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PREFACE 

International Energy Agency 

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

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

Energy Conservation in Buildings and Community Systems 

As one element of the Energy Programme, the IEA encourages research and 
development in a number of areas related to energy. In one of these 
areas, energy conservation in buildings, the IEA is encouraging various 
exercises to predict more accurately the energy use of buildings, 
including comparison of existing computer programmes, building 
monitoring, comparison of calculation methods, as well as air quality 
and inhabitant behaviour studies. 

The Executive Committee 

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

Annex V Air Infiltration and Ventilation Centre 

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

(iii) 



The aims o f  t he  Centre are  the  s tandard isat ion o f  techniques, the  
va l i da t i on  o f  models, t he  catalogue and t r a n s f e r  o f  information, and the 
encouragement o f  research. It i s  intended t o  be a review body f o r  
cu r ren t  world research, t o  ensure f u l l  d isseminat ion o f  t h i s  research 
and, based on a knowledge o f  work al ready done, t o  g ive d i r e c t i o n  and 
f i r m  basis fo r  f u t u r e  research i n  the  P a r t i c i p a t i n g  Countries. 

The Par t i c ipan ts  i n  t h i s  task are Belgium, Canada, Denmark, Federal 
Republic o f  Germany, Finland, Netherlands, New Zealand, Norway, Sweden, 
Switzerland, Uni ted Kingdom and the Uni ted States o f  America. 



EFFECTIVE VENTILATION 

9 t h  AIVC Conference, Gent, Belgium 
12-15 September, 1988 

Poster 1 
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SUMMARY 

The project is aimed to develop the quantitative method nf visualization of the 
air steams in application to the indoor problems of heauilg , ventilating and air 
conditioning. 
The geometrically well defined light sheet is crossing the examined space and 
determines the plane of observation. The photographic camera is placed 
perpendicularly to this plane at a distance of a few meters. The flow is seeded 
with the soap bubbles of the diameter 3-4 mm. The light is reflected from those 
bubbles which are crossing the illuminating sheet. The film is exposed in the 
concerned areas: the trajectories of the tracer are recorded in form of alongated 
tracks. 
The photographic images contain the features of the flow which are revealed and 
quantified in the digitizing operations. The images existing on the colour slides 
are splitted into six equal square parts and digitized once for each colour with a 
camera having a 512x512 pixel sensor. The grey scale levels are so adapted 
that the black slide area obtain the value zero (or any other but small one) in 
the digital representation matrix. With either Roberts or Sobel operators edges 
of the bubble tracks (having any orientation) are detected and enhanced. 
The above steps are the basis for extracting the velocity vector field from the 
experimental images. 

1 .I Set-Up (Fig. 1) 

The solid tracer, namely soap bubbles are transported with the air streams. 
The relatively long exposed film is integrating the time - position dependence 
resulting in the trajectory images. lnterpretating the sub-sections of the 
tracks as being tangential to the stream lines and resulting from the 
instantaneous direction of the velocity, the Euler - like description of the 
experiment is revealed. 
Taking into account longer sequences of the tracer positions (i.e. longer 
partitions which cannot be associated with the one point of observation) the 
Lagrange - like approach is reflecting the experimental method .Finally it is 
the spacial 1 time resolution and the interpolation technique which determines 
which one of the descriptions is taking over another. 
The corrections for the tracer behaviour (inertia ,gravity) are planned to be 
realized. 
Method is orientated to be used not necessarily in laboratory chambers but also 
in the real spaces. The indispensable condition is the darkening of the room. All 
the instruments needed for experiment are portable and not disturbing the flow 
pattern in the room. 





The light sheet is consisting of the 3 distinctly separated colours. By that mean 
the trajectories which are not parallel to the light sheet (ditto observation 
plane) are resulting in tracks of coloured sequence. Color change is marking 
the movement of the tracer perpendicular to the observation plane. 
Cooling of the light sources is to be realized through the thermally insulated 
flexible ducting to the outside space. 
The light reflected from the room surfaces and other objects should be reduced 
at the aim to obtain possibly contrast images. 

The soap bubbles used for seeding the flow are produced by the standard 
generator (Sage Action Inc., USA). The batch of the bubbles passes through the 
selector for eliminating those which are too heavy . The homogenous population 
of bubbles performing the settling velocity in the still air of about 5 cmls 
(diameter 3 - 4 mrn) is transfered to the experimental space. The average life 
time is a few minutes . 
The helium filling option foreseen by the manufacturer is not utilized. The 
neighbourhood of the air outlets and other zones of higher speed are the points 
apt for introducing the tracer. The recorded trajectories of the typical room 
flow have rectilinear, smooth character indicating the damping effect (like low 
pass filter). Comparing to the hot wire recording most of the turbulence 
spectrum is not detectable. The limit frequency of the sinusoidal idealized 
sollicitation is estimated approximately to f limit = 0.5 Hz. This feature is 
particulary interesting while investigating the averaged flow pattern and its 
large scale structures . 

Standard reflex camera 24 x 36 mm is used. The images are taken on the colour 
reversal film 1600 ASA. The shutter is opened for relatively long time 
(typically Y s). Only those bubbles which are actually crossing the light sheet 
are becoming the visible objects on the darkened background during the entire 
or part time of the shutter action. 

1.5 trol of the R e c m  

At the aim to extract the quantitative information from the images the 
conditions for photographs taking must be strictly controlled . 



In the observation plane (xy) the real distances are scaled to the image using 
the physical marks in the experiment. Another mean taken into consideration is 
the superposition of the experimental images with the reference grid 
originating from the test shot. 
The depth (3rd dimension: along ' z ', perpendicular to xy) is controlled by the 
thickness of the middle light plane. 

Y 

\\ 
BLUE 

ExperimentaI 
s i t u a t i o n  

Recorded 
image  

Fig. 2 The reconstruction of the 3rd dimension 

The reconstruction of the real depth situation is possible according to Fig. 2: 

The 3 - arm non-symmetrical chopper is placed ahead the lenses of the 
camera. Its speed of rotation is adapted to the range of the tracer speeds 
observed simultaneously in the photographed plane. 

The camera Shutter is opened relatively long so that a few complete rotations of 
the chopper are meanwhile accomplished. That is resulting in "cuttingw the 
tracer trajectories into segments: the long one, shorter and the shortest. 
Knowing the sense of rotation of the chopper the direction of the tracer 
displacement is determined. 
The " cut-outs " on the trajectory image are the time - marks according to the 
chopper geometry and the speed of rotation. 



Fig. 3 Chopper 

Open 

Choppe 
state ; 

Close 

O- era 
lenses 

Fig. 4 Timing diagram: chopperlshutter 



Taking the sequence of segments: " long - shorter - shortestn as a unitfmodule 
of the velocity vector recognition, its value may be calculated for instance: 

Of course the multiple of the recognition module associated to the same 
trajectory may be used if that facilitates the velocity determination (e.g. 
because of the length measurement precision). 
The camera and the chopper are not synchronized so that the first / last 
recorded track length is of no signification. 

The distinction of the colour on the trajectory image is the mean to determine 
the 3rd dimension. The purity of the colours is essential to make that 
successfully. Each of the colours is associated with the separate LUT (Look Up 
Table) according to the recognition resulting from the light filtering while 
digitizing. 
To accomplish the task the colour control is performed on the each level of the 
experiment. Namely, 
- the light source temperature is known and possibly high 
- the filters for producing the colour light sheets are very selective and 

adapted to the color reverse film sensitivity. 
- the digitizing is performed adapting the light source / filters / CCD-camera 

settings for the best colour distinction after electronic conversion. 

light 

Fig. 5 Reverse film sensitivity vs. light filtering 



Fig. 6 Image from experiment 

The area marked in the slide above is digitized three times (once for each 
colour) with a CCD-camera (containing a 512x51 2-pixel sensor). For 
every colour, information is stored in a specific channel in the computer, 
that means per slide-area one obtains three different matrices in the computer 
(three LUT's= Look Up Tables). 

Fig. 7 Digitized image 

Shown above is an electronic image, i.e. one 512x512-array for one specific 
colour. The image consists of pixels with different gray-levels (values between 
0 and 128). 



Fig. 8 Numerical representation of the electronic image 

Even with this kind of presentation it is possible to visualize the different 
tracks (there is the advantage that the- black background-pixels have the value 
0). This matrix represents the basis for the image processing steps which will 
follow. 

Fig. 9 Effect of edge detection operator 

The original matrix looks like this after being modified by an algorithm called 
"Roberts operator" (for better presentation, pixels which don't have the value 
0 are placed in a setting of a circle). Every pixel-value has been calculated 
with the formulas shown in the next paragraph [4]. The calculation started in 
the upper left corner and finally stopped at the end of the last row in the corner 
right below. 



2.1 
. . 

of the of the " R o ~ - o D ~  

Let's consider the surrounded pixel with the brightness-value b(i,j)=2 in the 
original matrix that should be modified by the "Roberts-operator". The 
resulting brightness-value must be calculated as follows: 

In this example one gets 0 for A, because b(i+l ,j+l)=2 is subtracted from 
b(i,j)=2. 

The value for B is -6 (b(i,j+1)=8 is subtracted from b(i+l,j)=2). 

The resulting value for C(i,j) is 

After being modified by the "Roberts-operator", the area of the original matrix 
shown above is as follows: 

The example above illustrates how the image edges became "visible" for 
further recognition operations: 
Length and orientation determination of the tracks in x,y,z-space. 



The quantitative visualization of the low-speed air streams in the ventilated1 
heated spaces using the solid tracer is today technically realistic. The flow 
pattern of air movement and diffusion may be investigated based on the air 
velocity vector field. The progress in many associated areas: 
particle tracking in water, colour CCD-cameras, image treatment, colour 
photography, are insistently influencing the evolution of the presented method 
toward a precise and highly automated engineering tool. 

The authors gratefully acknowledge "Schweizerischer Nationalfonds zur 
Foerderung der wissenschaftlichen Forschung" for supporting the project 
(NF: Nr. 2.523-0.87). 
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SYNOPSIS 

The paper describes measuring results of the air move- 
ment from three different types of diffusers for dis- 
placement ventilation. Two of the diffusers are low- 
level wall mounted diffusers, one with a low and one 
with a high initial entrainment. The third diffuser is 
of the floor mounted type. 

The air flow close to the diffusers and in the rest of 
the room is analysed. Velocity decay in the flow from 
the low-level diffusers is given as a function of the 
Archimeaes number, and the paper suggests a general 
equation for this part of the flow. The velocity level 
and velocity decay in the flow are dependent on the 
room geometry. The flow is not influenced by the Rey- 
nolds number for supply flow above a certain level. 

Measurements of the turbulence intensity show a level 
in the cold flow along the floor which is rather equiv- 
alent to the level in an isothermal wall jet. 

The floor mounted diffuser generates a circular jet 
with swirl along a vertical line in the room. The vel- 
ocity decay in the flow from this jet is high compared 
to the decay in a conventional, free circular jet. 

The ventilation efficiency based on temperatures and 
vertical temperature profiles are given for the dif- 
fusers for different levels of air exchange rates and 
thermal loads. The ventilation efficiency varies be- 
tween 1.5 and 2.3 for all diffusers and it is rather un- 
affected by the type of diffuser. 



LIST OF SYMBOLS 

Archimedes number 

Diffuser supply area 

Height of room 

Constant for low-level diffuser 

constant for diffuser 

Length of room 

Exponent 

Heat emission 

Volumen flow 

Reynolds number 

Temperature 

Supply temperature 

Mean temperature in the occupied zone 

Return temperature 

Mean velocity 

Instantaneous velocity 

Velocity fluctuation 

Supply velocity 

Maximum velocity along floor 

Supply velocity 

Maximum vertical velocity 

Width of room 

Coordinate 

Coordinate 

Coordinate 

Thickness of flow at the floor 

Ventilation (temperature) efficiency 



1 , INTRODUCTION 

Ventilation systems with vertical displacement flow have 
been used in industrial areas with high thermal loads 
for many years. Quite resently the vertical displacement 
flow systems have grown popular as comfort ventilation 
in rooms with thermal loads e.g. offices. 

