation system 
is 40 - 50%. 



Noise from fans 

The system is dimensioned to handle up to 1.3 changes per hour. The reason for 
this is that a safety margin was required in the event that the heating did not work 
as intended. The sound level was measured in two apartments, in the bedrooms 
and living rooms. The measurements were carried out for the max installed flow of 
1.3 changes per hour. The following results were obtained: 

Bedroom 1 23 dBA 
Bedroom 2 23 dBA 
Living room 1 26 dBA 
Living room 2 31 dBA 

The max permissible sound pressure level as per the Swedish Standard is 30 dBA 
in bedrooms and living rooms, but since in practical operations 1.0 turnovers/hour 
has proved to be sufficient the sound requirements have been met. 

3.6 Greater operating faults for fans on the basis of the 
higher flows 

To counteract the negative effects of a higher power consumption for the fans they 
were provided with frequency control. A standard ventilation with 0.5 changes per 
hour in a building with 14 apartments (the same as the experimental building) 
requires a fan effect of 400 W per fan. 

In view of the fact that the adjustment of the air flows was incorrect during a part 
of the measurement period there are no measurement results for the fan 
consumptions during a one year period. But with the experience we have obtained 
from the measurements during the period when the flows were correctly adjusted 
we can confirm that a good mean value for the year as to the number of changes 
per hour is 0.9. With this flow the exhaust air fans consume 600 W and the supply 
air fans 850 W. 

The extra fan effect resulting from the increase of the fresh air flow by almost half 
in comparison with the Swedish Standard thus becomes 50 W per apartment. 

3.7 Polling of the experience of the tenants as to 
the indoor climate 

A poll developed by ~rebro's Industrial Medicine department was used to 
investigate the subjective experience of the tenants as to the indoor climate. The 
investigation was addressed to adults only. There were too few children for them 
to be included in the investigation. The response frequency was very high, a full 
95%. The investigation was made seven months after occupation. There was a 
check group of 292 persons for the poll. The poll was divided into two main 
headings: "environmental factors" and "complaint symptoms". 



Environmental factors were dust and dirt, noise, tobacco fumes from others, static 
electricity, unpleasant smells, dry air, stuffy air, too low mom temperature, varying 
room temperature, too high room temperature, and draughts. 

The characteristics which were investigated with respect to "complaints and 
symptoms" were dry itching, red skin on hands or face, coughing, hoarse throat, 
irritated or blocked nose, eye irritation, concentration difficulties, off-colour, 
headache, heavy head, and tiredness. 

The investigation indicated that there were more persons with tiredness, heavy 
heads and headaches than in the check group. Tbe increase was between 20 - 30% 
of these complaints. 

The reason for the complaints could possibly be the result of high contents of 
volatile organic substances VOC or noise. If the problem is the result of VOC the 
complains should become alleviated since these diminish powerfully during the 
first two years. 

That noise can result in the type of problems experienced by the tenants is 
confirmed in other investigations (see Ref. 4). 
In the check group, 20% of the persons consider themselves to have complaints 
with "stuffy bad air". In the experimental building 10% experienced these 
problems. This would indicate that the tenants noticed a positive effect of the 
increased fresh air flow with respect to the detectable air quality. 

Economic yield of the system 

3.8.1 Investment costs 

In the area where the experimental building is located there is a similar building 
with conventional heating system. A comparison between the investment costs 
between the conventional system and the experimental building indicates that the 
cost structures remain the same. 

The air heating system which was installed in the experimental building was not 
commercially tested in any previous installation. During the installation of 
techniques which are relatively untested in a commercial sense, the cost structure 
in comparison with more tradition techniques usually tends to favour the 
traditional system. This relationship usually changes when the techniques have 
become more generally available, and commercially developed. This is what has 
occurred in the Swedish small house industry, where today 50% of the buildings 
have air carried heating where the ventilation system is integrated with the heating 
system. 



3.8.2 Costs for operation and maintenance 

Previous mlti-apartment buildings which have tested air heating on an 
experimental scale have in several cases utilized units placed in the apartments. 
This has proved to imply increased costs for operation and maintenance since the 
administrator has been obliged to go into every apartment and replace filters. 
In the building in Halmstad there is only two filters in place in the fan room. 
Replacement of these filters take place as often as normally required in a balanced 
ventilation system. According to the administrator the system has not contributed 
towards the increase of costs for operating and maintenance in comparison with a 
traditional heating system. 

4.1 Conclusion 

The general conclusions which can be drawn from the project of heating apartment 
buildings with fresh air only and an air changes per of 1.0 hour are: 

- The increased ventilation losses become less (in this project it became 11 kW 
hoursfyear floor area). 

- The tenants experienced an improved air quality. 

- The relative humidity content lies within comfort b i t s  (30 - 60%). 

- The increase in operating faults for the fans does not need to exceed 50 W per 
apartment. 

- A fully developed commercial system will be cheaper than a conventional 
heating system. 

5 Recommendations 

In the next generation of similar systems the experience of this project will enable 
the reduction of the safety margins during planing. During the planning it was 
decided to dimension the system for 1.3 changes per hour. During practical 
operations 1.0 changes per hour has proved to be sufficient. This implies that it is 
possible to reduce the duct dimensions, use smaller fans, smaller air-to-air heat 
exchangers, and remove the frequency controls on the fans. This enables a 
considerably cheaper system and a better acoustic climate. 
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SYNOPSIS 

Modern one-family houses in Scandinavia are often ventilated by an 
exhaust fan. Most of the outdoor air probably enters through whatever 
cracks and openings there are and only a small part enters through the 
supply vents in many of these houses. The overall supply of outdoor air 
might be adequate, but some rooms often do not get enough of outdoor air. 

The constant concentration tracer gas technique was used to examine the 
supply of outdoor air. Fan pressurization combined with infrared photo- 
graphy were employed to characterize the air leakage of the building. A 
multi-zone network model was used to further evaluate the measurements. 

Areasonable level of outdoor air, upstairs in an airtight two-storey house, 
can be ensured by locating the supply vents upstairs close to the floor. If 
that is not possible additional exhaust vents can be installed. Ifmore than 
314 of the outdoor air is to enter through the the supply vents, then the 
airtightness should be better than 1.0 air changes per hour at 50 Pa. The 
performance of an exhaust fan system is very much dependant upon the 
overall airtightness (including open supply vents) and the distribution of 
the airtightness of the building. 

INTRODUCTION 

A common ventilation system in modern Scandinavian one-family house 
is exhaust fan ventilation. An important issue for these houses is where 
the outdoor air enters and thereby how much outdoor air individual rooms 
gains. Does the outdoor air enter through the supply vents in the building 
envelope or does most of it enter through whatever cracks and openings 
there are in the building envelope? There are reasons to believe that 
supply vents can act as exhaust vents when it is cold. This is especially 
true for two-storey houses, where the total supply of outdoor air upstairs 
is reduced when the outdoor temperature is lowered. 

The overall supply of outdoor air ~ g h t  be adequate, but are there long 
periods of time when too little outdoor air enters some rooms? The air 
exfiltration is often dificult to determine for a house with exhaust fan 
ventilation. It is usually given a constant value or neglected. Is that 
correct? 

This paper is based on a report, where the relationship between ventila- 
tion and airtightness is examined (Blomsterberg 1990). 



2. THE HOUSES TESTED 

A group of 18 identical well-insulated experimental houses (Lattbygg 85) 
in Taby 30 km north of Stockholm, utilizing uncomplicated construction 
techniques, was built during 1984 and was monitored during 1985 and 
1986 (Blomsterberg 1989). Two of the houses (No. 3 and No. 14) are 
examined in this paper . 

The principle ideas grwerning the design of the houses were to build 
energy efficient, inexpensive, and uncomplicated houses with. 

- a well-insulated and tight building envelope 
- a resource efficient light construction technique 
- an uncomplicated foundation 
- an uncomplicated heating system with individual thermostats 
- energy and water efficient appliances 
- an instructive owner's manual 
- an uncomplicated ventilation system 

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 with electric 
baseboards heaters. The houses are 119 m2, with three bedrooms upstairs, 
a kitchen, and a living room downstairs (see figure 1 and 2). 

The houses have an exhaust fan ventilation system. There are exhaust air 
nal devices in bathrooms, laundry, and kitchen. This kind of system 

is common in modern one-family houses in Scandianvia. Nine of the 
experimental houses (e.g. house no 3) have additional exhaust air terminal 
devices in the bedrooms. Every house has seven special vents, in the 
exterior walls above the windows, for supplying outdoor 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 
changes per hour, maximum = 0.5 air changes per hour (120 m3/h) . The 
distribution of outdoor air within the house can to some extent be 
determined by opening and closing the supply vents. 

The average mechanical ventilation rate d the heating season of 
1986 was 0.35air changes per hourfor the e ental houses. During 
the surnmer the average ventilation rate was somewhat higher, 0.40 ach. 
These values are based on recorded values of run times for the different 
settings of the fan speed and one-time tests of the exhaust ventilation 
rates (Blomsterberg 1986). The recorded times showed that the 
occupants did use the different fan speeds. 



w 
ENTRANCE 

Figure 1. Plan of LBttbygg 85 house, downstairs. 

Figure 2. Plan of Lattbygg 85 house, upstairs. 



3. TEST METHODS 

Airtightness 
The standard method for finding the leakage function of a building is fan 
pressurization. According to the Swedish standard for fan pressurization 
all openings in the exterior envelope intended for ventilation purposes 
must be sealed before the test is performed. Other openings are kept 
closed. For the purpose of modelling air idltration and exfiltration it is 
advantageous to also make a test with open supply vents part of an 
exhaust fan ventilation system. The exhaust fan is supposed to draw air 
through the supply vents and cracks and openings in the building 
envelope. 

All rooms which are heated to more than 10 "C are included in the test. A 
doorleaf or a window is replaced by a sheet of plywood or airtight plastic 
film which is fixed to the frame and sealed. An air flow generating and 
metering system is connected through the sheet. The air flow rate is 
recorded at  a number of pressure differences, positive and negative, and 
the test results are presented in a diagram with pressure difference and 
air flowlair change rate on the axes. 