The air is supplied directly into the occupied zone at 
low velocities from wall mounted or floor mounted dif- 
fusers. 

The plumes from hot surfaces, from equipment and from 
persons entrain air into the occupied zone and create a 
natural convection.flow upwards in the room, see figure 
1. 

Fig. 1. Room with low-level diffuser, heat 
source and displacement flow. 

The displacement flow systems have two advantages com- 
pared with traditional mixing systems. 

- An+ efficient use of energy. It is possible to re- 
move exhaust air from the room where the tempera- 
ture is several degrees above the temperature in 
the occupied zone which allows a higher air inlet 
temperature at the same load. 

- An appropriate distribution of contaminant air. 
The vertical temperature gradient (or stratifica- 
tion) implies that fresh air and contaminant air 
are separated. The most contaminant air can be 
found above the occupied zone and the air flow 
supplied can be reduced, 



A general description of the displacement ventilation 
system has recently been given by skdretl, model experi- 
ments have been shown by Sandberg and ~indstrom*, and 
measurements in plumes have been given by Kofoed and 
bJielsen3. 

This paper will deal with the flow from different types 
of diffusers and it shows the main characteristics of the 
air movement which takes place in the lower part of the 
room (within the dotted line in fig. 1). The paper will 
further deal with the temperature distribution and the 
ventilation efficiency (temperature efficiency) obtained 
in the room using different types of diffusers. 

2, DIFFUSERS 

Fig. 2. Two low-level diffusers, type A and 
B, and a floor mounted diffuser, type C. 

Figure 2 shows three different diffusers used in the ex- 
periments. The diffusers of types A and B are both low-, 
level diffusers giving a horizontal air flow directly 
into the dccupied zone. They both have a height of about 
500 rnm, but a different design. The diffuser A has a 
supply velocity profile which is very constant over the 
entire supply area, while the diffuser of type B has a 
supply velocity with a large variation over the supply 
area, see fig. 3. This variation applies to velocity 
level as well as to direction, and it means that the lo- 
cal entrainment - or diffusion - is very high close to 
the opening. 

The third diffuser used in the experiments is a floor 
mounted diffuser called type C. This diffuser gives a 
vertical circular free jet with swirl and it is used 



in practice in groups of four as shown in figure 2. 

Fig. 3. Supply velocity profile for diffuser 
A and B. 

The experiments take place in a test room of the dimen- 
sions L x W x H = 5.4 x 3.6 x 2.6 m. The low-level dif- 
fusers are mounted in the middle of the short end wall, 
while the floor mounted diffusers are located in the 
middle of the floor. The heat source is installed in the 
middle plane at a distance of 0.75 x L from the end 
wall, The return opening is in the middle of the ceil- 
ing. 

Calculation of temperature efficiency requires measure- 
ments of the temperature distribution in the room 
measurements of the supply temperature To and the re- 
turn temperature TR. The temperature distribution in the 
room is measured at 24 points located at three vertical 
lines in the room. 

3. FLOW FROM LOW-LEVEL DIFFUSERS 

The flow pattern close to the openings and the local en- 
trainment of room air influence the air movement in the 
room. Smoke experiments show that the flow from diffuser 
A spreads out within a 900 area downstream along the 
floor. Large temperature differences T o  - To 12 - 14 
K) will increase the angle and small temperature differ- 
ences will decrease the angle giving a flow of a three- 
dimensional wall jet type for Toc - To - 0 K. 
Smoke experiments with diffuser B show that this dif- 
fuser spreads the flow over the whole floor area (1800) 
at all temperature differences. 



Fig. 4. Velocity distribution close to the 
floor in a cross-section of the room. x = 2.4 
m, y - 0.04 m, go = 0.056 m3/st TOC - To - 5 
K. 

It is obvious that the two different low-level supply 
openings - with various initial diffusion - will give a 
different air movement in the room, Figure 4 shows the 
maximum velocity close to the floor (4 cm) at a dis- 
tance of 2.4 m from the diffusers, Figure 4 shows that 
diffuser A generates a more concentrated flow in the 
middle plane of the room, while diffuser B spreads the 
flow over the whole width of the room. This implies that 
the velocity level will be dependent on room width in 
the latter case. 

Figure 5 shows the velocity decay in the air movement 
along the floor for both supply openings. The figure in- 
dicates that the maximum velocity ux along the floor is 
proportional to l/xn where the exponent n is about 1. 
The low diffusion in supply opening A results in a high 
initial acceleration of the air movement due to buoyancy 
effect on the cold supply air. The velocity level ob- 
tained, results in a high velocity in the whole flow 



along the floor. 

Fig. 5. Maximum velocity in flow versus dis- 
tance from diffuser. 

The flow from diffuser B is also dependent on buoyancy 
but the acceleration close to the supply opening is 
smaller due to the high initial entrainment of room air. 

It is possible to describe the air movement along the 
floor by the following equation 

This description is slightly similar to the equation for 
velocity decay in a wall jet, but the flow is strongly 
affected by buoyancy expressed by a K-factor which is a 
function of the Archimedes number Ar. 

The height of the flow along the floor is typical 0.2 - 
0.25 m and the maximum velocity is,located 0.03 - 0.04 



m above the floor surface independently of distance 
from the diffuser. 

The velocity decay in the flow from the diffuser is in- 
fluenced by the location of the side wall. Figure 6 
shows the velocity decay from a low-level diffuser 
mounted in the middle plane of the room and the veloc- 
ity decay from the same diffuser mounted close to the 
side wall. The velocity level in the flow is higher when 
the diffuser is mounted close to a side wall and the 
exponent n is smaller. 

0 Diffuser in middle plane 
o Diffuser at side wall 

Fig. 6. Velocity decay versus distance for two 
locations of diffuser type A, qo = 0.026 m3/s, 
To, - To = 3.0 K. 



~t is generally shown by all the experiments that equa- 
tion (1) is suitable for description of the velocity de- 
cay along the'floor in a room. But it is also shown that 
both K and n are functions of diffuser type and diffuser 
location in the room, as well as room width, implying 
that-it is difficult to separate the influence of dif- 
fuser design from the influence of room geometry. 

Air movement in ventilated rooms with high supply vel- 
ocities will be self-similar and will be only slightly 
dependent on the Reynolds number Re due to the high 
level of turbulence in the room as shown e.g. by Niel- 
sen4. 

Fig. 7. Velocity decay versus distance 
measured for identical Archimedes num- 
ber, for three different Reynolds num- 
bers. Diffuser type B. 

Figure 7 shows the results of three experiments with 
similar Archimedes nwnber and different Reynolds number. 
The flow is self-similar and it may be concluded that 



the air movement has a sufficient turbulence level for 
qo > 0.023 m3/s and it is thus independent of the Rey- 
nolds number. This also means that the coefficient in 
equation (1) is uninfluenced by the supply velocity uo 
and the Reynolds number Re for a-sufficient level of the 
supply flow qo. 

Fanger et al.5 have shown that the thermal comfort is 
influenced by mean air velocity and by turbulence. It 
is therefore important to study the turbulence in the 
room air movement. An instant velocity fi can be ex- 
pressed by 

where u is the mean velocity and u1 is an instantaneous 
deviation from the mean velocity. It is convenient to 
express a one-directional turbulent intensity by the 
following expression 

which is measured with a hot-wire probe in areas with 
sufficient mean velocity. 

Isothermal wall jet 

8 

8 @ 8 m r Diffuser type A 

l o  t 0 x Diffuser type B I 

Fig. 8. Turbulence intensity in the flow 
close to the floor for diffuser A and B. 



Figure 8 shows the distribution of turbulence intensity 
in the flow close to the floor ( 5  0.25 m). All measure- 
ments have been taken at a distance of 2.2 m from the 
diffuser at a flow of 0.056 m3/s for different tempera- 
ture differences, 0.3 5 To, - To S 6.2. The thickness 6 
of tke flow is defined as the height to half the maxi- 
mum velocity ux/2, and the measured turbulence intensity 
is compared with the level in an isothermal wall jet. It 
may be concluded that the turbulence intensity in the 
flow from a low-level diffuser is of the same level as 
the turbulence intensity in a room with traditionel jet 
ventilation (mixing system). 

The measurements in figure 8 only cover a small area of 
the room. It is not possible to measure the intensity 
above the flow close to the,floor with a simple hot-wire 
anemometer due to a low mean velocity in that area. 

4. FLOOR MOUNTED DIFFUSER 

Fig. 9. Velocity decay versus vertical dis- 
tance for a single floor mounted diffuser 
(type C). 



An alternative method of locating inlet openings for 
displacement ventilation is floor mounted diffusers. 
Figure 2 shows a diffuser, called type C, which gener- 
ates a vertical circular free jet with swirl. It is con- 
venient to compare the velocity decay in this jet with 
the velocity decay in a conventional circular free jet 
given by 

The measurements in figure 9 show the velocity decay in 
a vertical jet with swirl. The measurements correspond 
to a ~ ~ / a  - value of 0.30 which is about ten times 
smaller than the same value for a conventional axesym- 
metric free jet. It is an important conclusion that a 
jet with swirl has a very fast velocity decay which has 
also been measured by Balandina and Lovtsov6. 

The floor mounted diffuser, type C, is often used in a 
group of four within an area 0.6 m x 0.6 m. In this case 
the measured velocity level is higher than the velocity 
level from a single diffuser but both of them have the 
same level at a height of 0.8 m. 

5. VERTICAL TEMPERATURE GRADIENT AND VENTILATION EFFICIENCY 

~t is important that the diffuser used for displacement 
ventilation is able to generate good thermal conditions 
in the occupied zone of the room. It is also important 
that the ventilation system - including the diffusers - 
is able to generate a high ventilation efficiency, which 
will be discussed in this section of the paper. 

~t is possible to remove exhaust air from the room with 
a temperature several degrees above the average tempera- 
ture in the occupied zone, which means an efficient use 
of energy in the ventilation system. The vertical tem- 
perature gradient will show this effect, especially in 
non-dimensional form, as given in figure 10, when all 
temperatures are divided by the temperature difference 
between rekurn and supply. 

Figure 10 shows that an increasing flow rate qo in- 
creases the difference between the return temperature 
TR and the average temperature in the occupied zone (in 
a non-dimensional form). This leads to an increasingly 
efficient use of energy for the diffuser type B at the 
given heat load. 



Fig. 10, Vertical temperature distribution 
for different air flow rates. Diffuser type 
B. Q = 500 W. Measurements by M. Andersen 
et ale7. 

The entrainment of air into the hot plume above the heat 
source, fig. 1, will often generate an area with recir- 
culation of hot and contaminant air below the ceiling of 
the room. The height to this area will increase with the 
supply flow q,, and smoke experiments show a height of - 1.7 m for a volumen of 0.07 m3/s when the heat source 
has an emission of 500 W. This height is about the 
height of the occupied zone corresponding to a reson- 
able design of a system in practice in an office. 

The ventilation efficiency based on temperature is given 
by the equation 

where To, in this section is defined as the average tem- 
perature of the occupied zone measured at 24 points up 
to the height of 2.1 m. (The average temperature of the 



occupied zone used in section 3 is defined as the tem- 
perature at x, y, z = 3.0, 1.0, 1.8 m). 

e : Diffuser type A. 100 W 
: Diffuser type A, 300 W 

V : Diffuser type A, 500 W 
0 : Diffuser type 8, 100 W 
o : Diffuser type 8, 300 W 
v : Diffuser type 8, 500 W 

Fig. 11. Ventilation efficiency for diffusers 
A and B for different flow rates. Measurements 
by M. Andersen et al.7. 

Figure 11 shows the ventilation efficiency for diffusers 
A and B. The efficiency varies between 1.5 and 2.3 de- 
pendend on the flow rate, which is also the level for 
the floor mounted diffuser type C. 

The ventilation efficiency seems to obtain the same 
' 

level rather independently of the type of diffuser. Fig- 
ure 4 shows a typical difference in the flow pattern 
from diffusers A and B. This difference will influence 
the local ventilation efficiency giving a slightly higher 
value in the middle plane of the room when a diffuser of 
type A is used. However, it will not have any practical 
influence on the average value of the room. (Correspond- 



ingly, the diffuser of type B will give a slightly 
highter value over the whole width of the room close 
to the diffuser). 
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A COMPARISON OF UPWARD AND DOWNWARD A I R  DISTRIBUTION SYSTEMS 

Synopsis 

Trad i t iona l ly  a i r  has been supplied from t h e  c e i l i n g  t o  the  
occupants below opposing the  buoyancy e f f e c t s  due t o  hea t  
convected from people, l i g h t s  and machines. There has a l s o  been 
concern t h a t  i f  a i r  supply o u t l e t s  a r e  i n s t a l l e d  a t  low l e v e l  near  
people the  chances of draughts  and no i se  a r e  high. The 
development of s w i r l  a i r  d i f f u s e r s  i n  Sweden and Germany overcomes 
these  problems and allows a wider cons idera t ion  of a i r  
d i s t r i b u t i o n  systems when designing buildings.  This a l s o  o f f e r s  
f l e x i b i l i t y  i n  planning t h e  d i s t r i b u t i o n  of e l e c t r i c a l  systems and 
piped se rv ices .  Fresh air  is needed a t  head l e v e l  if  v e n t i l a t i o n  
is t o  be e f fec t ive .  I n  high spaces which a r e  densely occupied 
t h i s  is more r e a d i l y  achieved with an upward system. 

In t roduct ion  

A t  p resen t  the re  is a c o n f l i c t  between various sources of 
information concerning t h e  s p e c i f i c a t i o n  of t h e  parameters t o  
ensure a good qua l i ty  a i r  movement system. Independent surveys of 
o f f i c e  condit ions i n  t h e  U.S.A. and Europe show t h a t  s tagnant  a ir  
condi t ions  a r e  quoted by more than h a l f  t h e  sub jec t s  a s  
con t r ibu t ing  towards le thargy and low product iv i ty  (Woods 1985, 
Croome and Rollason 1988). Laboratory experiments c a r r i e d  out  by 
Fanger and Christensen (1987) claim t h a t  t h e  turbulence of the  
a i r f low makes people more s e n s i t i v e  t o  draught than was found i n  
previous s t u d i e s  and then propose a reduct ion  of  ve loc i ty  l i m i t s  
i n  t h e  present  s tandards i n  accordance with t h e  percentage 
d i s s a t i s f i e d  (PD) equation. 

For 5% t o  be d i s s a t i s f i e d  t h i s  . r e s u l t s  i n  a mean ve loc i ty  (?) of 
0.08m/s a t  20°C ( $  ) r i s i n g  t o  O . l m / s  a t  26OC. Fie ld  surveys and 
everyday experience tend t o  con t rad ic t  these  proposals.  Clark 
(1985) using Schl ieren  techniques has shown t h a t  convection 
v e l o c i t i e s  around the  body espec ia l ly  above the  head a r e  0.2 - 0.4 
m / s ;  t h e s e  f igures  a r e  independently supported by measurements 
taken by van Gunst i n  the  de Doelan concer t  h a l l  i n  Rotterdam 
described by Croome and Roberts (1981).  Airstreams with 
v e l o c i t i e s  of 0.10 m / s  can e a s i l y  be def lec ted  by t h e  body 
convection cur ren t s  thus rendering the  a i r f low system i n e f f e c t i v e  
from t h e  freshness point  of view ( a l s o  s e e  Homma 1987). 



The p r e s e n t  s tandards def ine  mean v e l o c i t i e s  only. This  is 
i n s u f f i c i e n t  and f i n e r  d e t a i l s  of t h e  a i r  movement p a t t e r n  need 
de f in ing  espec ia l ly  a t  head and f o o t  l eve l s .  Mayer (1985) has 
defined t h e  standard devia t ion  f o r  t h e  a i r  movement f l u c t u a t i o n s  
a s  : 

where Tu = turbulence c o e f f i c i e n t  ( 0  - 0.6) 

V = v e l o c i t y  exceeded f o r  50% of the  time (mean v e l o c i t y )  
50% 

V = ve loc i ty  exceeded f o r  16% of the  time 
84% 

Fanger and Christensen (1986) s tud ied  the  ve loc i ty  f l u c t u a t i o n s  
around t h e  body and derived t h e  standard devia t ion  i n  terms of VSoL 
( a t  the  elbow, a t  the  f e e t  and a t  t h e  back of the  neck),  t h e  space 
air temperature and t h e  h e a t  inpu t  i n t o  the  space. Besides 
turbulence,  the  p e r i o d i c i t y  (TI of t h e  f l u c t u a t i o n s  is important 
where f l u c t u a t i o n s  a r e  defined a s  

6 b  

v = (S + v ~ ~ % )  s i n  (2nth + 4 1 

o r  6, 

V = '50% (1 + Tu) s i n  ( 2 n t h  ++ 

Linke ( 1966) and Regenschei t ( 1970) have described t h e  b a s i c  
fundamentals of a i r  motion i n  a i r  d i s t r i b u t i o n  systems. The work 
of Linke c a r r i e d  o u t  i n  a  l e c t u r e  t h e a t r e  with 500 s e a t s  a t  t h e  
Technical Universi ty i n  Aachen has revealed the  p a t t e r n s  of air 
movement and temperature d i s t r i b u t i o n  r e s u l t i n g  from condit ioned 
a i r  being suppl ied  a t  f l o o r  l e v e l .  Because the  main d i r e c t i o n  of 
a i r  movement corresponds with t h a t  induced by heat  re leased from 
t h e  occupants,  a i r  supplied from f l o o r  l e v e l  produced an even 
pa t t e rn  of a i r  flow throughout t h e  auditorium and t h e  v e r t i c a l  
temperature g rad ien t s  were n e g l i g i b l e  above head l e v e l  but  t h e  
temperature from f o o t  t o  head l e v e l  varied from 3 t o  5OC (Croome 
and Roberts ,  1981),  high d i f f e r e n t i a l s  occurring when t h e  
occupancy was high. The advantages of upward systems a r e  mainly 
i n  t h e  u s e  of reduced a i r  supply r a t e s  by using ( i)  higher 
temperature d i f f e r e n t i a l s  and ( i i)  occupancy r a t h e r  than t o t a l  
space volumes f o r  o v e r a l l  hea t ing  and cooling requirements. 
Ex t rac t ion  of the  h e a t  from t h e  upward moving a i r  v i a  the  l i g h t i n g  
t r o f f e r s ,  can e a s i l y  be achieved; a l t e r n a t i v e l y  high temperature 
s t r a t i f i c a t i o n  a i r  can be r e c i r c u l a t e d  t o  the  occupancy zone. 
Downward systems showed l a r g e  c i r c u l a r  cu r ren t s  with temperature 
d i f f e r e n t i a l s  of 4 t o  g0C with f u l l  occupancy but i n  t h i s  case  
most of t h e  temperature g r a d i e n t  occurs within 1.5m of the  c e i l i n g  
and the  temperature drop from head t o  foot  l e v e l  was about 1 ° C .  
These systems work b e s t  i n  low height  spaces and where occupancy 
d e n s i t i e s  a r e  low. 



C h a r a c t e r i s t i c s  of  Upward and Downward Systems 

According t o  Linke, t h e  Archimedes number is a d e c i s i v e  f a c t o r  
inf luencing the  a i r  movement p a t t e r n s .  For downward a i r  flow 
d i s t r i b u t i o n  systems, the  Archimedes number should be ArS 46; f o r  
upward air  flow d i s t r i b u t i o n  system, t h e  Archimedes number should 
be A r  S 360. 

The Archimedes number is defined a s  

Where g = acce le ra t ion  due t o  g r a v i t y  m / s 2  
@ = thermal expansion f a c t o r  ( -' K )  
de = supply t o  r e t u r n  a i r  temperature d i f f e r e n t i a l  ( O C )  

H = height  of t h e  auditorium, (m) 
v = a i r  ve loc i ty  ( m / s )  

Equation (1) can a l s o  be defined i n  t h e  form of 

Where q = heat  load (w/m2 ) 
e = a i r  dens i ty  ( e =  1 . 2 ~ g / m ~ )  
c = s p e c i f i c  hea t  capaci ty  of the  a i r  ( c  = 1006 J/Kg°C) 
n = a i r  change r a t e  (ach/h)  
g = acce le ra t ion  due t o  g r a v i t y  

Using equation ( 2 )  and the  Archimedes condi t ions  s t a t e d  above t h e  
minimum a i r  change r a t e  ensuring a s t a b l e  a i r  movement p a t t e r n  i n  
t h e  room f o r  a downward system is 

and f o r  an upward system is 

Comparing equations ( 3 )  and (4) ,  it can be concluded t h a t  t h e  
requi red  a i r  change r a t e  t o  acquire  a s t a b l e  a i r  movement i n  a 
space f o r  a downward system is twice a s  l a r g e  a s  t h a t  of  an upward 
system. This  is another reason why the  upward system is s u i t a b l e  
f o r  spaces  with l a rge  hea t  g a i n  ( 2  140 w/m2 ) such a s  a u d i t o r i a  and 
where t h e  f l o o r  l e v e l  is heavi ly  occupied by people. 

Generally speaking, the  supply a i r  temperatures f o r  upward systems 
a r e  about 18-lg°C and 14-18OC f o r  downward systems i n  summer. 
With higher supply temperatures about 8-1074 of the  cool ing  load 
can be saved r e s u l t i n g  i n  reduced energy c o s t s  of about 1.5%. 

A comparison of upward and downward systems is shown i n  Table 1. 



( a )  The Archimedes number can be defined i n  terms of  t h e  o u t l e t  
c h a r a c t e r i s t i c  

Where 44 = temperature d i f ference  a t  j e t  e n t r y  ( O C )  

= room temperature (OK) 
d, = o u t l e t  diameter (m) 

Vd = o u t l e t  ve loc i ty  (m/s) 
g = acce le ra t ion  due t o  g r a v i t y  (9.81 m / s 2  ) 

A r  decreases  a s  t h e  a i r  o u t l e t  ve loc i ty ,  .\6, increases .  With 
inc reas ing  supply t o  room a i r  temperature d i f f e r e n t i a l s , &  , A r  
inc reases  ( i . e .  buoyancy inc reases )  and t h e  more pronounced t h e  
curvature of t h e  j e t  a x i s  becomes. 

( b )  The t r a j e c t o r y  is ca lcu la ted  by i n s e r t i n g  Archimedes number 
i n  

y = x t a n  + ( c s 2 . 5 1  t x  - - 
d;; do db c o s a  

Where y = t h e  v e r t i c a l  displacement ( i .e .  d e f l e c t i o n  
from hor izonta l  a x i s )  (m) 

Cx = i n c l i n a t i o n  angle 
x = hor izon ta l  d is tance  from o u t l e t  (m) 
t = turbulence f a c t o r ;  f o r  vaned o u t l e t  t =0.2 

( c )  The a x i a l  jet  v e l o c i t y  p r o f i l e  is derived using t h e  jet 
v e l o c i t y  decay equation.  ( ~ e i ~ e n s c h e i  t .  1970) 

r -I 

This compares favourably with b e s t e l ' s  work ( S o f r a t a  1987, 
Koestel  1954). 

The a x i a l  ve loci ty  v a r i e s  inverse ly  with the  d i s t ance  from t h e  
o u t l e t .  The ve loc i ty  a t  any p o i n t  i n  t h e  j e t  flow can be divided 
i n t o  two components : Longitudinal  ve loc i ty  v, and cross-sec t ional  
ve loci ty  vy while v- is much l a r g e r  than vy i n  most cases  s o  v is Y neglected. It is  s a f e  t o  cons ider  t h a t  v = % , p a r t i c u l a r l y  i n  
the  main zone of jets, which a r e  mainly used i n  air-condit ioning.  
Hence, Reigenschei t ' s equation can be modified using empirical  
date and expressed as 

The v e l o c i t y  decay equation demonstrates t h e  importance of t h e  
Archimedes number a s  a design f a c t o r .  Experiments on the  
behaviour of j e t s  i n  rooms have shown t h a t  the  Archimedes number 
c o r r e l a t e s  with t h e  a i r  movement p a t t e r n s  i n  space (Croome and 
Roberts 1981). 