Ventilation 
The most straightforward method of measuring the total ventilation rate 
i.e. the combined effect of mechanical ventilation and natural ventilation 
is to measure it directly (Blomsterberg 1990). In a mechanical ventilation 
system the air flow in the ducts can be measured with different techniques 
for volume and mass flow rate measurements. 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 the outdoor air 
ventilation can be traced. 

The tracer gas is injected into and mixed with the indoor air and its 
concentration is monitored. The mixing is assumed to be complete, which 
is probabaly the largest single source of error in tracer gas measurements. 
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 volume, m3 
dCldt is the time rate of change of concentration 
Q is the outdoor air ventilation rate, m3/s 



C is the concentration and 
F is the effective injected tracer gas flow rate, m3/s 

In the two houses tested a constant concentration of tracer gas was 
maintained in order to measure of the ventilation rate. One of the principle 
advantages with this tehnique is that it eliminates the problem of 
estimating the effective volume as the effective volume is eliminated from 
the continuity equation: 

The outdoor air ventilation is obtained directly. The field of application 
for hte constant concentration technique is to continuously monitor the 
supply of outdoor air to several individual rooms simultaneously, i.e. 
outdoor air which enters an individual room directly instead of first 
passing through an adjacent room. The estimated inaccuracy in the 
measured outdoor air ventilation rate is + 10 %. 

MULTI-ZONE MODEL 

A multi-zone model, which has been developed at the Royal Institute of 
Technology in Stockholm was used as a tool for M h e r  evaluating the 
measurements (Herrlin 1987). The PC research version of the program 
was used MOVECOMP-PC(R) (Bring 1988). In the program 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 
paths and ducts. The air flows are calculated by seeking a flow balance in 
each node. Mass balance has to be achieved. 

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 hction.  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. 

The system of simultaneous equations describing the flow balance is 
solved with a modified Newton-Rapson method. The method avoids on 
most cases otherwise common problems with convergence. As a result of 
a simulation all air flows and the pressure conditions within the simulated 
building are given. 



How different ventilation systems work in different buildings can be 
studied. Almost any kind of combination of zones and leakage openings 
can be simulated. 

The main disadvantage with the multi-zone approach is that it requires 
substantial inputs to describe the flow network. It is ofken also difficult to 
find reliable data e.g. wind pressure distributions and internal leakage 
characteristics (e.g. between rooms). 

5. ANALYSIS 

All tracer gas measurements of ventilation rates are only valid for the 
range of weather conditions, which prevailed during the measurements. 
The important questions are what happens if the weather conditions are 
changed, the building moved to another location or even the building itself 
modified. To answer some of these questions the two houses tested were 
modelled (Blomsterberg 1990). 

The first step was to examine how good the agreement is, between 
predicted ventilation rates and ventilation rates measured using tracer 
gas. Each room was modelled as a separate zone, and each leakage path 
was modelled with the same air flow exponent. 
As inputs were used: 

- the results from the fan pressurization tests, 
- the leakage function of the supply vents 
- the distribution of leakage openings according to infrared photography 
scans, 

- the actual locak shielding conditions, 
- the measured indoor and outdoor temperatures (hourly averages), 
- the on site measured wind velocity (hourly averages), not taking into 
account the fluctuations, 

- the terrain roughness, 
- the measured mechanical ventilation rates (i.e. air flows in ventilation 
system), 

- the on site measured wind direction (hourly averages), 
- wind pressure coefficients from windtunnel studies, 
- the measured geometry of door crackage (which was converted to a 
leakage knction), 

The second step was to make predictions for an entire heating season 
(assumed to start on the 24th of September and end on the 8th of May). 
Weather data was taken from the reference year 1971 of Stockholm. 



House no 3. 

The prediction ofthe overall outdoor air ventilation rate (80 m3/h) for house 
no 3 is close to the tracer gas measurement (70 m3/h) (see table 1). One 
reason for the difference is that in the model the boundary between 
different zones is clearly defined, which is not the case in the measurements 
due to the fact that measurements in different rooms can influence each 
other. Only threeinterior doors were closed, the bathroom, the WC and the 
closet upstairs. As the house is very tight (1.3 air changes per hour at 50 
Pa, 2.3 including supply vents) there is no air exfiltration during the 
measuring period according to the multi-zone model or the tracer gas 
measurements. The measured average air exfiltration was -10 f 10 m3/h 
i.e. the difference between measured mechanical air flow (80+ 8 rn3/h) and 
tracer gas measurements (71+ 4 m3/h). 

The multi-zone model also shows that only 40 % of the outdoor air enters 
the house through the supply vents during a typical winter day, the 
remainder enters through all the leakage openings. A similar result was 
obtained for similar weather conditions, when the pressure drop across 
the supply vents was measured and the air flow through them was 
calculated. The designer of the ventilation system presumably expected 
all air to enter through the supply vents. The air is mostly infiltrated 
through the facades and the floor. The higher above the floor the lower the 
air infiltration rates through the openings. 

The discrepancy between prediction and measurements can partly be 
explained by the fact that the outdoor air supplied directly to the bathroom 
and the VVG probably wasn't measured by the tracer gas technique. 
Adding these two air flows to the measured ventilation rate brings the 
overall outdoor air ventilation rate to 74 m3/h. 

Table 1 Multi-zone model predicitions vs tracer gas measurements for 
house no 3. Average air flows for a 15 hour period, m31 h. For detailed in- 
formation on air flows for individual rooms, see Blomsterberg 1990. The 
average outdoor temperature was 1 O C  and the average wind velocity 0.5 
m 1 s. The exhaust air flow was 80 m3 1 h, 37 m3 1 h upstairs and 43 rn3 / h 
downstairs. There is no air exfiltration. 

Overall supply outdoor air 
Downstairs 
Upstairs 

Multi-zone model 

Supply vents Total 

33 80 
22 61 
11 19 

Tracer gas 
measurement 
Total 

71 
52 
19 



During the heating season the variation in air exfiltration rate is very 
large according to the multi-zone model, if the exhaust air flow is 0.35air 
changes per hour(84 m3/h) i.e. according to the measured average during 
the heating season. The maximum rate, 73 m3/h, is very high and the 
mi&um rate 0 m3/h. The average rate is 9 m3/h. The m a r r i m  value, 73 
m3/h, occurs at high wind velocities and is therefore uncertain, as high 
wind speeds never occured during the tracer gas measurements. If the 
ventilation is raised to 0.5 air changes per hour, then the average air 
exfiltration is lowered to 1 m3/h (or 1 % of the total ventilation) and the 
maximum to 46 m3/h. The house is obviously tight enough. With an 
airtightness level according to  the Swedish Building Code 1980 (3.0 air 
changes per hour a t  50 Pa) the average air exfiltration would have been 
raised very much, to 18 m3/h (or 13 %). 

In order to  clarify where the outdoor enters house no 3 a parametric study 
was carried out using the multi-zone model. The following assumptions 
were made: the air flow through the exhaust fanis 0.5 ach, the airtightness 
of the house is equal t o  the fan pressurization result (1.3 air changes per 
hour at 50 Pa, 2.3 incl. supply vents) and the supply vents are adjusted 
according to the design by the WAC consultant. The predictions show 
clearly how the outdoor air ventilation rate downstairs is increased fi-om 
60 m3/h to 95 m3/h and how the outdoor air ventilation rate upstairs is 
decreased from 60 m3/h to 25 m3/h when the outdoor temperature drops 
from + 20 "C to - 15 "6 (see figure 3). A similar result was obtained during 
the tracer gas measurements in house no 14 (see section 5.2). Less than 
half of the outdoor air enters through the supply vents. When the outdoor 
temperature drops the pressure drop across the supply vents upstairs is 
reduced from 4 Pa to 1 Pa. A pressure difference of 1 Pa corresponds to a 
wind velocity of 1,5 d s  i.e. the direction of the air flow through the vent 
can easily change. A minimum air exchange rate is ensured in the 
bedrooms by the added exhaust air terllzinal devices there. When it is cold 
outside, part of the outdoor air to the bedrooms will sometimes be 
transfered air i.e. enter through the rooms downstairs. 

A slight improvement in the distribution of outdoor air can be obtained by 
a better adjustment of the supply vents. The outdoor air ventilation rate 
upstairs will then vary between 63 m3/h and 32 m3/h, instead of between 
60 m3/h and 25 m3h (see figure 4). The pressure drop across the supply 
vents increases slightly and thereby the air flows are less sensitive to the 

d (see figure 4). The adjustment has been made in such 
manner that the house is depressurized at 4 Pa, when there is no wind and 
theindoor temperature is equal to the outdoor temperature. The adjustment 
was made using the air leakage function of the house and the supply vents. 
4 Pa was chosen as being a representative value of the pressure difference 
caused by ~ n d  and temperature. The part of the outdoor air which enters 
through the supply vents is still almost the sane. 
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Figure 3. Predicted outdoor air ventilation rate as a function of inside-outside temperature 
difference, downstairs and upstairs in house no 3. For the supply vents the pressure drop 
is given. Airtightness = 1.3 ach at 50 Pa. Adjustment, HVAC-consultant. Wind = 0 m/s. 
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Figure 4. Predicted outdoor air ventilation rate as a function of inside-outside temperature 
difference, downstairs and upstairs in house no 3. For the supply vents the pressure drop is 
given. Airtightness = 1.3 ach at 50 Pa. Adjustment at 4 Pa. Wind = 0 Ws. 



In order to further improve the distribution of outdoor air the house has 
to be tightened. Ifthe house was as tight as some experimental houses e.g. 
0.8 air changes per hour at  50 Pa and the adjustment was made at 4 Pa, 
then more than 314 of the outdoor air would enter through the supply 
vents. The total outdoor air ventilation rate upstairs will increase with 20 
% (at + 20 "6) to 60 % (at - 15 OC), but will still be reduced when the outdoor 
temperature drops. The pressure drop across the supply vents is slightly 
increased by the tightening of the house. 