CHARACTERISTICS DOWNWARD UPWARD 

Ver t i ca l  temperature 
g rad ien t  : 

i )  Foot  t o  head l e v e l  Negligible (1-3OC): 
head temperature 
a r e  a l i t t l e  warmer 

ii) Above head l e v e l  4-8OC 

Supply temperature 14 t o  1 8 O C  

Dust 

Noise 

Maintenance 

Number of  supply 
o u t l e t s  

Energy 

Dust kept  a t  f l o o r  
l e v e l  

A i r  v e l o c i t y  a t  
o u t l e t  needs t o  be 
s u f f i c i e n t  t o  be 
e f f e c t i v e  a t  head 
l e v e l  

3-8OC lower 
temperature 
a t  f o o t  l e v e l  

Negligible 

1 8 O C  minimum 

Dust tends t o  rise; 
e s s e n t i a l  -t;o avoid 
t h i s  i n  opera 
houses, concer t  
h a l l s ,  debating 
chambers o r  
mus eums . 

More supply g r i l l e s  
t o  c lean  

Can use a small Necessary t o  use 
number of o u t l e t s  a l a r g e  number of 
bu t  l e s s  f l e x i b i -  small o u t l e t s  
l i ty t o  con t ro l  

A i r  has  t o  deal  A i r  absorbs h e a t  
with l i g h t i n g  gains  ga ins  from people 
before  those from before those from 
people l igh t ing .  Savings 

i n  energy can be 
l a r g e  i n  high,  well  
insu la ted  and 
densely occupied 
spaces 

Table 1: THE CHARACTERISTICS OF DOWNWARD AND UPWARD VENTILATION 
SYSTEMS 



Supply A i r  Parameters 

a )  Work by Linke reported i n  Croome and Roberts (1981) 
ind ica ted  t h a t  a  throw g iv ing  a  ve loc i ty  of 0.5 m / s  a t  t h r e e  
q u a r t e r s  of t h e  room leng th ,  was a  s u i t a b l e  c r i t e r i o n  t o  
ensure  s a t i s f a c t o r y  room motion without t h e  presence of high 
v e l o c i t i e s  i n  t h e  occupied zone. On t h i s  b a s i s  t h e  requi red  
supply a i r  ve loc i ty  and the  o u t l e t  diameter may be 
determined. 

The air o u t l e t  ve loc i ty  (v,  ) normally ranges from 5 m / s  t o  
7 m / s  f o r  high l e v e l  o u t l e t s  i n  downward a i r  d i s t r i b u t i o n  
systems; a  l i m i t a t i o n  on t h e  ve loc i ty  f o r  upward systems is 
normally observed t o  avoid excessive sound emission and cold  
draught  i n  t h e  occupied zone. I n  the  case of sedentary o r  
l i g h t  work a c t i v i t y ,  the  s u i t a b l e  v, , f o r  low l e v e l  
o u t l e t s  is 0.5 t o  1.0 l m / s .  Hence t h e  l a r g e r  o u t l e t  a reas  
a r e  requi red  f o r  a  given a i r  flow r a t e  i n  upward systems. 
The use  of t w i s t  o u t l e t s  g ives  more scope f o r  achieving 
pene t ra t ion  of a i r  i n t o  t h e  space with l e s s  l ike l ihood of 
draughts  o r  noise  (Rowlinson 1987-88). 

b)  The allowable supply t o  room a i r  temperature 
d i f f e r e n t i a l ,  a , f o r  downward d i s t r i b u t i o n  may be up t o  
about  l l ° C  but  a  smaller  value,  say 5OC, should be s e l e c t e d  
i f  a i r  is d i s t r i b u t e d  upwards. This does no t  mean t h a t  a  
l a r g e r  amount of supply a i r  volume is needed i n  upward 
s y s  t e m s  because of t h e  Archimedes c r i t e r i o n  r e f  e r red  t o  
previous ly  ( s e e  equations 3 and 4 )  and t h e  use of occupied 
zone volume ins tead  of t o t a l  space volume f o r  heat ing  and 
coo l ing  ca lcu la t ions .  

c )  The temperature d i f fe rence  p r o f i l e  is s i m i l a r  t o  t h a t  of t h e  
a x i a l  v e l o c i t y ,  Vx , e s p e c i a l l y  i n  t h e  main zone of the  
j e t s .  Hence, the  temperature decay law can be expressed i n  
a  s i m i l a r  form a s  f o r  t h e  ve loc i ty  decay laws: 

hence A@ x = Tx - Tn = 0.35 
To - Tn tx/d, + 0.145 

Where TX = core temperature of t h e  j e t  flow 
Tn = room a i r  temperature 
T, = temperature a t  j e t  en t ry .  

Microclimate A i r  D i s t r ibu t ion  System 

A microclimate o r  task  a i r  d i s t r i b u t i o n  system is s u i t a b l e  f o r  
bui ld ings  such a s  a u d i t o r i a  and l e c t u r e  t h e a t r e s ,  where s e a t s  a r e  
f ixed i n  permanent locat ions .  The a i r  d i s t r i b u t e d  from t h e  a i r  
condit ioning system is supplied through t h e  ducts  beneath the  



s e a t s  and is del ivered  through o u t l e t s  located a t  the  back of each 
s e a t ,  supply a i r  j e t s  being formed a t  sea ted  head l eve l .  When an 
a i r  s tream t r a v e l s  from an o u t l e t ,  t he  k i n e t i c  energy is increased 
i n  c r e a t i n g  turbulence due t o  t h e  entrainment of secondary room 
a i r  i n t o  the  j e t  stream, (convection cur ren t s  i n  t h e  head region 
due t o  t h e  mixing e f f e c t  of t h e  secondary a i r  p lus  t h e  e f f e c t s  of 
buoyancy). It  is  sens ib le  psychological ly t o  provide occupants 
with some contro l  of a i r  flow d i r e c t i o n  and/or ve loc i ty ,  usual ly  a 
simple manual damper con t ro l ,  thus avoiding draughts o r  increas ing 
f reshness  a s  required.  The i n c l i n a t i o n  angle of the  vane ranges 
from O0 t o  20° from t h e  v e r t i c a l  ax i s .  The i n c l i n a t i o n  angle is 
usual ly  ad jus tab le  and the re fo re  s e t t i n g s  could be se lec ted  t o  
meet t h e  various preferences of t h e  individuals .  The ve loc i ty  of 
a i r  a t  t h e  o u t l e t  should no t  exceed about 1.5 m / s ;  Sodec (1984) 
shows t h a t  the  f r o n t  of t h e  f a c e  can enjoy s h o r t  i n t e r m i t t e n t  
ve loc i ty  amplitudes of 0.6 m / s .  

Task v e n t i l a t i o n  systems have been designed f o r  desks i n  o f f i c e s ;  
s i m i l a r  systems can be envisaged f o r  beds i n  hosp i t a l s .  One form 
of micro-climate air d i s t r i b u t i o n  is a system b u i l t  i n t o  t h e  
s e a t i n g  s t r u c t u r e .  The conditioned primary a i r  is genera l ly  f ed  
from a pressure chamber accommodated i n  t h e  c h a i r  mounting 
supports .  Indoor a i r  mixes with t h e  primary a i r  and t h e  supply 
a i r  emerges a t  t h e  top of t h e  back-rest,  a t  an angle of 0-20° t o  
the  v e r t i c a l  ax i s .  I n  each case ,  t h e  d i r e c t i o n  of discharge is 
s e l e c t e d  i n  such a  way t h a t  t h e  head of t h e  sea ted  individual  is 
located  no t  i n  t h e  d i r e c t  pa th  of t h e  jet ,  but  r a t h e r  within its 
induct ion  zone. The momentum of t h e  j e t  is s e t  s o  a s  t o  ensure 
s t a b i l i t y  of t h e  j e t  d i r e c t i o n  wi th in  t h e  occupied zone and t h i s  
can be var ied  i n  a l l  load s i t u a t i o n s .  Sodec (1984) repor ted  t h a t  
systems of t h i s  type serve  t o  meet t h e  fol lowing demands: 

- S t a b i l i t y  of a i r  d i s t r i b u t i o n  wi th in  t h e  occupied zone 
without t h e  s u b s t a n t i a l  c i r c u l a r  room a i r  p a t t e r n s  t h a t  
develop i n  downward systems. 

- Provision of the  human r e s p i r a t o r y  system with a  d i r e c t  
supply of conditioned a i r .  

- Provision of adequate convection within t h e  s e a t i n g  a rea  by 
means of t h e  primary-secondary a i r  intermixing ac t ion .  

The f e a t u r e s  of t h e  micro-climate system on which t h e  o u t l e t s  a r e  
mounted t o  the  top of the  back-rest a re :  

- The-cold supply a i r  is discharged i n t o  t h e  upper h a l f  of t h e  
occupied a rea .  

- The lower h a l f  is conditioned by induction of t h e  secondary 
a i r .  

- The a i r  discharge ve loc i ty  a t  the  a i r  o u t l e t  is 
approximately 1 .5  m/s; t h i s  c a t e r s  f o r  adequate induction of 
t h e  indoor a i r .  

- No formation of s tagnant  patches of cold air. 
- D i r e c t  discharge of f r e s h  draught-free supply a i r  i n t o  t h e  

occupied zone without having f i r s t  t o  e n t e r  from f l o o r  
o u t l e t s .  

- Effec t ive  a i r  d i s t r i b u t i o n  i n  the  occupied area.  



Typical design parameters are:  

- a i r  volume flow r a t e :  8.5-10 l/s pe r  o u t l e t  
- minimum supply a i r  temperature: 1 8 O C  

- induced secondary a i r :  3.5-5 l/s 
- sound power l eve l :  18-26 db ( A )  
- pressure  loss :  30-50 Pa 
- a i r  v e l o c i t y  i n  hollowed s e a t  pedestal :  1.5-2.6 m / s  

The r e t u r n  a i r  temperature underneath the  c e i l i n g  can be a s  high 
a s  30°C, which w i l l  n o t  cause discomfort i n  t h e a t r e s  because of  
the  extens ive  room height.  Within t h e  occupied a r e a  i t s e l f  t h e  
a i r  temperature is 18-24OC owing t o  the  d i r e c t  arrangement of  t h e  
s e a t s ,  an a i r  volume flow r a t e  of 8.5-10 l/s pe r  o u t l e t  a t  
& = 12K w i l l  s u f f i c e  t o  meet t h e  requirements of t h e  room. The 
proport ion of induced secondary air is approximately 40-60% of t h e  
primary a i r  volume flow r a t e .  

Compared with downward a i r  supply systems t h e  microclimate a i r  
d i s t r i b u t i o n  system has s e v e r a l  advantages: 

- D i r e c t  supply of a i r  t o  t h e  immediate v i c i n i t y  of  t h e  
occupants. 

- Greater  temperature d i f fe rences  between r e t u r n  and supply 
a i r  of up t o  12OC, hence a lower a i r  volume flow r a t e  is 
necessary. 

- Lower pressure losses .  
- Lower r e f r i g e r a t i o n  consumption on account of h igher  supply 

a i r  temperature ( 1 8 O C  i n s t ead  of 14-16OC). 
- U s e  occupancy space volumes i n  heat ing  ca lcu la t ions .  
- Reduced investment c o s t s  due t o  smaller  c e n t r a l  u n i t s  and 

d i s t r i b u t i o n  ducts .  