There are two techniques of reducing the dependance upon the outdoor air 
temperature of the distribution of the outdoor air flow between upstairs 
and downstairs. One alternative is to increase the pressure drop by 
choking the supply vents. With this technique the air flow through the 
vents will be reduced. Another alternative is to move the openings 
vertically by locating the supply vents upstairs close to the supply vents 
downstairs (see Fahlen 1991). If the supply vents upstairs are located 
close to the floor level and the supply vents downtairs close to  the ceiling 
level, then the distribution of the outdoor air flow will be less affected by 
the outdoor air temperature and will be almost constant (see figure 5). The 
total outdoor air flow upstairs will vary between 63 m3/h and 41 m3/h. In 
the real house the calculated minimum was 25 m3/h. Furthermore the 
pressure drop across the supply vents will be higher than 4 Pa, i.e. the air 
flow will be less sensitive to wind. The calculations are based an 
airtightness equal to  the fan depressurization result and an adjustment 
at  4 Pa. 

5.2 House no 14 

Predictions were also made for house no 14. This house is identical t o  no 
3 with a few exceptions, it is less airtight (2.2 air changes per hour at 50 
Pa, 3.1 including supply vents), it has a slightly different ventilation 
system 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 2). There are reasons to believe 
that there was a constant background leakage of tracer gas from the 
equipment located on the first floor during the tracer gas measurements. 
This would mean that the measured ventilation rate would be too low with 
almost a constant amount, as the overall ventilation rate is dominated by 
the exhaust air flow, which can be assumed to  be constant over time. 

The overall predicted and measured ventilation rate varies almost to  the 
same extent over time. During the measuring period the variation is 
between 92 and 129 m3/h (f 11 %) resp. 60 and 73 m3/h (f 9 %). Based on 
these findings and the findings for house no 3, the multi-zone model was 
used for predictions for the heating season. 
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Figure 5. Predicted outdoor air ventilation rate as a function of inside-outside temperature 
difference, downstairs and upstairs in house no 3. For the supply vents the pressure drop is 
given. Airtightness = 1.3 ach at 50 Pa. Adjustment at 4 Pa. Wind = 0 m/s. The supply vents 
upstairs are located 0.2 m above the floor level. 



As can be determined from the prediction there is an air exfiltration rate 
ofbetween 2 and 39 m3/hin house no 14, while there was no air exfiltration 
in house no 3. This can partly be explained by the fact that house no 3 is 
tighter and was subject to a milder climate. One might also believe that 
the upstairs of house no 14 doesn't get very much air. Air is leaving the 
house through the supply vents, when the outdoor temperature drops 
below the freezing point. In both houses air is exhausted through the 
exhaust air terminal devices located upstairs. The upstairs ofboth houses 
gets replacement air from downstairs. The amount of replacement air to 
the bedrooms upstairs in house no 14 would have been larger, if there had 
been exhaust air terminal devices in the bedrooms as in house no 3. Close 
to 50 % of all air entering the house enters through the envelope below the 
windows downstairs. Particularly during the measuring period it might 
create some discomfort as it is cold air entering. Most of the exfiltration 
takes place through the ceiling. 

If during the measuring period the exhaust air flow is raised from 0.4 air 
changes per hour to 0.5 air changes per hour, then the air exfiltration is 
reduced from 29 m3/h to 13 m3/h and air enters through all supply vents. 

Table 2 Multi-zone model predictions vs tracer gas measurements for the 
house no 14. Average air flows for a 108 hour period, m3 / h. For detailed 
information on airflows for individual rooms, see Blomsterberg 1990. The 
average outdoor ternpe- rature was -14 "Cand the average wind velocity 0.2 
mls.  The exhaust air flow is 90 m3/ h, 24 m3/ h upstairs and 66 m3/ h 
downstairs. Inside parenthesis is given the air exfiltration. 

The variation in air exfiltration rate during the heating season is larger 
for house no 14 than for house no 3. The main reason is that house no 14 
is less airtight. The maximum air exfiltration rate is almost two times 
higher, 136 m3/h com- pared with 73 m3/h. The average rate is two times 
higher, 21 m3/h (or 20 % of the total ventilation) vs. 9 m3/h. The maximum 
values occur at high wind velocities and are therefore uncertain, as high 
wind speeds never occured during the tracer gas measurements. If the air 
flow through the exhaust fan was the required 0.5 air changes per hour, 
then the average air exfiltration is reduced to 10 m3/h (or 8 % of the total 

Tracer gas 
measurement 
Total 

69 
61 
8 

Overall supply outdoor air 
Downstairs 
Upstairs 

Multi-zone model 

Supply vents Total 

16 118 (-28) 
24.4 109 
-8.3 9 (-28) 



ventilation). The maximum rate is reduced to 116 m3/h. The house needs 
tightening to arrive at an air exfiltration rate of 5 % (6 m3/h) of the total 
ventilation . The air leakage at 50 Pa has to be lowered by 15 % from 2.2 
air changes per hour to 1.9. The house would have experienced an average 
air exfiltration rate of 15 % (20 m3/h), if the air leakage had been as in the 
Swedish Building Code 1980. 

In order to clarify where the outdoor enters house no 14 a parametric 
study, like the one for house no 3, was carried out using the multi-zone 
model. The following assumptions were made: the air flow through the 
exhaust fan is 0.5 ach, the airtightness of the house is equal to the fan 
pressurization result (2.2 air changes per hour at 50 Pa, 3.1 incl. supply 
vents) and the supply vents are adjusted according to the design by the 
HVAC consultant. The predictions show clearly how the outdoor air 
ventilation rate downstairs is increased from 63 m3/h to 128 m% and how 
the outdoor air ventilation rate upstairs is decreased from 58 m3/h to 7 m3/ 
h when the outdoor temperature drops from + 20 OC to - 15 OC (see figure 
6). A similar result was obtained during the above mentioned tracer gas 
measurements (see figure 7). Less than V3 of the outdoor air enters 
through the supply vents. When the outdoor temperature drops the 
pressure drop across the supply vents is reduced from 2 Pa to 0 Pa. A 
pressure difference of 1 Pa corresponds to a windvelocity of 1,5 mls i.e. the 
direction of the air flow through the vent can easily change. A minimum 
air exchange rate is not ensured in the bedrooms as in house no 3, as there 
are no added exhaust air terminal devices there. 

A slight improvement in the distribution of outdoor air can be obtained by 
a better adjustment of the supply vents. The outdoor air ventilation rate 
upstairs will then vary between 60 m3/h and 12 m3/h, instead of between 
58 m3/h and 7 m3/h (see figure 8). The pressure drop across the supply 
vents increases slightly and thereby the air flows are less sensitive to the 
influence of wind (see figure 8). The adjustment has been made in such 
manner that the house is depressurized at 4 Pa, when there is no wind and 
theindoor temperature is equal to the outdoor temperature. The adjustment 
was made using the air leakage function of the house and the supply vents. 
4 Pa was chosen as being a representative value of the pressure difference 
caused by wind and temperature. The part of the outdoor air which enters 
through the supply vents does not change very much due to the better 
adjustment. 

In order to further improve the distribution of outdoor air the house has 
to be tightened (see house no 3). 

There are two techniques of reducing the dependance upon the outdoor air 
temperature of the distribution of the outdoor air flow between upstairs 
and downstairs. One alternative is to increase the pressure drop by 
choking the supply vents. With this technique the air flow through the 
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Figure 6. Predicted outdoor air ventilation rate as a function of inside-outside temperature 
difference, house no 14 downstairs and upstairs. For the supply vents the pressure drop is 
given. Airtightness = 2.2 ach at 50 Pa. Adjustment, HVAC-consultant. Wind = 0 m/s. 
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Figure 7. Measured outdoor air ventilation rate as a function of inside-outside temperature 
difference, for house no 14. The wind speed was 0.5 m/s. The exhaust fan was set on "at 
home" position. The constant concentration tracer gas technique was used. 

vents will be reduced. Another alternative is to move the openings 
vertically by locating the supply vents upstairs close to  the supply vents 
downstairs (see Fahl6n 1991). If the supply vents upstairs are located 
close to the floor level and the supply vents downtairs close the ceiling 
level, then distribution of the outdoor air flow will be less affected outdoor 
air temperature and will be almost constant (see figure 9). The total 
outdoor air flow upstairs will vary between 63 m3/h and 41 m3/h. 
Furthermore the pressure drop across the supply vents will be higher than 
2 Pa, compared with 4 Pa in the tighter house no 3. The calculations are 
based an airtightness equal to the fan depressurization result and an 
adjustment at  4 Pa. 
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Figure 8. Predicted outdoor air ventilation rate as a function of inside-outside temperature 
difference, downstairs and upstairs in house no 14. For the supply vents the pressure drop 
is given. Airtightness = 2.2 ach at 50 Pa. Adjustment at 4 Pa. Wind = 0 m/s. 
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Figure 9. Predicted outdoor air ventilation rate as a function of inside-outside temperature 
difference, house no 14 downstairs and upstairs. For the supply vents the pressure drop is 
given. Airtightness = 2.2 ach at 50 Pa. Adjustment at 4 Pa. The supply vents upstairs are 
located 0.2 m above the floor level. Wind = 0 Ms. 



CONCLUSIONS 

The Lattbygg85 houses had a correct distribution of airflows between the 
exhaust air terminal devices. One of the ideas behind the ventilation 
system in these houses was that the occupants should be able to control 
where the outdoor air enters the house. Vents which can easily be closed 
and opened were incorporated ;in the building envelope. Measurements 
and calculations show that although the two Lattbygg 85 houses tested 
are tighter than most modern houses only V3 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. If the cracks are located 
at floor level cold air can enter during the winter and impair the thermal 
comfort. An uneven distribution of cracks can cause an uneven distribu- 
tion of outdoor air i.e. some rooms might get too little outdoor air. 

For the least airtight house (2.2 air changes per hour at 50 Pa) the air is 
actually leaving the house through the supply vents in the bedrooms 
upstairs, when the outdoor temperature falls below the freezing point. 
The exhaust air flow was 0.35 air changes per hour. Raising the air flow 
lowers that critical temperature. It would therefore make sense to raise 
the fan speed to arrive at the stipulated 0.5 air changes per hour. 

The mechanical ventilation rate in the Lattbygg 85 houses is controlled by 
the occupants (0.1 ach, 0.3 ach or 0.5 ach) and is therefore often below 0.5 
ach. This increases the air exfiltration and makes the ventilation more 
sensitive to the influence of wind and temperature. 

A reasonable level of outdoor air, upstairs in an airtight two-storey house, 
can be ensured by locating the supply vents upstairs close to the floor and 
the supply vents downstairs dose to the ceiling. The outdoor air flow 
through the vents will then also be only marginally affected by the outdoor 
temperature. If the relocation of the supply vents is not possible, then in 
order to get at least transferred air to  the rooms upstairs from the rooms 
downstairs exhaust air terminals can be installed in each room upstairs. 

If more than 314 of the outdoor air is to enter through the the supply vents, 
then the airtightness ofthe building envelope must be better than 1.0 air 
changes per hour at 50 Pa. The adjustment of the supply vents should be 
done at a pressure difference of 4 Pa. 

Ifthe average air exfiltration during the heating seasonis to be lowerethan 
5 % of the overall outdoor air ventilation, then the airtightness (ind. open 
supply vents) should be better than appr. 3.0 air changes per hour at 50 
Pa. 



The performance of an exhaust fan system is very much dependant upon 
the overall airtighness and the distribution of the airtightness of the 
building. Many existing modern houses are less airtight than the two 
houses tested i.e. only a small part of the outdoor enters through the 
supply vents and the direct supply of outdoor air to individual rooms is 
strongly affected by the natural driving forces. Most of the time there will 
probably be some air exchange in the individual rooms, but it will be a 

combination of outdoor and transferred air. 

BLOMSTERBERG, A. Wser controlled exhaust fan ventilation in one- 
family houses" Proceedings of the 7th ATVC Conference, Coventry, Great 
Britain, 1986. 

BLOMSTERBERG, A. "Lattbygg 85 - Energy and resource efficient one- 
y houses with a low annual cost" Swedish Council for Building 

Research, R41:1989, Stockholm, Sweden, 1990. 

BLOMSTERBERG, A. 'Ventilation and airtightness inlow-rise residential 
buildings - Analyses and full-scale measurements" Ph. d. thesis, Swedish 
Council for Building Research, D10:1990, Stockholm, Sweden, 1990. 

BRING A., HERRLIN M. "User's Manual - MOVECOMP-PC(R) - 
An Air Infiltration and Ventilation System Simulation Program" Bris 
Data AB, Saltsjobaden, Sweden, 1988. 

FAHLEN, P. , personal communication, Swedish National Testing and 
Research Institute, Bods, Sweden, 1991. 

HERRLIN, M. "Air Flows in Buildings - A Calculation Model" Royal 
Institute of Technology, Division of Building Services Engineering, Stock- 
holm, Sweden, 1987 (in Swedish). 





AIR MOVEMENT & VENTILATION CONTROL WITHIN BUILDINGS 

12th AIVC Conference, Ottawa, Canada 
24-27 September, 1991 

P O S T E R  24  

Control Algorithms for Rooms with Displacement 
Ventilation System. 

Sulzer Infra Group 
Laboratory 
8401 Winterthur 
Switzerland 



ABSTRACT 

A test room with a Displacement Ventilation System was 
built. Temperature control was provided with a DDC 
(Direct Digital Control) System, controlling the air 
volume and the air inlet temperature. Air velocity and 
temperature profiles were measured at different 
locations in the room for various internal loads. 

The aim of the control was not only to provide a 
constant temperature but also comfortable conditions. 
the temperature gradient, the air velocity and the 
radiant heat exchange were taken into consideration 
for the comfort condition in the space. 

It is found that the influence of the building 
structure is more important for displacement systems 
than for mixing systems, Tests were carried out with 
various thermal masses of the room. Due to the 
vertical temperature distribution especially the mass 
of the ceiling has a great influence on the storage 
capacity. 

For displacement systems, VAV proved to be very 
efficient over the whole range of the load. there is 
satisfactory air movement in the room even with a 
reduced air change rate of 1 to 2 per hour. 

Adapted control algorithms allow to reduce the energy 
consumption of the ventilation system. Further 
investigations will consider the optimization of the 
use of energy. 
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Abstract 

Kitchen hoods are frequently found in Belgian kitchens. Most 
of them have as only function intensive ventilation during 
certain cooking activities, It is expected that kitchen hoods 
with appropriate performances can also play an important role 
as device for guaranteeing basic ventilation. 

The aims of the research can be s ized as follows : - How do occupants evaluate the performances of existing 
kitchen hoods? - What are the sound levels (&(A)) in various locations 
in theses dwellings due to the kitchen hood? - What are the flow rate performances of old and new 
kitchen hoods in occupied dwellings and in the 
laboratory? - What are the measured ventilation efficiencies in the 
laboratory? 

The project focusses as well on existing kitchen hoods as on 
the most recent models of kitchen hoods. 
In order to come to representative answers, the following 
actions are planned (they will be largely finished at the time 
of the conference) : - an enquiry in some 200 randomly selected dwellings and 

some 50 dwellings with new kitchen hoods. These 50 
dwellings were suggested by the manufacturers. - Sound level measurements in 4 locations of each 
dwellings as well as flow rate measurements (with 
compensated flow meter and/or tracer gas) in occupied 
dwellings. - FLOW rate and ventilation efficiency measurements in 
the laboratory on common and new kitchen hoods. 

The results till now indicate that often very high sound 
levels are found (up to 80 db(A)) and that there are a lot 
complaints about noise problems. Fortunately, several good 
systems allowing to achieve the required flow rates at very 
low sound levels exist. 
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SYNOPSIS 

The use of indoor carbon dioxide levels is a good method for controlling 
indoor air quality in office buildings. The measured CO, is used to determine 
the amount of outdoor air needed to purge air contaminants and to obtain the 
desired CO, indoors. Two floors of a commercial building in Montreal were 
used in the study. Since both floors were identical in architectural layout, type 
of work being done, and in population density, and since they had identical yet 
separate ventilation systems, one floor was used as a control, and the other was 
modified to include a CO, and temperature control system. The strategy 
complies with the requirements of the ventilation, indoor air quality, and 
thermal comfort standards. The discomfort that did exist was due to HVAC 
system repairs. It also performs the ventilation service in an energy effective 
manner, with an annual saving of 12%, and a payback period of 0,4 years. 
However, the occupants' perception of their working environment does not 
reflect the measured results. They perceived that their productivity is 
proportional to their perception of the indoor environment. The DCV floor 
occupants complained significantly more of their indoor environment than the 
occupants of the other floor. 

1. INTRODUCTION 

The following study compares the indoor environment created by two different 
types of ventilation control systems in an eleven-storey office building, located 
along the St. Lawrence river, in Montreal. Experiments were conducted during 
an entire year. The two systems were electrically operated: a conventional 
system was controlled by outdoor temperatures, and a demand-controlled 
system used carbon dioxide and supply temperature as an indicator (see Figure 
1). The main objective was to compare the air quality, thermal comfort, energy 
demands, and occupant satisfaction resulting from the two different controls, 
in two separate floors of an office building, and to rate these results according 
to their respective criteria, since operation of a ventilating system should 
always keep all of the contaminants and thermal comfort parameters within 
acceptable limits. Considerable research has gone into DCV systems over the 
past 10 years. Up until 1983, most papers on DCV systems stressed energy 
savings and pay-back times, but it is indoor air quality that is being emphasized 
in more recent works [I]. This studies emphasizes the impact on the indoor 
environment. 



2. METHOD 

Actual test data was obtained over four seasons--spring, summer, fall, and 
winter. Each scheduled test period consisted of one week per month, for 12 
consecutive months. This plan was set up to evaluate system performance 
under different weather conditions. The testing was performed simultaneously 
on two floors of an office building--one floor operating under the normal mode, 
and the other floor operating under the carbon dioxide control mode. These 
two types of control were in operation throughout the total testing year 
(including the time between the scheduled test periods). 

A set of relays was installed to enable the 8& floor system to be operated in a 
"GO, mode"; while the 9& floor system operated under the "normal mode". 
Under the C0, control the CO, state kept the outdoor air damper closed until 
the GO, level in the space reached the lower control point (600 ppm). The 
outdoor air dampers would open to a minimum when the CO, did reach 600 
ppm. As the CO, increased further, so did the opening of the dampers, up to 
a maximum opening when the CO, reached the upper limit of 1000 ppm. The 
lower limit of 600 ppm was chosen due to the recent findings that headaches 
start at this point [2]. The upper limit of 1000 ppm was chosen since it is the 
ASHRAE recommendation [3]. The code-specified amount of outdoor air was 
provided under the normal mode (i.e. based on temperature demand). An 
indoor temperature control was installed to override the GO,-control system, to 
certify that the indoor temperature would not exceed the comfort limits [4]. 

The following parameters were measured for one week per month, for 12 
consecutive months: indoor air quality parameters (carbon dioxide, 
formaldehyde, volatile organic compounds, particles and ventilation 
performance); thermal comfort parameters (dry-bulb and operative temperature, 
relative humidity, vertical temperature gradients, air velocity, and thermal 
comfort PMV and PPD); and occupant perception. The energy demand was 
monitored continuously throughout the 12 months, i.e. 365 days. The sampling 
stations are shown in Figure 2 (both floors' stations are directly one above the 
other). 

To verify if there was any significant difference between the variables, the 
confidence interval of CL, = p, - ~l, for paired observations was used. If dm and 
s, are the mean and standard deviation of the normally distributed differences 
of n random pairs of measurements, a (1 - a)100% confidence interval for pD 
= p, - ~l, is 

where t, is the t value with v = n - 1 degrees of fieedom, leaving an area of 
a12 to the right [5]. 