Combined A i r  D i s t r ibu t ion  System 

Conditioned a i r  can be supplied through g r i l l e d  located  beneath 
the  auditorium sea t ings  and o u t l e t s  a t  the  top of t h e  back-rests 
(Croome and Lin 1987). The system normally needs double-deck 
f l o o r s ,  which form a plenum pressure chamber o r  space f o r  under 
f l o o r  ducts .  The supply a i r  is d i s t r i b u t e d  evenly through t h e  
plenum t o  - the  various o u t l e t s  which a r e  i n s t a l l e d  i n  t h e  r a i s e d  
f l o o r .  Normally t h e  depth of t h e  plenum should be a t  l e a s t  200mm. 
Floor d u c t s  a r e  s u i t a b l e  f o r  conveying t h e  supply a i r  t o  s p e c i f i c  
a reas  of t h e  auditorium. Each individual  o u t l e t  is made t o  form a 
d i r e c t  l i n k  with the  supply air branches usual ly  by means of  
f l e x i b l e  ducting. One of the  advantages of the  combined a i r  
d i s t r i b u t i o n  system is t h a t  it c r e a t e s  a bas ic  condit ioned 
environment f o r  the  extens ive  a reas  i n  the  auditorium besides a 
micro-climate f o r  the  i n d i v i d u a l ' s  comfort. Double deck f l o o r s  
a l s o  o f f e r  f l e x i b i l i t y  i n  route ing and accommodating o the r  
s e r v i c e s  such a s  cabl ing  f o r  communication systems. 



Types o f  Floor Mounted Out le t s  

The recommended o u t l e t s  s u i t a b l e  f o r  upward a i r  d i s t r i b u t i o n  
system assume t h e  following forms: 

S l o t  P l a t e s :  The flow emitted from a s l o t  p l a t e  is s i m i l a r  t o  
t h a t  encountered i n  a perfora ted  p l a t e  system. The small 
ind iv idua l  j e t s  - except the  ou te r  ones - do no t  induce the  room 
a i r ,  b u t  r a t h e r  t h e  adjacent  j e t s  of supply a i r .  The reduction of 
j e t  v e l o c i t y  takes  p lace  by means of t h e  d i f f u s e r  e f f e c t  and not  
by exchange of energy with the  environment. 

Free Je t  Out le ts :  These produce round, non-twist type a i r  j e t s ;  
the  diameter of t h e  f r e e  o u t l e t s  ranges from 150 t o  250rnm. The 
induct ion  of room a i r  is more in tens ive  than f o r  s l o t  p l a t e s .  

Floor-mounted T w i s t  Outlets:  These produce a i r  j e t s  i n  a s w i r l  
corkscrew pa t t e rn .  A s  a r e s u l t  of the  higher degree of 
turbulence,  a more in tens ive  induction e f f e c t  of the  indoor a i r  is 
brought about; t h e  a i r  j e t  is s t a b l e  and l e s s  s e n s i t i v e  t o  cross  
convection so t h a t  j e t  penet ra t ion  is improved (Croome and 
Rowlinson 1987). Owing t o  t h e  l a r g e r  amount of small  inc l ined j e t  
with s w i r l  e f f e c t ,  in tens ive  exchange of energy with t h e  ambient 
a i r  is a t t a ined .  The reduction i n  j e t  ve loc i ty  and adjustment of 
the  supply a i r  temperature t o  the  temperature of t h e  room a i r  
proceed a t  a f a s t e r  r a t e  than is t h e  case with s l o t  p l a t e s  and 
f r e e  j e t  o u t l e t s .  Due t o  t h e  geometry of t h e  o u t l e t  t h e  noise  
emission is reduced. 
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This paper presents an analysis of indoor climate in buildings with forced 
air heating systems. The results is based on indoor climate measurements 
and extensive interviews with the occupants. The analysis shows that 
design criteria is of great importance for the occupants conceptions of 
thermal comfort in buildings with air heating systems. Forced air heating 
systems could be a way to provide mechanical supply air with less 
problems with the thermal comfort, such as draught, than in ordinary 
supply- and exhaust air ventilation systems. Especially those designs that 
use overhead ventilators on the interior walls seems to give a good 
thermal comfort in the occupant zone. If floor ventilators under the 
windows are chosen, a very careful design has to be made of both the 
ventilators and adjacent building details. Special attention has to be put 
into the coordination between designers and builders. 

2. Introduction and purpose 

The "Stockholm Project" (1) is a large joint experimental research and 
demonstration project for evaluation of new energy saving technology in 
buildings. Primarily established products are used, but in each of the six 
buildings one or more new methods of energy conservation is tested. The 
energy demand for heating is considerably lower in these buildings 
compared to a larger group of buildings of similar types, built during the 
same time period in Stockholm. All the buildings are airtight and well 
insulated, some of them better than the Swedish Building Code 
requirement. 

In the Stockholm Project three heating and ventilation system types are 
represented. 

- forced air heating + supply- and exhaust air with heat exchangers (SE). 
- hydronic heating + supply- and exhaust air with heat exchangers (SE). 
- hydronic heating + exhaust air (E). 

In this paper the presentation is limited to a comparison between buildings 
with forced air heating systems + SE-systems and buildings with hydronic 
heating +'SE-systems. 



Exterior wall supply Interior wall supply 

Fig. 1. The two methods of air distribution in the Kejsaren Building, exterior- and 
interior wall supply 

Two different methods of air distribution are being tested and evaluated in 
the air heated buildings (Fig.1.): 

1 : Exterior wall supply via floor level ventilators under exterior perimeter 
windows (the Kejsaren Building). 

2: lnterior wall supply from overhead ventilators on interior walls, thereby 
providing no direct downdraught protection beneath exterior perimeter 
windows (the Hostvetet Building). 

The aim of this study was to: 

1 : Compare different heating and ventilation systems from the occupants 
point of view, using sociological interviews. 

2: Study the thermal comfort in the apartments with air heating systems, 
using detailed measurements of air movements and temperatures. 

3: Give advise on further research, development and improvements of 
the heating and ventilation systems. 

The ventilation systems are similar for both buildings with a central 
mechanical ventilation system combined with air-to-air heat exchanger. 
Each apartment has an air heating unit in which the incoming ventilation 



air supply, at a rate of 0.5 air changes per hour, is mixed with recirculated 
air from the apartment to provide a total air flow rate equivalent to 1.3 
(Kejsaren Building ) to 2.5 (Hostvetet Building ) air changes per hour 
respectively. 

The two buildings have a very good thermal insulation and air tightness. A 
very low air circulation rate is thus required to provide the necessary. 
heating load. In the Kejsaren Building the maximum supply air temperature 
is +45 OC and in Hostvetet Building +35 oC. 

Interviews has been done in all buildings in the Stockholm Project. To get 
a reference the data was supplemented with interviews from an ordinary 
building built during the same time. 

The analysis is based on answers from: 

- forced air heating + (SE) in 63 apartments 
- hydronic heating + (SE) in 136 apartments 
- hydronic heating + (E) in 88 apartments 

The parameters studied in this paper are the occupants answer on how 
they classify their indoor thermal climate, if they have any possibility to 
achieve thermal comfort, how they classify the air quality. 

Temical description of the two b u ~ l d ~ n g ~  
. . 

3.1 The Kejsaren Building 

The ten apartments in the Kejsaren building (2) are being heated by forced 
warm air supplied by an air heating system. Each apartment has its own 
separate air heating unit, in which the incoming ventilation, at a rate of 0.5 
air changes per hour, is mixed with filtered recirculated air from the 
apartment to provide a total air flow rate equivalent to 1.3 air changes per 
hour. The air temperature is controlled by thermostats to balance each 
apartments transmission losses. 

In five of the apartments, air is distributed from the exterior walls at floor 
level beneath the windows. A simpler system is being tested in the other 
five apartments, where air is being supplied from ventilators placed the 
interior walls of the rooms, which means that there is no direct protection 
against cold downdraught, such as radiators beneath the windows. 



The 71 apartments in the Hostvetet Building (3) are being heated by a 
forced warm air heating system similar to the exterior wall supply system 
in the Kejsaren building. Each apartment has also in this building its own 
separate air heating unit. The supply air, at a rate of 0.5 air changes per 
hour, is mixed with filtered recirculated air from the apartments to provide 
a total air flow rate up to 2.5 air changes per hour depending on the 
heating load. The heat for the unit is supplied by the domestic hot water 
circuit, which in this building serves two purposes. 

4. Evaluation methods 

4.1 Interviews 

Personal interviews has been done in all of the Stockholm Project 
Buildings to gather information from the occupants. One person from each 
household was chosen. Almost all households has participated in the 
interviews, which were made one year after the occupants moved into 
their apartments. 

The occupants experience of the indoor climate was studied from many 
angels. The first questions was related to general aspects on heating and 
ventilation, air quality, noise etc. Each subject was then studied more 
deeply with more specific questions, related to the technical systems and 
time of the year. 

The heating was studied by questions of wanted indoor temperature, even 
or uneven temperature, if the apartment temperature was regarded too hot 
or too cold and if the occupants regarded the floor temperature hot or cold. 

The ventilation in the apartments was studied by questions on the 
ventilation in general, draught problem, air quality and bad odour problem. 

The indoor climate and thermal comfort was then evaluated from the 
questions of both heating and ventilation. The occupants also had the 
opportunity to express if they had had any possibilities to achieve thermal 
comfort. In the indoor climate section questions of general character was 
also used, such as health problems and the their relation to the apartment. 

In the analysis of the indoor climate the occupants experiences was 
related to different household data, to the building design, and to the 
heating- and ventilation systems. The result was then compared to 
measurement data from technical evaluation. 



4.2 Thermal comfort measurements in the apartments 

The Buildings of the "Stockholm project has each been monitored (4) 
continuously in more than two years. Data based on five minutes intervals 
is recorded as hourly mean values in a database. lndoor temperatures are 
recorded in approximately five of the apartments. 

Using that data a comprehensive study was made (5). To further study the 
air heating systems an intensive study was made during two days in 
February 1988, as a part of the indoor climate evaluation in the Stockholm 
Project (6). The weather was cloudy during these two days, and the 
outdoor temperatures were -1 - -3 OC.. 

The parameters studied in this paper were: 

Air speed close to the ventilators 
Air speed in the room 
Air direction 
Supply air temperatures 
lndoor air temperature 

The measurements were made accordingly to IS0 7726 (7). 

5. Results 

The results presents the indoor climate experiences of the occupants in 
relation to the ventilation system used in the building. It also presents the 
measurements of air velocities in some selected apartments in the two 
buildings. The data from measurements are then compared to the 
experiences of the idoor climate in the selected apartments. 

5.1 Experiences of indoor climate - Interview$ 

5.1 .I Ventilation 

Slightly more than half of the occupants answers that they consider the 
ventilation of the apartments as good (Fig. 2.), but there are also many 
who are dissatisfied, especially with the ES-systems.The highest 
percentage of satisfied occupants are found in the buildings with E- 
systems. 



1 Forced air heating + SE-systems 
Hydronic heating + SE-systems 
Exhaust air systems 

Fig. 2. The occupants general experience of the ventilation system during the 
winter. Occupants who answers that the ventilation is either good or bad 
are not represented in the figure. 

5.1.2 Noise from the ventilation svstem 

As a result of the improved insulation technology used today in Sweden, 
the noise from the outside of the buildings has decreased, and one of the 
consequences is that the occupants pay more attention to indoor noises. 
Especially in buildings with SE-systems combined with radiators the 
occupants are disturbed by noises from the ventilation system. In those 
buildings 47% of the occupants are disturbed (Fig 3.). 

Fig. 3. The occupants experience of noise from the ventilation system. 



5.1.3. Air auality 

The air quality was described by the occupants with a series of descriptive 
words (Fig. 4.). 

When studying the answers on air quality the occupants in buildings with 
air heating systems complains more about dusty and stagnant air than 
those living in buildings with supply- and exhaust ventilation systems. 
There are also less occupants in these buildings that regard the air free of 
odours. Even at the question of how the occupants regard the air quality 
as a whole, air heating systems got the lowest ranking. This indicates that 
there are other factors that affects the answers, as for example the 
occupants uncertainty of the air heating systems function and that they 
find the systems hard to control. Questions as: What kind of air is coming 
into the apartment?, Is it exhaust- or supply air?, Do 1 get enough fresh air 
or do I have to open a window?, are frequent. 

FREEOF 38% 
ODOURS 58% 21% ODOURS 

Hydronic heating + SE-systems 

Fig. 4. The occupants experience of the air quality in the apartment during the 
winter. Occupants who answers that the ventilation is either good or bad 
are not represented in the figure. 