2.1 Indoor Air Quality Parameters 

Ten C02 sampling stations were chosen as per Figure 2. A direct reading 
instrument (ADC, range 0-5000 ppm, infixred gas analyzer) was used to 
measure C02 hourly from 7:00 to 19:00, for three consecutive working days 
each month. The IRSST method #34-A was followed [6]. 

Three formaldehyde sampling stations were chosen as per Figure 2 (stations 1, 
5, and 7). A sampling duration of three working days was used each month. 
The IRSST method# 216-1 was followed [6]. The formaldehyde was collected 
on orb0 adsorbent tubes, impregnated with N-benzylethanolamine. These were 
attached to personal air pumps sampling at a frequency of 0,5 Vmin. The tubes 
were then analyzed by gas chromatography. 

Three VOC sampling stations were chosen as per Figure 2 (stations 1,5, and 
7). A sampling duration of three working days was used each month. The 
IRSST methods # 80-1, 16-1, and 101-1 for stoddard solvent, toluene, and 
xylenes (o,m,p), respectively, were used [6]. The VOC's were collected on 
activated charcoal tubes attached to personal air pumps sampling at a frequency 
of 0,2 Vmin. These were then analyzed by gas chromatography. 

Three dust sampling stations were chosen as per Figure 2 (stations 1,5, and 7). 
The dust was sampled for a period of 3, 10-hour working days each month. 
The IRSST method # 48-1 was followed [6]. Personal air pumps at about 1,5 
Vmin air flow rates with pre-weighed filters were used to collect total dust. 
The filters were then weighed in a laboratory. 

The decay tracer gas technique was used to measure air change rates during our 
monthly testing periods. The 9" floor was tested on the first of three days, 
while the 8" was tested on the third, to avoid the interzonal air movement 
problem from the 8& up to the 9" floor (due to the pressure differential). 
Approximately 4 liters of SF, was injected at the outdoor air dampers of the 
floor under study. A mixing period of about 30 minutes was allotted. Air 
samples were then taken at 5 locations throughout the floor (stations 1, 3, 5, 
7, and 9, from Figure 2), in 9 continuous sequences, so as to average a time 
period of about 8 minutes between sequences (a total of about 80 minutes of 
sampling). These air samples were then sent to a laboratory for the SF, 
concentration. This method of calculating the rate of indoor-outdoor air 
exchange does not differentiate between the mechanisms of exchange 
(mechanical or infiltration) but includes both. 

Analysis of the system performance was centred around evaluating the ability 
of the C02-based ventilation system to control the CO, concentration in the 
occupied spaces of the test site building. 



2.2 Thermal Comfort 

Operative temperature readings were taken at 9 locations per floor (see stations 
1 to 6, and 8 to 10, in Figure 2), for 20 minutes per station, over a period of 
3 working days, once a month. These were coupled with relative humidity and 
dry bulb temperature readings taken with a psychrometer. 

A Thermal Comfort Meter was used to measure thermal comfort levels. Nine 
sampling stations per floor were chosen as in Figure 2 (stations 1 to 6, and 8 
to lo), for 20 minutes per station, over a period of 3 working days, once a 
month. 

2.3 Occupant Perception 

The subjective response of the occupants to the environment was measured 
with a questionnaire. No behavioral questions were asked. 

The questionnaire was distributed throughout the two floors, to all occupants 
in the open-area offices, every 31d Wednesday morning of every month. These 
were then collected that same afternoon. 

2.4 Energy Demand 

Separate electric power meters were installed in all four ventilation systems; 
to measure all power used for heating and cooling. 

Four XT-103 Electrical Current Stick-On Loggers were used. Each one has 
a range of 0 to 250 Amps (AC). The two loggers for each floor were added 
so as to arrive at a total energy consumption for each floor. 

3. RESULTS 

The system generally performed as expected. Under the GO, control mode, the 
outdoor air dampers remained closed for most of the year. The system is 
normally operated with the outdoor air dampers opened in cold weather 
because of the overheating inside (due to the poorly designed HVAC system 
location). There were never enough people at one time or for long enough to 
raise the CO, level to the control point. Operation of the overriding 
temperature control kept the building well ventilated (thermally). It was clear 
that the normal mode of control produced excess ventilation. 



The AS ventilation standard offers two methods for controlling indoor 
air quality [3]. The first is to prescribe various amounts of outdoor air per 
person for different settings. The second allows the building operation 
personnel to reduce the outdoor air intake as long as there are no known 
contaminants at harmful concentrations. This project indeed showed that a GO2 
and temperature control was able to limit the amount of outdoor air and still 
keep all of the contaminants below the recommended maximum limits. Even 
though the contaminant levels were similar on both floors, the control system 
was able to save a significant amount of energy. 

This control system had no real effect on indoor air quality and thermal 
comfort (similar levels are found on both floors), but it had a great effect on 
energy consumption. The main reason is probably the low occupant density. 

The air quality, as expected, was generally good. No signifcant contaminant 
concentrations were found. Carbon dioxide, formaldehyde, and VOC levels 
were all well below the recommended limits. Total dust levels exceeded the 
AS recommended maximum for three months of the year, on the C02- 
controlled floor. 

The thermal comfort was generally adequate on both floors. Dry-bulb 
temperatures and air velocities satisfied the recommended levels. Discomfort 
would be felt during the winter months when very low relative humidities were 
recorded [7]. Very warm operative temperatures were also recorded during the 
summer months. Vertical temperature gradients exceeded the recommended 
level due to very warm air temperatures at the neck level. However, this 
discomfort was almost always due to some HVAC mechanical repair being 
done at that time. The Predicted Percentage of Dissatisfied was above the 
recommended maximum more than one third of the time due to a slightly cool 
to cool environment. 

The occupants' responses did not correspond to the measurements taken 
objectively [8]. This may put in evidence the inadequacy of the "state-of-the- 
art" measuring equipment to read much lower levels. Also, it may indicate that 
the occupants are much more sensitive to irritants than the general population. 
The occupants perceived that their productivity is proportional to their 
perception of the indoor environment; indicating that higher productivity rates 
can be achieved by better controlling the working environment above 
satisfactory levels (see Figure 3). Finally, more than 20% of the occupants 
were unsatisfied with their working environment (indoor air quality and thermal 
comfort) all of the time (see Figure 4). The 8& floor occupants complained 
much more of both indoor air quality and thermal comfort, however, the same 
significant differences could not be found in the measured data, indicating that 
other "global" factors may be influencing their environmental satisfaction 181. 



A significant annual difference in energy consumption was found between both 
floors (see Figure 5). An energy savings of 12% was found by using the 
temperature and C02-control system. The payback period was calculated using 
a pre-determined cost schedule, and was found to be 0,4 years. 
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SYNOPSIS 

We describe the use of constant injection and pulse injection techniques for 
measurement of airflow in a duct. Tracer-gas measurements were compared with 
measurements made using a pitot tube and a hot-wire anemometer. Tracer-gas 
concentration, air velocity and pressure distribution were measured at various 
distances fromthe duct wall and inlet. An empirical equation was obtained for 
the entrance length required to achieve fully-developed turbulent flow and this 
was compared with measurements made using a pitot tube and hot-wire 
anemometer. We present a relationship for the friction-factor and Reynolds 
number derived from tracer-gas measurements. 

LIST OF SYMBOLS 

C, Concentration of tracer gas; constant-injection technique (ppm) 
C, Concentration of tracer gas; pulse-injection technique (ppm) 
F: Airflow rate using constant-injection technique (m3/s) 

Fp Airflow rate using pulse-injection technique(m3/s) 
Fu Airflow rate using pitot tube (m3/s) 
Fh Airflow rate using hot-wire anemometer (rn3ls) 
9 Injection flow rate of tracer gas (m3/s) 
Pa Pressure at point a (see Figure 9) (Pa) 
P, Static pressure at point x (see Figure 8) (Pa) 
Ub Bulk velocity ( d s )  
Urn Maximum velocity (ds )  
UZ Shear velocity (rn/s) 
A* Cross-sectional area of the bellmouth (m2) 
AB Cross-sectional area of the duct (m2) 
f Friction factor 
Re Reynolds number 
L, Entrance length (m) 
Dh Hydraulic diameter of the duct (m) 
X Distance from the duct inlet in the direction of flow (m) 
t Time (s) 
g Acceleration due to gravity (rn/s2) 
Z Intercept of static pressure lines (Pa) 

P Air density (kglm3) 
2w Wall shear stress (Pa) 



1 .  INTRODUCTION 

Accurate measurement of airflow in ducts is important but often difficult to 
achieve using traditional instrumentation such as pitot tubes, hot-wire and vane 
anemometers. Limited access to the flow passage or short duct lengths could 
restrict measurements and flow velocities less than 3 4 s  could lead to 
measurement inaccuracies if traditional instrumentation were employed. Tracer- 
gas techniques such as constant-injection and pulse injection offer an alternative 
approach for measuring airflow in ducts, and unlike traditional instrumentation, 
are not limited by the length or complexity of duct configuration. As gas 
chromatographs can detect tracer gas at low concentrations, tracer gas techniques 
can be used to measuring airflow over a wide range of values. Furthermore, 
tracer-gas techniques can be used to measure flow rates directly and do not 
require determination of the cross-sectional area of the duct or flow profile at the 
duct wall. One further advantage of tracer-gas techniques is that they can be used 
to determine the airtightness of ductwork. This is important if energy and noise 
resulting from air leakage are to be controlled. 

The present study describes the use of constant-injection and pulse injection 
techniques for measuring airflow in a duct and compares the results with those 
obtained using a pitot tube and a hot-wire anemometer. We present an empirical 
equation for the entrance length required to achieve fully developed turbulent flow 
and a relationship for friction factor and Reynolds number. 

2 .  THEORY 

The following injection strategies were used to measure airflow in a duct: 

2 . 1  Constant-Injection Technique 

Tracer gas is injected into the duct at a constant rate and the resulting 
concentration response is measured. Assuming that the air and tracer gas 
are perfectly mixed within the duct, and that the concentration of tracer 
gas in outside air is zero, the following equation can be used for steady- 
state conditions1: 

2 . 2  Pulse-Injection Technique 

This technique is based upon the injection into the duct inlet of a short- 
duration pulse of tracer gas at a rate G(t). The variation of tracer 
concentration with time is measured at the duct exit. The amount of 
injected tracer gas is small, so it does not contribute significantly to the 
volume flow rate of air in the duct. 