In all of the buildings, the occupants consider it to be too cold in their 
apartments (Fig. 5.). 51 % of the occupants in apartments with air heating 
systems and 63% of the occupants in building with supply- and exhaust air 
ventilation systems find the temperature is too cold during the winter. In 
the apartments with air heating systems there is also a group of occupants 
who considers the indoor temperature too warm. This could be a result of 
the difficulties to control the temperature in the different rooms in the 
apartments. On the question on the most negative aspect on forced air 
heating, the occupant often specificly express dissatisfaction with the 
indoor air temperature adjustment possibilities. 

OCCUPANTS THAT THINKS THAT THE INDOOR TEMPERATURE IS: 

Fig. 5. The occupants experience of the indoor temperature in the apartment 
during the winter. Occupants who answers that the ventilation is either 
good or badare not represented in the figure. 

The experience of draught in the apartment is closely related to the 
experience of the indoor temperature, which is a possible explanation of 
the differences in the answers from the two air distribution systems 
(Fig. 6.). The survey shows that in building with supply- and exhaust air 
ventilation systems and hydronic heating systems there are a higher 
number of occupants who feels draught than in buildings with forced air 
heating systems. Explanations of this could be high air velocities in 
combination with lower temperatures and 1 or badly designed ventilators. 



Forced air heating 

Hydronic heating 
+ SE-systems 

Fig. 6. The occupants experience of the draught in the apartment during the 
winter. 

In five of the apartments in Kejsaren the occupants have expressed that 
the temperature is too cold during the winter. The most noticeable 
difference between the two air distribution systems are that there are more 
complains of draught and cold floors (Fig. 7) in the apartments with air 
ventilators at floor level beneath the windows. 

NO interviews 

SOLAR COLLECTOR 0 

air inlets air Inlets 
at exterior on interior 
perimeter walls 
walls 

Experience of cold floors 

1 7  No complains 

SOLAR COLLECTOR 0 

+'P T' 
Air inlets Air inlets 
at exterior on interior 
perimeter walls 
walls 

Fig. 7. The occupants experience of draugt and cold floors in the Kejsaren 
apartments during the winter. 



5.2.1 Floor level ventilators under the windows. Keisareq 

Air movement pattern in the living room and in a bedroom with ventilators 
placed in the floor, close to the exterior wall (Apartment A) are shown in 
Fig. 8 and Fig. 9. A small obstacle forces the air into an unwanted 
direction. Here a small protruding edge of the window-sill (approximately 8 
mm) causes draught problems in the occupant zone close to the windows. 

Even though the air temperature is rather high the tenant in this apartment 
feels that it is too cold during the winter. This is also true for different 
rooms in the apartment. During the winter there are problems with draught 
in both bedrooms and living-room, especially from the air ventilators, 
balcony door and windows up to a level of approximately 2 meters. This 
corresponds well with the measurements of air movements. No special 
consideration has been taken to the ventilator in the furnishing of the 
apartment to awoid the feeling of draught. 

In another apartment (B) experiments were made to improve the design 
(Fig. 1 0.). A lid with channels that should direct the air flow in the right 
direction was mounted over the ventilators. Howewer, the pressure drop 
through those channels then became too high and a air stream was forced 
out along the floor, wich affects the feeling of cold draught and cool floors. 

No cold downdraught could be detected at the windows. 

Fig. 8. Section through a sittingroom with exterior wall supply, apartment A, 
Kejsaren. 



Air velocity > 1.0 mfs 

*ir > 0.5 m/s 
j$$F::::fl.:<s:: .. .................................. 
cw.::8.::::fi:::8. Air velocity > 0.15 mls 

Fig. 9. Section through a bedroom with exterior wall supply, apartment A, 
Kejsaren. 

Inlet air temperature = 23.5 'C 
Air velocity > 1.0 m/s 

Apartment B, Kejsaren, Living mom - 880224 %%.$$@$$ Air velocity > 0.5 m/s 
........................ 
:I:w:wNswfi> ... .... , .......... ... Air velocity > 0.15 mls .......................... .... .,.. d 

Fig. 10. Section through a sittingroom with exterior wall supply, 
apartment B, Kejsaren. 



The method to distribute the air through overhead ventilators on interior 
walls close to the ceiling gives an even air flow under the roof and small 
influence on the occupant zone. The air flows out as a thin layer close to 
the ceiling and all the air movement is reduced to this zone. 

Apartment C, (Fig. 11 .): In this apartment situated at the first floor, the 
occupant express that the indoor air temperatureis too cold during the 
winter and too warm during the summer. They use clothing to try to 
achieve thermal comfort during the winter, but only succeed to do that in 
the bedrooms. In this apartment no discomfort related to draught has been 
perceived. No special consideration was taken to the ventilators when the 
apartment was furnished. 

No cold downdraught could be noticed close to the windows, exept for air 
movement at the edge of the window-sill. That air stream dissolved fast 
and no significant draught problems could be detected in the occupant 
zone. 

Met air temperature = 31.0 - 32.0 "C 

Air velocity > 1.0 mls Apartment C. Kejsaren, Living mom - 880224 

$ @ @ $ @  Air velocity > 0.5 mls 
:~~:A:::::::::::::::~.:~: iag$;;;s$$g$~@ Air velocity > 0.1 5 rnls 

Fig. 11. Section through a sittingroom with interior wall supply, 
apartment C, Kejsaren. 



Apartment D (Fig. 12.): In this apartment the occupants express thermal 
comfort satisfaction during both winter and summer, in both bedrooms and 
living-room . 

Inlet air tempmture = 235 'C I 

Air velocity > 1.0 d s  Apartment D, bcdnxrm. Kejsaren - 880224 

Air velocity > 0.5 ds 
.:.:.:.:.:.:.: ....:.. :.:.: ....: ::::::::< 
~ . : ~ , w ~ ~ : : : : ~  Air velocity > 0.1 5 ds .,. ..,,.A. <>>............&. 

Fig. 12. Section through a sittingroom with interior wall supply, 
apartment D, Kejsaren. 

5.3. Thermal comfort in the Hostvetet Buildina. interviews - measurements 

This building has a window-sill which forces the air into the occupant zone 
(Fig. 13.). Even here small obstacles forces the air to turn into the room 
(Fig 14.). Compared with the supply air in the Kejsaren Building (Fig.&), 
the influences on the air movements are much smaller. 

The occupant in this apartment express satisfaction with the indoor 
temperature during the winter but complains about too high indoor air 
temperatures during the summer. The occupant doesn't neither express 
any complains of draught, even if the figure shows that there are high air 
velocities in the occupied zone. This could be due to the fact that the 
occupant has adjusted the furnitures after the placement of the ventilators. 



Air velocity > 1.0 m/s Apartment A, Hiistv 
Air velocity 0.5 mls 

.-.?>q?.m~~~~~ 
g;B$ss$@g$ Air velocity > 0.1 5 mls 

Fig. 13. Section through a sittingroom with exterior wall supply, Hostvetet. 

Air velocity > 1.0 m/s 

Air velocity > 0.5 m/s 
~ ~ $ $ ~ ~ . ~ . ~ . > ~ J  ,..,...,...,. > .....,. . . . . . . . . ., ,.~~.~.........~.~. . , . . *::.:,:<, . . . . . . . . . . . Air velocity > 0.1 5 mls 

Indoor air tempratwe = 23.5 'C 

Bedroom. Hfistvetet - 880225 

Fig. 14. Section through a bedroom with exterior wall supply, Hostvetet. 



In Sweden, there is a lively discussion about mechanical ventilation 
system in energy efficient and airtight buildings today. It is well known 
today that many factors affects the indoor climate. Not only the heating 
ventilation system but also building materials, thermal cold bridges, 
tightness and other building design criteria is of great importance. Healthy 
buildings with installations that provide good air quality without any 
inconvenience for the occupants, such as for example noise problems, is 
requested. A broad approach is thus important, not only when evaluating 
indoor climate, but also when evaluating the building design, the heating 
and ventilation systems, the indoor air quality and the occupants 
experience and use of the building. The occupants often express a general 
feeling of uncertainty when exposed to new mechanical ventilation 
systems, such as forced air heating. Better possibilities for individual 
adjustment of the indoor temperature and a better air quality isrequired. 

This study indicates that air heating systems could be a way to provide 
mechanical supply air with less draught and with less thermal comfort 
problems than in ordinary supply- and exhaust air ventilation systems. 
Especially those designs that use overhead ventilators on the interior walls 
seems to give a good thermal comfort in the occupant zone. 

If floor ventilators under the windows are chosen a very careful design has 
to be made of both ventilators and to the details in their surroundings. 
Special attention has to be put into the coordination between designers 
and builders. 

Recommendations 

Forced air heating system has the advantage that there are less complains 
about draught, but it has a disadvantage in that the occupants doesn't 
consider the air quality to be as good as with the other systems. Here the 
technology should be improved by: 

Design the ventilation systems for better air quality. Ventilation systems 
that cause an unhealthy indoor climate in the apartment must be awoided. 

Design the ventilators for better performances of both draught and noise. 

Design systems for individual adjustment possibilities in the apartments 

Give the tenants good information if there are individual adjustment 
possibilities in the apartments. 

Develop methods to measure and display ventilation- and air quality data 
in each apartment. 
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ABSTRACT 

I n c r e a s e s  i n  b u i l d i n g  a i r  t i g h t n e s s  f o r  purposes  o f  energy  
s a v i n g  have, u n f o r t u n a t e l y ,  a l s o  l e d  t o  a s i g n i f i c a n t  i n c r e a s e  
i n  t h e  number o f  i n s t a n c e s  o f  condensa t ion  damage, p a r t i c u l a r l y  
i n  domes t ic  p r o p e r t i e s .  The c o s t  e f f e c t i v e  c o n t r o l  of 
condensa t ion  is  a l a r g e  problem i n  t h e  United Kingdom, e s p e c i a l l y  
f o r  l o c a l  a u t h o r i t i e s  w i t h  large housing s t o c k s .  The u s e  o f  
ducted p a s s i v e  v e n t i l a t i o n  systems,  r e l y i n g  upon s t a c k  and wind 
effects to  provide  e x t r a c t i o n ,  ha s  s e v e r a l  advantages,  one  
o f  which is t h a t  t h e  occupants  o f  dwe l l i ngs  f i t t e d  w i th  such 
systems need l i t t l e ,  i f  any, knowledge o f  t h e  p r i n c i p l e s  
involved ,  or i n s t r u c t i o n s  i n  i ts use ,  t o  d e r i v e  maximum b e n e f i t .  

T h i s  paper  d e s c i r b e s  two programs o f  r e s e a r c h  c a r r i e d  
o u t  on two houses f i t t e d  w i t h  pas s ive  systems: t h e  f irst  house 
is a h i g h l y  a i r t i g h t ,  t imber  framed s t r u c t u r e ,  w h i l s t  t h e  
second is a s i g n i f i c a n t l y  l e a k i e r  counc i l  owned p rope r ty  o f  
t r a d i t i o n a l  cons t ruc t ion .  The effect o f  pas s ive  d u c t s  upon 
t h e  v e n t i l a t i o n  rate i n  each  dwel l ing  is measured and r e l a t e d  
t o  i n t e r n a l / e x t e r n a l  t empera ture  d i f f e r e n c e ,  windspeed and 
d i r e c t i o n .  The measured v e n t i l a t i o n  rates are used t o  c a l c u l a t e  
l i k e l y  rates o f  mois ture  e x t r a c t i o n  d u r i n g  occupat ion ,  and 
t h e  r e s u l t i n g  effects upon condensa t ion  r i s k  a r e  a s s e s s e d  
i n  t h e  l i g h t  o f  t h e  p red i c t ed  minimum v e n t i l a t i o n  rates 
necces sa ry  i n  o r d e r  t o  avoid condensat ion.  T h e o r e t i c a l  
c a l c u l a t i o n s  of t h e  expected f low rates through p a s s i v e  systems 
are p re sen t ed ,  and are shown ' to  be  i n  broad agreement w i t h  
measured va lues .  F i n a l l y ,  de s ign  c o n s i d e r a t i o n s  o f  importance 
when s p e c i f y i n g  pas s ive  systems are d iscussed .  