If we assume that the tracer gas is well mixed across the section of the 
duct, then the volume flow rate of tracer gas leaving the duct is equal to 
the product of the flow rate and the exit concentration. If the tracer gas is 
assumed to be purged from the duct after some time interval (ti to t2) then 
the volume of tracer leaving the duct must equal to the amount injected. 
Applying the integral volume balance of tracer gas, we have: 

3 .  EXPERIMENTAL 

The experimental work was carried out using the duct system shown in Figure 1. 
The duct was constructed from galvanised mild steel and was 12m long with an 
internal diameter of 0.56m. The downstream end was connected to an axial fan 
by means of a diffuser. The flow rate through the duct was varied using a speed 
controller made by ABB Stromberg Drives, Finland. The fan was driven by an 
AC motor of 4 kW and with a maximum speed of 2880 rpm. The fan was 
manufactured by Elta Fan Ltd, UK. 

Static, velocity pressure and tracer gas tappings were positioned along the duct. 
The velocity tappings allowed insertion of a pitot tube or a hot-wire anemometer 
which could be traversed across the duct cross-section in order to measure 
velocity at various distances from the duct wall. Velocity and static pressures 
were measured using an EMD 2500 micromanometer, made by Ai iow 
Development, UK. 

For the constant-injection technique (see Figure 2), SF6 tracer gas was supplied 
at a constant rate into the duct inlet using a mass flow controller which had a 
maximum flow capability of 3.9 Llmin. The measurement accuracy of the mass 
flow controller was f 1 %. 

For the pulse-injection technique, tracer gas was injected at the inlet of the duct 
using a syringe (see Figure 3). Multipoint injection was necessary for the 
approximation of a uniform concentration across the cross-section of the duct at 
the measurement point. It was necessary to measure the concentration of tracer 
gas at the downstream point to determine the integral of the concentration. This 
was achieved by filling an air sample bag by means of a small pump. Sampling 
was begun 10 seconds before the pulse was injected, and continued until the 
pulse was completely purged from the duct. 

The concentration of tracer gas was measured using an Infra-red gas analyser, 
type BINOS 1000, made by Rosemount GmbH & Co (RAE), Germany. The 
accuracy of analyser was estimated to be within f 2%. 



4 .  RESULTS AND DISCUSSION 

4 .1  Friction-Factor and Reynolds Number 

The wall shear stress for steady, incompressible fully-developed flow in a 
duct is given by: 

The friction factor may be defined as: 

Measurement of airflow rate in the duct was carried out by means of the 
constant-injection and pulse injection techniques as well as using a pitot 
tube and hot-wire anemometer. SF6 was injected at X/Dh = 0.625, and 
the concentration of tracer gas was monitored at various positions 
downstream. Figures 4 and 5 show the variation of tracer-gas 
concentration with X/Dh for Reynolds numbers in the range 76220 to 
392850. The concentration of tracer gas was found to be large close to 
the injection point, and decreased as X/Dh increased. The tracer-gas 
concentration remained constant when X/Dh was greater than 15 (for 
constant-injection) and 8 (for pulse injection technique). 

Figures 6 and 7 compare measurements of duct airflow rate made with the 
tracer-gas techniques, and a pitot tube and a hot-wire anemometer. 
General agreement was observed, and the best linear relationships were: 

The above results indicate that the flow rate obtained using the pulse- 
injection technique is in closer agreement with values obtained using the 
pitot-tube and hot-wire anemometer than the flow rate obtained using the 
constant-injection technique. 

The friction factor f of the duct was calculated using average velocity 
(based on the pulse-injection technique) and pressure gradient for the 
fully-developed flow (see Figure 8). The following relationship between 
f and Re was obtained: 

The friction factor obtained using equation (9) differs slightly from that 
obtained using 131asus2 equation, probably as a result of the difference of 
the pipe characteristics and the inlet condition. 



4.2 Entrance Length for Fully-Developed Flow 

The formation of a boundary layer in a duct is shown in Figure 9. Air 
enters the duct at point a with a velocity U,. At point b the velocity is 
uniform across the duct. At point f the boundary layer is completely 
formed. Further downstream from point f the boundary layer has a 
constant thickness. Here the influence of the entrance shape upon the 
airflow pattern has disappeared and fully-developed flow is said to exist. 

We carried out measurements of tracer gas concentration and pressure 
distribution along the duct for a range of Reynolds numbers. Figures 8 
and 10 were used to find an empirical expression (equation 10) for the 
entrance length required to achieve fully-developed flow (see Appendix 
for full derivation). 

The entrance length derived from equation (10) is similar to that given by 
~ inze3 ,  i.e., L&h = 0.693 Re0.25, using the 1/7th power law 
approach. 

5 .  CONCLUSIONS 

The following conclusions are drawn: 

1. Results indicate that the flow rate obtained using the pulse-injection 
technique is in closer agreement with values obtained using the pitot-tube 
and hot-wire anemometer than the flow rate obtained with the constant- 
injection technique. 

2. The friction factor for the duct is given by f = 0.124 Re-0-13 and the 
entrance length required to achieve fully-developed flow is given by 
Le/Dh = 2.315 ~e0.13. 
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APPENDIX 

Considering Figure 9, and applying the continuity equation to sections A and B, 
we have: 

AAUA = ABUB (All 

But UA = Ua and UB = Ub and so equation A1 can be rewritten as 

Ua = U~ABIAA (A21 

Applying Bernoulli's equation between points a and f (along the stream line abf, 
Figure 9) gives: 

Substituting equation A2 into equation A3 and rearranging, we have: 

Dividing both sides of equation A4 by Um2 we have: 

Tracer-gas concentration was measured at different distances from the duct wall at 
the inlet of the duct and at the region of fully developed flow. This allowed the 
ratio Cm/Cb to be determined. Applying equation A4, we find that the flow rate 
ratio is given by: 

since 

F = AU 

the velocity ratio Ub/Um is given by: 

The average value of Ufl, for the range of Reynolds numbers used in these 
experiments was 0.819. 

Substituting the values of AB/AA and Uf lm into equation A5 gives: 



Consider the variation of static pressure with X, Figure 10. The difference 
between the static pressure at X = 0 (i.e. pressure = atmospheric pressure) and 
the static pressure of fully developed flow, X = Le is given by: 

Equation A9 is normally applied to regions of fully developed flow but is also a 
very good approximation for the entrance region of the duct provided that L/Dh > 
1. Experimental results (Figure 8) showed that dP/dx was constant along the 
length of the duct for the range of Reynolds numbers used. 

Substituting equation A9 into A8 and dividing both sides of equation A8 by 
pUm2, we have: 

and 

Substituting equations A l l  and A12 into equation A10 and simplifying, we have: 

(Pa - Pf)/pUm2 

From tracer gas measurements, U f l m  = 0.819 

Equation A14 is applicable when the velocity profile is fully developed. If the 
velocity profile is not fully developed but L/Dh > 1, then equation 14 is a good 
approximation. 

Substituting the value of Uf lm and equation A14 into A13 and simplifying, we 
have 



Substituting equation A6 into A15 and simplifying, we have: 

The intercepts Z of the static pressure lines were found from Figure 8. 

Substituting equation A17 into equation A16 we obtain: 

L&h = 2.32~eO-13 (A18) 

This equation can be used to determine the entrance length L, for fully developed 
turbulent flow. 
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ABSTRACT 

Knowledge of air movement within a building is often a 
condition for solving problems with the spread of pol- 
lution. The internal airflow paterns are mostly very 
complex and a survey of the airflow normally demands 
that measurements are carried out. 

Measuring equipment for defining air movement within 
buildings almost always uses the tracer gas technique. 
We have used two tracer gases and have kept a constant 
concentration of these in the polluted and the clean 
zones respectively. Thus enabling us to get a time 
history of the airflow between the two zanes. Concur- 
rently, with measurements of the airflow between clean 
and polluted zones, we have measured the concentration 
of pollution components. 

The article describes both the results from testing 
the measurement method in an uninhabited test-house 
and the results from field measurements in a house and 
in a large factory building. From the results, the 
accuracy of the measurement method and the relation- 
ship between the calculated and actually measured 
pollution concentrations are discussed. 



1. INTRODUCTION 

Problems with the spread of pollution in buildings and 
problems in calculating the concentration of the pollu- 
tion source are often so complex that simple measure- 
ment methods and common sense are not sufficient to 
achieve the correct results. Such problems require 
more advanced measurement techniques. 

The tracer gas measurement methods are among the most 
effective and flexible tools available when you want 
to trace air movements. If you make use of several 
tracer gases you will come a long way in understanding 
the often very complex air movements in buildings. In 
our investigations we have used a measurement equip- 
ment capable of keeping a constant concentration of 
tracer gas in up to 12 rooms and handling 2 different 
tracer gases at the same time. With this equipment you 
will also be able to register the pollution concentra- 
tions and temperatures in the rooms. 

The measurement equipment will calculate the outdoor 
air-exchange and make current print-outs, whereas the 
calculation of interzonal airflow must be done manual- 
ly. In the following chapter the equations being used 
for calculating the interzonal airflow are explained. 
We are dealing with 2 different sets of equations, 
each related to the 2 main types of measurements. When 
performing the type of measurement we call split-mea- 
surement we keep a constant concentration of tracer 
gas A in one area of the building and a constant con- 
centration of tracer gas B in the rest of the build- 
ing. When performing the type of measurement we call 
supplement-measurement the concentration of tracer gas 
A is kept constant all over the building and in addi- 
tion to this a constant concentration of tracer gas B 
is kept in a limited area of the house. 

We have carried out three measurements, two of which 
are reported in the present text. One measurement in a 
factory hall is not included, as we have not been able 
to demonstrate any interzonal airflow between the 
polluted and the clean area of the building. 