INTRODUCTION 

Modern energy  s a v i n g  techniques  have l e d  t o  i nc reased  
r i s k s  of condensat ion upon c o l d  s u r f a c e s  w i t h i n  t h e  occupied 
spaces  o f  dwel l ings .  B a t t y  e t  a 1  ( 1 )  estimate t h a t  as much 
a s  12kg o f  water  can  be r e l e a s e d  as vapour w i t h i n  a house 
i n  a day. I t  i s  clear t h a t  l o c a l i z e d  e x t r a c t i o n  o f  water 
vapour i n  h igh  product ion rate a r e a s  ( f o r  example bathroom 
and k i t c h e n )  would be h i g h l y  advantageous. 

A s imple ,  p o t e n t i a l l y  c o s t  e f f e c t i v e  method o f  mo i s tu re  
e x t r a c t i o n  which has  been sugges ted  a s  s u i t a b l e  f o r  u se  i n  
t h e  United Kingdom is pas s ive  s t a c k  v e n t i l a t i o n ,  o r  PSV. 



( 2 )  It should be  noted t h a t  such systems have been i n  u s e  
i n  most of t h e  rest o f  Europe f o r  a s u b s t a n s t i a l  l e n g t h  
o f  t i m e .  These systems use  ductwork, t e rmina t ing  a t  roof  
l e v e l ,  t o  provide d i r e c t  e x t r a c t i o n  o f  mois t  a i r  from a r e a s  
o f  h igh  mois ture  product ion.  The d r i v i n g  f o r c e s  for e x t r a c t i o n  
are t h e  temperature  induced buoyancy f o r c e  ( t h e  " s t a c k  effectu)  
and wind induced s u c t i o n .  The l i k e l y  o r d e r s  o f  magnitude 
o f  each  d r i v i n g  f o r c e  can  be  e s t ima ted  as fo l lows .  F i r s t l y ,  
t h e  maximum a v a i l a b l e  p re s su re  d i f f e r e n c e  f o r  buoyancy 
d r i v e n  a i r f l o w  i n  a d u c t  is g iven  by 

where p o = a i r  d e n s i t y  a t  o u t s i d e  tempera ture  (kg/m3) 
p h = a i r  d e n s i t y  a t  room tempera ture  (kg/m3) 
h = v e r t i c a l  d u c t  l e n g t h  ( m )  
g = a c c e l e r a t i o n  due t o  g r a v i t y  ( 9.81 m2 /s 

Secondly, t h e  v e l o c i t y  p re s su re  d i f f e r e n c e  induced by a 
moving a i r s t r e a m  a c r o s s  t h e  duc t  d i s cha rge ,  Pv, is g iven  
by 

where v = v e l o c i t y  o f  airstream. ( m / s )  

F igu re s  1 and 2 show t h e  p r e s s u r e  d i f f e r e n c e s  i n  a 
5m h i g h  duc t  ( t y p i c a l  o f  a k i t c h e n  i n s t a l l a t i o n )  and a 1.5m - 
high  d u c t  r e s p e c t i v e l y ,  ( t y p i c a l  of a bathroom i n s t a l l a t i o n . )  
Whi l s t  f i g u r e  3 shows t h e  effect o f  windspeed on wind induced 
p r e s s u r e  d i f f e r e n c e .  It can  be  s e e n  t h a t  i n  t h e  m a j o r i t y  
o f  cases, t h e  c o n t r i b u t i o n  o f  s t a c k  effect is l i k e l y  t o  
be smaller than  t h e  wind induced component: fu r thermore ,  
t h e  o v e r a l l  f low o f  a i r  through a duc t  o f  a g iven  l e n g t h  
w i l l  b e  i n f luenced  by r e s i s t a n c e  effects. 

The a i r f l o w  rate through a d u c t  can be  c a l c u l a t e d  from 
t h e  fo l l owing  formula: 

where Q=volumet r ic  a i r f l o w  rate ( m 3  / h r )  
p=mean a i r  d e n s i t y  ( kg/m3 

P t = t o t a l  a v a i l a b l e  p re s su re  d i f f e r e n c e  ( P a )  
= [ PB2+Pw2 14 

a=c ros s - sec t iona l  area of duc t  ( m 2 )  
E=perimeter  o f  duc t  ( m  
f = f r i c t i o n  c o e f f i c i e n t  of duc t  (d imens ionless )  
L=length  o f  duc t  ( m )  

Values c a l c u l a t e d  from equa t ion  ( 3 )  are then  c o r r e c t e d  u s i n g  
t h e  procedure desc r ibed  i n  d e t a i l  i n  r e f e r ence  (31,  i n  o r d e r  
t o  t a k e  account  o f  any a i r  r e s i s t a n c e  w i t h i n  t h e  d u c t s  due 
t o  bends. 



F i g u r e  4 shows t h e  c a l c u l a t e d  a i r f l o w  through a 1.5m h igh ,  
100mm i n t e r n a l  d iameter  d u c t  f o r  a range o f  i n t e r n a l / e x t e r n a l  
t empera ture  d i f f e r e n c e s  and windspeeds, w h i l s t  f i g u r e  5 
g i v e s  t h e  same informat ion  f o r  a 5m h igh  d u c t  o f  t h e  same 
i n t e r n a l  diameter .  

The main aims of t h e  work desc r ibed  i n  t h i s  paper  are 
t h r e e f o l d :  

1)  To a s s e s s  t h e  performance o f  PSV systems i n s t a l l e d  i n  
two houses  o f  d i f f e r e n t  c o n s t r u c t i o n  and a i r  leakage  
c h a r a c t e r i s t i c s ,  f o r  a range o f  weather  c o n d i t i o n s ;  

2 )  To determine whether  t h e  c o n t r i b u t i o n  to t h e  v e n t i l a t i o n  
rate i n  t h e  bathrooms and k i t c h e n s  are s u f f i e n t  t o  avo id  
condensa t ion  i n  each  house; 

3) To estimate t h e  effects o f  t h e  u s e  of PSV systems upon 
ene rgy  consumption, and t o  compare them w i t h  t h e  effects 
o f  o t h e r  means o f  mo i s tu re  removal. 

EXPERIMENTAL 

a )  Details o f  t es t  houses.  

The house used f o r  t h e  first s i t e  i n v e s t i g a t i o n  is 
s i t u a t e d  a t  Willow Park,  Chorley, and is p a r t  o f  t h e  C e n t r a l  
Lancash i re  New Town development. The house is desc r ibed  
i n  greater d e t a i l  i n  r e f e r e n c e  (41 ,  b u t ,  b r i e f l y ,  is o f  
a s p e c i a l  low energy t imber  frame c o n s t r u c t i o n .  The whole 
house volume is approximately 320m3, o f  which t h e  bathroom 
and k i t c h e n  comprise approximately 13m3 and 34m3 r e s p e c t i v e l y .  
F i g u r e  6 g i v e s  d e t a i l s  o f  t h e  PSV systems used. 

The house used f o r  t h e  second i n v e s t i g a t i o n  is  s i t u a t e d  
a t  Withington,  South Manchester,  and is a t h r e e  bedroomed, 
semi-detatched c o u n c i l  house o f  t r a d i t i o n a l  cons t ruc t ion .  
The whole house volume is approximately 200m3, o f  which 
t h e  bathroom and k i t c h e n  comprise approximately 6.7m3 and 
16.2m3 r e spec t ive ly .  F igu re  7 g i v e s  d e t a i l s  o f  t h e  PSV 
sys tems  i n s t a l l e d .  There are t h r e e  main d i f f e r e n c e s  between 
t h e  systems used i n  each  house. F i r s t l y ,  150mm diameter  
i n s u l a t e d  f l e x i b l e  d u c t  is used i n  t h e  counc i l  house 
i n s t a l l a t i o n s  i n s t e a d  o f  t h e  previous r i g i d  r e c t a n g u l a r  
ductwork; secondly ,  t h e  counc i l  house i n s t a l l a t i o n s  are 
te rmina ted  a t  r i d g e  l e v e l  by means o f  Redland g a s  f l u e  Ridge 
V e n t i l a t o r s ;  and f i n a l l y ,  Bahco r e g i s t e r s  are used a s  c e i l i n g  
t e r m i n a l s  i n  t h e  c o u n c i l  house i n s t a l l a t i o n s .  



b )  Measurement d e t a i l s .  

The v e n t i l a t i o n  and a i r  movement measurement performed 
d u r i n g  t h e s e  two s i t e  i n v e s t i g a t i o n s  were made u s i n g  t h e  
m u l t i p l e  tracer gas technique  developed a t  UMIST ( 5 )  B r i e f l y ,  
t h e  t echn ique  u s e s  a modif ied p o r t a b l e  gas chromatograph, 
and is capab le  o f  measuring v e n t i l a t i o n  r a t e s  i n ,  and a i r f l o w s  
between, t h r e e  i n t e r connec t ed  cel ls .  

The program o f  measurements performed i n  t h e  low energy  
house is g iven  i n  f u l l  i n  r e f e r e n c e  4 .  The number o f  d i f f e r e n t  
permuta t ions  o f  test  c o n d i t i o n s  used du r ing  t h i s  s t u d y  w a s  
greater than  f o r  t h e  counc i l  house s t u d y  due t o  extreme 
a i r t i g h t n e s s  o f  t h e  house and t h e  presence o f  window head 
t r i c k l e  v e n t i l a t o r s .  

The fo l l owing  program o f  measurements was performed 
i n  t h e  counc i l  house: 

i) no PSV sys tems  i n  use ;  
ii) bathroom PSV system i n  u se ;  
i i i ) k i t c h e n  PSV system i n  u s e ;  
i V )  bo th  PSV systems i n  use ;  
I n  a d d i t i o n ,  t h e  fo l l owing  s u b s i d i a r y  parameters  were measured 
d u r i n g  each  i n v e s t i g a t i o n :  
i) i n t e r n a l / e x t e r n a l  t empera ture  d i f f e r e n c e ;  
ii) a i r  v e l o c i t i e s  i n  d u c t s ;  
i i i ) i n t e r n a l / e x t e r n a l  p r e s s u r e  d i f f e r e n c e s ;  
i v )  r e l a t i v e  humidi ty  i n  b o t h  k i t c h e n  and bathroom; 
v )  windspeed and d i r e c t i o n .  

RESULTS AND DISCUSSION. 

a )  Low energy house. 

Measured v e n t i l a t i o n  rates, t o g e t h e r  w i t h  o t h e r  d a t a ,  
a r e  p re sen t ed  i n  t a b l e  1. ( k i t c h e n )  and t a b l e  2. (bathroom).  
S e v e r a l  p o i n t s  a r e  worthy o f  no te :  

i) The PSV systems are s e n s i t i v e  t o  windspeed. Table  1 
shows t h a t  an  i n c r e a s e  i n  windspeed from 2m/s t o  5m/s from 
t h e  w e s t  i n c r e a s e s  t h e  airflow rate i n  t h e  k i t chen  duc t  by 
between 27% and 40%, depending upon room cond i t i ons .  From 
o t h e r  tests d i scus sed  i n  g r e a t e r  d e t a i l  i n  r e f e r ence  i t  becomes 
appa ren t  t h a t  bo th  systems a r e  h i g h l y  s u s c e p t i b l e  t o  t h e  
i n f l u e n c e  o f  wind d i r e c t i o n .  

ii) Comparison o f  t a b l e  1 w i t h  t a b l e  2 shows t h a t  t h e  bathroom 
system outperforms t h e  k i t c h e n  system f o r  t h e  same windspeed 
and d i r e c t i o n  f o r  example, f o r  t h e  case o f  a 2m/s w e s t e r l y  
wind, t h e  bathroom system e x t r a c t s  a t  a 40% h ighe r  r a t e  than  
t h e  k i t c h e n  system. 