3 . Calculation of Interzonal Airflow. 

In figure 1 the flows which can be calculated by the 
split-measurement method are shown. The unknown values 
are the 6 flows marked with arrows, and the known 
values are the measured air-exchanges, concentrations 
and volumes. During the measurement the concentration 
of tracer gas A is kept constant in room 1, and the 
concentration of tracer gas B in room 2. Tracer gas A 
is not dosed in room 2, and tracer gas B is not dosed 
in room 1. 



In figure 1 the 6 equations which are used for calcu- 
lating the unknown airflow are stated. The 6 equations 
derive from stating a mass balance for tracer gas A, 
tracer gas B and the airflow for each room. The equa- 
tion system is easily solved, especially if there is 
stationary flow and you wait until all tracer gas 
concentrations are stable. 

n = measured air-exchange 
V = room volume 
C = concentration of tracer gas 
q = airflow 
dC/dt = change in tracer gas concentration w i t h  

respect to time. 

Figure 1: Equations for calculation of interzonal 
airflow by split-measurements. 



When using the supplement-measurement method we only 
have to calculate 4 unknown flows, as the flow of out- 
door air into the two rooms is measured direct. In 
figure 2 the 4 unknown flows are marked with arrows 
out of and between the rooms. The known values are the 
measured air-exchanges, concentrations and volumes. 
During measurement a constant concentration of tracer 
gas A is kept in room 1 and 2, and a constant concen- 
tration of tracer gas B in room 2. Tracer gas B is not 
dosed in room 1. 

In figure 2 the 4 equations used for calculation of 
the unknown airflow are stated. The 4 equations derive 
from stating a mass balance for tracer gas B and for 
the airflow for each room. 

Room 1 

B 

Dose A 

4 
Dose B 

2 2A 

"2 

Figure 2: Equations for calculation of interzonal 
airflow by supplement-measurements. 



3. Measurement in Test-House. 

As a control of the equipment a measurement was per- 
formed in a test-house at the Thermal Insulation Labor- 
atory. It is a two-storied house with the size of a 
normal Danish one-family house. The measurements were 
carried out on the ground floor which fonsists of twg 
almost equal-sized rooms of 1 3 5  m and 1 4 2  m 
respectively. 

At first the leakage of the house was determined by 
the constant concentration measurement method. Tracer 
gas SF6 was used and the target for the tracer gas 
concentration was 1 ppm. The measurement was running 
during 1 2  hours and the following results were 
achieved: 

Basic air-exchange rate = 0 . 0 1  l/h 
Mean value SF6 concentration = 1 . 0 1  ppm 
Spread in concentration = 0.02 ppm 

The basic air-exchange is much lower than normally for 
Danish houses. However, in the test-house all joints 
was sealed very carefully. The outdoor climate during 
measurement of the basic air-exchange was: 

Mean wind velocityo= 6 m/s 
Temperature = -3,O C 

Then 3  ventilation plants were installed in the test- 
house, two of which were used to ventilate the two 
rooms with outdoor air and one to create an airflow be- 
tween the two rooms. A plate orifice was i~stalled in 
3  of the ducts, enabling us to measure the exhaust 
airflow from each room and the flow from room 1 to 
room 2. 

Four measurements were performed in the test-house 
with 4  different flow between room 1 and 2. They were 
all split-measurements and a concentration of the 
tracer gas Flourcarbon-22 was kept at 1 0  ppm in room 1 
(vestrum), and a concentration of the tracer gas SF6 
was kept at 1.0  ppm, in room 2 (oestrum). All measure- 
ments were running until all tracer gas concentrations 
were stable. In figure 3  an example of measured tracer 
gas concentrations and air-exchanges in the two rooms 
during a period of 12 hours is shown. 
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M:w a 0 0  00:w 02W 04:00 08:w 08:W lo.m 

C Locrtion: Y s a w m w  Une Scale Unit RMHn Wol. val. Sprd. af c. p. 
1 Vesbum flaurocarbon22 - 2E+01 ppm 135.00 m3 9.98 ppm 2.S7E-02 ppm 
1 Vestrum Sulphur Hdoudde- - -  SE-01 ppm 135.00 m3 2.52-1 ppm 2.55E-03 ppm 
1 Vestrum Air-chanp -.I-% 1E+W m3/h 135.00 m3 90.57 m3/h 3.79 m3m 

SETTINOS: GENERAL INFORMATION: COMMENT& 
Sampling I n t e ~ d :  CXIJlt. SmTirnC: 1981-02-18 2o:00 LuffsMfbatl O&-Og Vest- 
Time bet measurement 1578 s stop nm: 1991-(M-17 10:W rummet 
Nonnallzatlon temp.: 20.0 OC Compression time: None Infiltration ca 30 m3h. 

7820 Crwrs Cornpendon: No Warning: None 
T- Gas Water Vapour Compens: Yes Data Edited: No DATABASE: EXPHUS3 

Measurement Air Pressure: 101.30 Wa W u t i o n :  11 % USER PRO: None 
I 

I 

C Lccatrcn: Measumnsnt Une Scale Unit Roam Wol. Mean val. 8prd. of c. p. 
7 Oestrum Flourocarbon 22 - 5E+00 ppm 142.00 m3 2.27 ppm 1.54E-02 ppm 
7 Oestrum Sulphur Hdour ide---  2E+W ppm 142.00 m3 S.98E-01 ppm 3.OBE-W ppm 
7 &atrum Air-change fi 2E+02 mvh 142.00 m3 108.38 m3/h 3.98 m3/h 

Figure 3: Tracer gas concentrations and air-exchange 
rate in test-house durinq test No. 3. Room 1 is loca- 
tion "Vestrum" and room -2 is location 'Westrum". The 
plotted values are half-hour mean values. 



From the figure you can see that the tracer gas concen- 
trations are very stable during the entire measure- 
ment, but the air-exchange rates vary. E.g. from 3.00 
to 7.00 a.m. the air-exchange is lower than the aver- 
age air-exchange which is equal for both rooms. We 
cannot explain any direct source to these variations. 
They are probably caused by variable outdoor climate, 
or changes in the ventilation fans' flow caused by 
variation in the mains voltage. 

Table 1 shows a summary of the measurement results from 
the test-house. At the measurement method "Tracer gas 
corr. " corrections are made for the set-off on concen- 
trations measured from one channel to the other. E.g. 
if you measure on a very high concentration of tracer 
gas on one channel and afterwards on clean air on the 
next channel, the gas monitor will read out a few per- 
centage of the last measured high concentration. This 
phenomenon we call the memory effect. How big the 
memory effect is, depends on the ability of the specif- 
ic gas to stick to the surfaces in the sampling sys- 
tem. As for the tracer gas SF6 it is app. 3% and for 
Flourocarbon-22 it is 4-5%. 

Test Measurement Method. Flow m5/h 
No. ......................... 

910 920 912 921 ....................................................... 
Tracer gas 75 8 9  4 2 

1 Tracer gas corr. 77 89  0 0 
Pitot Tube 73 8 1  0 ........................................................ 
Tracer gas 67 8 2  17 1 6  

2  Tracer gas corr. 69 8  1 1 2  1 5  
Pitot Tube 7 2  75 11 ....................................................... 
Tracer gas 70  8 8  26 24  

3  Tracer gas corr. 74 8 4  1 9  2 3  
Pitot Tube 7 1  8  1 23 ....................................................... 
Tracer gas 68 87 32 31 

4 Tracer gas corr. 76 8 1 25 31 
Pitot Tube 70 80 30 ....................................................... 

Table 1: slow measured with Pitot tube and tracer 
gas in m /h and 4 different interzonal airflows. In 
fig. 1 you can see which flows are shown and how they 
are calculated. At the measurement method "Tracer gas 
corr." corrections for the memory effect in the mea- 
surement system have been made. 



F ~ o m  the table you will find a mean dizference of 4 
m /h in the measurements on tracer gas and Pitot 
tube. The Pitot Tube measurements should result in 
somewhat lower values than the tracer gas measure- 
ments, as they do not compensate for airflow caused by 
leak in the construction. 

4. Measurement in a one-family house. 

Measurements were carried out in a typically Danish 
one-family house, see photo below. It is a one-storey 
house inhabited by 2 adults and 1 child. In figure 4 
you will see a plan of the house. 

Figure 4: Plan of house with room numbers, dosing 
points and sampling points entered. During measure- 
ments the doors between the hall and the two rooms 
next to the living room were open. 



The measurements were carried out as supplement-mea- 
surements. The tracer gas SF6 was used to measure the 
flow of outdoor air into each separate room, and the 
tracer gas R-22 was used to measure the total airex- 
change in one individual room, - as well the outdoor 
air entering direct from outdoor as the outdoor air 
entering from adjoining rooms. At this measurement 
especially the airflow to Main bedroom and Livingroom- 
Kitchen was examined. In addition to the measurement 
of airflow, the concentrations of carbon dioxide in 
the rooms and the temperatures in- and out-door were 
registered, 

Below is shown a photo of the measurement equipment 
set-up in one of the guestrooms in the house. All tube 
connections to the equipment were placed so that the 
family was able to live as always in the house, and we 
asked the family to act as they used to with regard to 
airing and opening and closing of internal doors. 

In figure 5 you will see the total air-exchange as 
function of time. Especially the most variable air- 
exchange is significant, and this is typically for a 
naturally ventilated house (ref. 1 and 2) , with a very 
low air-exchange during night and some peaks during 
the day caused by airing, 



C Loution: IWeasumlwnt Une Scale Unit Reom Vol. Min-Val. Max.val. Mean val. of c.p. 
W Weighted mean Air-change fi 1E+01 h-1 278.10 m3 3.05E-02 h-1 7.48 h-1 7.38E-01 h-I 
5 MI Temperature -- - - 5E+01 OC 72.00 m3 19.15 C 22.95 C 20.58 C 
2 Bedroom Temperature --- 5E+01 OC 23.00 m3 6.05 C 21.45 C 13.27 C 

Figure 5: The air-exchange i11 the house and in- and 
out-door temperatures as function of time. 

In the upper plot of figure 6 " C  4" states the mea- 
sured airflow of outdoor air into the main bedroom, 
and "C 10" states the total measured air-exchange in 
the same room. The equations in figure 2 have been 
used to calculate the flow from the hall into the main 
bedroom during the period from 11 p.m. to 8 a.m. The 
flow calculated is shown in the upper plot. 

On the second plot you can see how the air from the 
bedroom is circulated to the rest of the house, and 
e.g. a low air-exchange between the main bedroom and 
the livingroom/kitchen is seen. 

If you compare the three graphs in the figure you will 
see that the door between the main bedroom and the 
hall has been left open from 1 p.m. to 5 p.m., then it 
has been closed until 11 p.m., and then again it has 
been partly open during the night. 

At some occasions it could be very useful to combine 
measurement of air-exchanges with measurement of pollu- 
tion concentrations, as this will give you the possi- 
bility to determine the source strength of a pollutant 
in a certain room. In this example we will calculate 
the produced volume of carbon dioxide during the night 
in the main bedroom. 



C Loutkn: Usaumment Une guk Unit Room Vd. 
4 Main Wroom Airchange r.-. 1E+W m3/h 34.00 m3 

10 Main bedroom Airchange b 1E+00 m3/h 34.00 m3 
1 User index 1 Calculated -rit 1E+w m3Jh 

I 1 

-- 

C Loutkn: Measummmt Urn, 8uk, Unit Room Vd. Mean vai. of c.p. 
1 Scullery R22 1E+00 ppm 14.00 m3 1.52 ppm 
2 Bedroom R22 - - - -  1E+W ppm 23.00 m3 3.04 ppm 
3 Bathroom R22 - - - -  1E+00 ppm 8.10 m3 3.80 ppm 
4 Main bedroom R22 - 1E+W ppm 34.00 m3 9.59 ppm 
5 Hall R22 . -.- -- 1E+00 ppm 72.00 m3 3.83 ppm 
8 Uvingmon't-Kitc R22 ---- 1E+00 ppm 127.00 m3 1.44 ppm 

2500.0 - 

20W.o - 

1500.0- 

1000.0 - 

500.0 - 
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C Locatkn: Meaulacaent Urn, 8cak Unit Rooan Vol. Max.val. Mean Val. of c.p. 
4 Main bedroom Carbon Dioxide - 1E+00 ppm 34.00 m3 2.88E+W ppm l.rK)E+W ppm 
5 Ha11 Carbon Dioxide ---- IE+W ppm 72.00 m3 1.53E+03 ppm 1.08E+03 ppm 

Figure 6: Airflow into main bedroom, tracer gas 
concentrations in the house and carbon dioxide concen- 
trations in the bedroom and the hall. 



The e q u a t i o n  used  t o  c a l c u l a t e  t h e  s o u r c e  s t r e n g t h  of 
a p o l l u t a n t  i n  t h e  room is: 

F l ~  i s  t h e  s o u r c e  s t r e n g t h  of p o l l u t i o n  i n  
room I .  

Tj 
1 i s  t h e  volume o f  t h e  room. 

dClp/dt  i s  change i n  p o l l u t i o n  c o n c e n t r a t i o n  w i t h  
r e s p e c t  t o  t i m e .  

90 1 i s  f l o w  i n t o  room 1 from o u t d o o r .  

9 2  1 1s f low i n t o  room 1 from a d j o i n i n g  room. 

C 1 ~  i s  p o l l u t i o n  c o n c e n t r a t i o n  i n  room. 

C 2 ~  i s  p o l l u t i o n  c o n c e n t r a t i o n  i n  a d j o i n i n g  
room. 

A somewhat e a s i e r  way t o  c a l c u l a t e  t h e  carbon d i o x i d e  
p r o d u c t i o n  i s  t o  u s e  t h e  f o l l o w i n g  s i m p l i f i e d  e q u a t i o n :  

n  
B i s  t h e  t o t a l  measured a i r -exchange i n  t h e  room 

{ t h e  g r a p h  C 1 0 ) -  

However, t h i s  e q u a t i o n  h a s  i t s  l i m i t a t i o n s ,  e s p e c i a l l y  
because  it a s s u n e s  t h a t  t h e  ca rbon  d i o x i d e  c o n c e n t r a -  
t i o n s  and t h e  R-22 t r a c e r  g a s  a r e  e q u a l l y  s p r e a d  a l l  
over t h e  holise. E s p e c i a l l y  a t  t h e  beg inn ing  o f  t h e  
night t h i s  i s  n o t  t r u e ,  The r e s u l t  o f  t h e  c a l c u l a t i o n s  
u s i ~ r g  t h e s e  two e q u a t i o n s  can  be s e e n  i n  f i g u r e  7 .  
C a l c u l a t i o n  o f  the  p r o d u c t i o n  u s i n g  t h e  f i r s t -men-  
t ioned e q u a t l o n  i s  shown as "User  index  2 " ,  and c a l c u -  
l a t i o n  c s i n g  t n e  second e q u a t i o n  i s  shown as  "User 
index 3 " .  

From f i g u r e  7 it a p p e a r s  t h a t  t h e  c a l c u l a t e d  produc- 
t i o n  i s  v a r y i n g  d u r i n g  t h e  n i g h t  from 25 l / h  t o  3 0  
l / h .  The e x p e c t e d  p r o d u c t i o n  from 2 a d u l t s  i s  3 8  l / h  
i n  t h e  f i r s t  hour  o f  t h e  n i g h t  and 26  l i h  t h e  rest of 
t h e  n i g h t  ( r e f .  3 ) .  



I 

C beation: Yeaeumment Une Scale Unit Room Val. Max-val. Val. of c.p. 
4 Main bedroom Carbon Dioxide - 5E+03 ppm 34.00 m3 2.88E+W ppm 1.48E+03 ppm 
2 User index2 Calculated 5E+04 3.08E+04 1.78E+04 
3 User index3 Celculated 5E+04 3.23E+04 1.83E+04 

Figure 7: Carbondioxide concentration in main bed- 
room and the calculated production in the main bed- 
room. "User index 2" and "User index 3" show produc- 
tion of Carbondioxide in ml/h. "User index 3" shows 
calculation using the simplified equation. 

In figures 8 and 9 the data are shown for a 24-hours 
period with a constant concentration of the tracer gas 
R-22 in the livingroom/kitchen. As in figure 6 you 
will also here see the low air-exchange between 
livingroom/ kitchen and the rest of the house. Only 
twice during the day you find the door between the two 
rooms open for a longer period. 

C Location: Wummsnt  Line, Scale Unit Rcom Vot. Mean val. of c.p. 
8 Livingroom-Kkc Alr-change rL. 1E+W m3/h 127.00 m3 27.88 m3/h 

12 Livingroom-Kitc Air-change > 1E+w m3/h 127.00 m-28 m3/h 

Figure 8: Airflow into the livingroom/kitchen, 
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C Lccatfon: Msagurament Line Scale Unit %om Vol. Mean val. of c.p. 
1 Scullery R22 1E+00 ppm 14.00 m3 1.90 ppm 
2 ~edr00m ~ 2 2  .--- IE+W ppm n.oo m3 3.29 ppm 
3 biltrocm Rp - - - -  lE+m ppm 8.10 m3 2.88 ppm 
4 Main bedroom R22 - 1E+00 ppm 34.00 m3 3.65 ppm 
5 Hall R22 . ..- - 1E+00 ppm 72.M)m3 4.15ppm 
6 Livingroom-Kitc Fm ---- 1E+w ppm 127.M) m3 9.91 ppm 

F i g u r e  9 :  T r a c e r  g a s  c o n c e n t r a t i o n s  i n  t h e  house .  

5. Conc lus ion .  

The most e x i t i n g  r e s u l t s  from t h e  performed measure- 
ments  a r e  t h e  c a p a b i l i t y  o f  t h e  measurement method t o  
d e t e r m i n e  t h e  s o u r c e  s t r e n g t h  o f  a  p o l l u t a n t  p l a c e d  i n  
a c e r t a i n  room, The p o s s i b l e  a p p l i c a t i o n s  f o r  t h i s  
t y p e  o f  measurements a r e  many, a - o .  d e t e r m i n a t i o n  of 
t h e  s t r e n g t h  o f  a  humid i ty  s o u r c e  i n  houses  or t o  
c a l c u l a t e  p r o d u c t i o n  r a t e  o f  p o l l u t i o n  i n  t h e  i n d u s t r y .  

The measureme~l t s  c a r r i e d  o u t  a l s o  p rove  t h a t  t h e  mea- 
surement  method g i v e s  r e l i a b l e  r e s u l t s  of  i n t e r z o n a l  
a i r f l o w ,  a l t h o u g h  w e  have n o t  adduced any r e a l  proof 
o f  t h e  a c c u r a c y  o f  t h e  measurement method. I n  o r d e r  t o  
e v a l u a t e  t h e  a c c u r a c y  o f  t h e  measurement method we 
have t o  compare t h i s  w i t h  a more p r e c i s e  r e f e r e n c e  
t h a n  t h e  t e s t - h o u s e .  T h e r e f o r e ,  w e  are n o t  a b l e  t o  
d e c i d e  whe the r  it i s  a  good i d e a  t o  c o r r e c t  t h e  mea- 
s u r e d  t r a c e r  g a s  c o n c e n t r a t i o n s  b e f o r e  t h e y  a r e  used 
t o  c a l c u l a t e  t h e  i n t e r z o n a l  a i r f l o w ,  

When c a l c u l a t i n g  t h e  p r o d u c t i o n  o f  ca rbon  d i o x i d e  i n  
t h e  main bedroom t h e  a c c u r a c y  was s u r p r i s i n g l y  h i g h ,  
i n  f a c t  inuch b e t t e r  t h a n  c o u l d  b e  e x p e c t e d ,  as  t h e  
c a l c u l a t e d  s t r e n g t h  o f  t h e  s o u r c e  d e v i a t e d  less t h a n  
1 0 %  from t h e  e x p e c t e d  v a l u e s ,  
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