Thi s  is i n  c o n f l i c t  w i th  t h e  r e s u l t s  o f  Johnson e t  a1 (51 ,  
who s t a t e  t h a t  t h e  g r e a t e r  s t a c k  effect  i n  t h e  l o n g e r  k i t c h e n  
duc t  w i l l  always l e a d  t o  h i g h e r  e x t r a c t i o n  rates i n  k i t c h e n  
duc t s  as opposed t o  bathroom d u c t s .  T h i s  argument does n o t ,  
of cou r se ,  t ake  i n t o  account  t h e  i n f l u e n c e  o f  r e s i s t a n c e  effects 
due t o  d u c t  l eng th .  

Equat ion  3 p r e d i c t s  d u c t  a i r f l o w s  of approximately 33m3/hr 
and 40m3/hr f o r  t h e  bathroom and k i t c h e n  d u c t s  r e s p e c t i v e l y ,  
f o r  t h e  test c o n d i t i o n s  exper ienced .  It would appear  t h a t  
t h e  extreme a i r t i g h t n e s s  o f  t h e  house has  t h e  effect o f  
t h r o t t l i n g  t h e  PSV systems. It is p o s s i b l e  t o  i n c r e a s e  d u c t  
a i r f l ow  rates s i g n i f i c a n t l y  by opening  t h e  k i t c h e n  door: however, 
a i r  movement tests desc r ibed  i n  more d e t a i l  i n  r e f e r e n c e  ( 4 )  
show t h a t  t h i s  p r a c t i c e  encourages  t h e  flow o f  mo i s t  a i r  i n t o  
t h e  rest o f  t h e  house, and is t h e r e f o r e  n o t  t o  be  encouraged. 

As ide  from t h e  o t h e r  p o i n t s  mentioned above, i t  should  
be no ted  t h a t  a t  windspeeds i n  exces s  o f  9m/s, t h e  f low o f  
a i r  i n  bo th  systems a c t u a l l y  r eve r sed ,  t h u s  p rov id ing  an  in f low 
o f  a i r  i n t o  t h e  house. 

b )  Counci l  House. 

Measured v e n t i l a t i o n  rates, t o g e t h e r  w i t h  o t h e r  d a t a  
are p re sen t ed  i n  t a b l e  3 ( k i t c h e n )  and t a b l e  4 (bathroom).  
Key f e a t u r e s  o f  t h e  r e s u l t s  are as fo l lows:  

i) A s  i n  t h e  case o f  t h e  low energy  house, t h e  sys tems  are 
s e n s i t i v e  t o  t h e  i n f l u e n c e  of wind speed,  however, wind d i r e c t i o n  
does n o t  seem t o  have as s i g n i f i c a n t  an effect. 

ii) Duct a i r f l o w s  are g e n e r a l l y  h ighe r  t han  f o r  t h e  low 
energy house. Table  5 compares d u c t  a i r f l o w s  i n  bo th  houses  
f o r  comparable o p e r a t i n g  c o n d i t i o n s .  

iii) Airf low rates i n  t h e  bathroom system a r e  a g a i n  h i g h e r  
than for  t h e  k i t c h e n  system under  i d e n t i c a l  cond i t i ons .  
Expressed as a percentage  of t h e  o v e r a l l  a i r  change rate, 
bathroom system a i r f l o w  r a t e s  are comparable t o  t h o s e  measured 
i n  t h e  low energy house: f o r  t h e  k i t c h e n  system, however, 
t h e  percentage  is  s i g n i f i c a n t l y  h igher .  

i v )  The effect o f  temperature  upon d u c t  a i r f l o w s  can  be  
seen  more c l e a r l y  i n  t h i s  case. Temperature is t h e  dominant 
f a c t o r  a t  low wind speeds,  b u t  becomes less s i g n i f i c a n t  a s  
wind speed  i n c r e a s e s .  It can  be  s e e n  t h a t  t h e  measured a i r f l o w  
rates are i n  good agreement w i t h  t h e  a i r f l o w  rates p r e d i c t e d  
i n  f i g u r e s  4 and 5. 



V )  flow r e v e r s a l  was a g a i n  obse rved .  However, i n  t h i s  c a s e ,  
t h e  t h r e s h o l d  windspeed f o r  t h e  o n s e t  o f  f l o w  r e v e r s a l  was 
o n l y  7m/s .  Without  c a r r y i n g  o u t  a similar program o f  tests 
i n  a  s imilar  house ,  i t  is n o t  p o s s i b l e  t o  s ta te  c a t e g o r i c a l l y  
whe the r  t h i s  r e d u c t i o n  i n  t h r e s h o l d  windspeed is due  to t h e  
c h o i c e  o f  t e r m i n a l ,  o r  else is a f u n c t i o n  of b u i l d i n g  e n v e l o p e  
a i r  t i g h t n e s s .  I n  t h e  o p i n i o n  o f  t h e  a u t h o r s ,  t h e  fo rmer  
p o s s i b i l i t y  is t h e  more l i k e l y .  

SYSTEM EFFECTIVENESS - ENERGY 1MPI.ICATIONS OF PSV USE 

Us ing  t h e  c r i t e r i a  o u t l i n e d  by Meyringer  (61, and a d j u s t i n g  
t h e s e  i n  o r d e r  t o  r e f l e c t  t h e  l i k e l y  d a i l y  m o i s t u r e  p r o d u c t i o n  
w i t h i n  t h e  t y p i c a l  bathroom and k i t c h e n ,  i t  is p o s s i b l e  t o  
estimate t h e  minimum v e n t i l a t i o n  rates r e q u i r e d  i n  o r d e r  
t o  a v o i d  s u r f a c e  c o n d e n s a t i o n .  These  v a l u e s  a r e  g i v e n  i n  
t a b l e  6. I n  t h e  case o f  t h e  1-ow energy house ,  i n s p e c t i o n  
o f  t a b l e s  1 and 2 shows t h a t  u s e  o f  t h e  bathroom PSV s y s t e m  
g i v e s  a v e n t i l a t i o n  rate o f  a p p r o x i m a t e l y  1.04 ach ,  w h i l - s t  
t h e  k i t c h e n  PSV s y s t e m  g i v e s  v e n t i l a t i o n  rates o f  between 
0.84 and 1 . I  ach.  Thus it c a n  be s e e n  t h a t  even under  t h e  
low wind s p e e d s  e x p e r i e n c e d  d u r i n g  t h i s  s t u d y ,  t h e  PSV s y s t e m s  
s h o u l d ,  i n  most cases, g i v e  a background v e n t i l a t i o n  rate 
which is adequa te  t o  p r e v e n t  s u r f a c e  c o n d e n s a t i o n .  I n  t h e  
c a s e  o f  t h e  c o u n c i l  house ,  t h e  PSV s y s t e m s  a l s o  g i v e  v e n t i l a t i o n  
r a t e s  above t h e  minimum; however, t h e  rates are w e l l  i n  e x c e s s  
o f  t h e  minimum r e q u i r e d ,  and hence t h e  s y s t e m s  c o u l d  be  w a s t i n g  
energy by o v e r  e x t r a c t i o n .  I t  c o u l d  be  a rgued  t h a t  t h e s e  
c a l c u l a t i o n s  have been made on t h e  b a s i s  o f  t h e  assumpt ion  
of a const .ant  rate of' a o i o t u r c  p r o d u c t i o n  and ihat i r ~  pr 'acti.ce, 
h i g h e r  rates o f  e x t r a c t i o n  migh t  b e  o f  b e n e f i t  i n  o r d e r  t o  
cope  w i t h  peaks  of m o i s t u r e  p roduc t ion .  However, from t h e  
energy  e f f i c i e n c y  v i e w p o i n t ,  i t  is u n d e s i r a b l e  t h a t  o v e r  
e x t r a c t i o n  t a k e s  p l a c e  r e g u l a r l y .  One possib1.e s o l u t i o n  
t o  t h i s  problem would be  t h e  p r o v i s i o n  o f  a 
h u m i d i t y - s e n s i t i v e  t h r o t t l i n g  sys tem f o r  e a c h  PSV d u c t  i n s t a l l e d  
i n  a house .  Such a d e v i s e  would p r e f e r a b l y  b e  n o n - e l e c t r i c a l l y  
o p e r a t e d ,  i n  o r d e r  t o  r e d u c e  t h e  maintenance and r u n n i n g  
c o s t .  Another  s o l u t i o n  might  be  t o  r educe  t h e  s i z e  o f  PSV 
d u c t s  so as t o  g i v e  c o n d e n s a t i o n  c o n t r o l  d u r i n g  c o n d i t i o n s  
o f  a v e r a g e  m o i s t u r e  product i .on ,  w h i l s t  p r o v i d i n g  a humid i ty  
c o n t r o l l e d  b o o s t e r  f a n  i n  t h e  PSV d u c t .  Such a sys tem would 
g i v e  a b e t t e r  r e s p o n s e  to  r a p i d  i n c r e a s e s  i n  m o i s t u r e  p r o d u c t i o n  
r a t e s ,  b u t  would i n c u r  h i g h e r  maintenance and r u n n i n g  c o s t s  
t h a n  t h e  "humidi ty  t h r o t t l e d w  o p t i o n .  

d l  O p t i m i s a t i o n  of sys tem d e s i g n .  

I n  o r d e r  t o  o p t i m i s e  t h e  performance o f  a PSV sys tem,  
sevt.l>al i m p c r t a n t  d e s i g r ~  anti j n s t a l . l a t i o n  p o i n t s  have t o  
be  t a k e n  i n t o  c o n s i d e r a t i o n :  



i) The number o f  bends i n  a system should be minimised. 
Offsets o r  135 degree  bends are t o  be  p r e f e r r e d  i n  c i rcumstances  
where bends are necessary ;  i n  any case, 90 degree  bends should 
be avoided a t  a l l  c o s t s .  

ii) F l e x i b l e  d u c t s  a r e  v a l u a b l e  components t o  have a v a i l a b l e  
as an o p t i o n  when PSV systems a r e  be ing  designed.  It is 
impera t ive ,  however, t h a t  when they  are used,  t hey  are f u l l y  
extended,  o r  else t h e  r e s i s t a n c e  t o  a i r f l o w  r e s u l t i n g  w i l l  be 
s i g n i g i c a n t l y  g r e a t e r  t han  f o r  a comparable l e n g t h  o f  r i g i d  
ductwork. It should  be impressed upon i n s t a l l e r s  t h a t  i n  
c i rcumstances  where f l e x i b l e  ductwork is used t h a t  t h e  ductwork 
should b e  c u t  t o  l e n g t h ,  r a t h e r  t han  a l lowing  exces s  ductwork 
t o  hang l o o s e l y ,  o r  i n  t h e  wor s t  case, t o  be c o i l e d  up i n  t h e  
roofspace .  

iii) It would be  a p p r o p r i a t e  t o  remind any PSV system d e s i g n e r  
t h a t  t h e  u s e  of  i n s u l a t e d  ductwork i n  t h e  roofspace  is  e s s e n t i a l ,  
i n  o r d e r  t o  minimise t h e  r i s k  o f  condensa t ion  w i t h i n  duc t s .  

i v )  On t h e  b a s i s  o f  t h e  r e s u l t s  ob t a ined  i n  t h e  two s t u d i e s ,  
i t  is recommended t h a t ,  wherever p o s s i b l e ,  a PSV system should  
d i s c h a r g e  by means o f  a r i d g e  t i l e  v e n t i l a t o r .  The lower t h r e s h o l d  
windspeed f o r  f l ow  r e v e r s a l  is a small p r i c e  t o  pay f o r  t h e  
less wind d i r e c t i o n  s e n s i t i v e  system performance ob ta ined .  

v )  The use  o f  a common d i scha rge  t e rmina l  f o r  two o r  more 
PSV sys tems  may have a c e r t a i n  economic o r  a e s t h e t i c  appea l .  
However, from a t e c h n i c a l  p o i n t  o f  view, i t  is ve ry  impor tan t  
t h a t  e a c h  system i n  a dwel l ing  d i s c h a r g e s  independent ly .  

v i )  The i n f e r i o r  performances o f  t h e  PSV systems i n  t h e  low 
energy house are due t o  an inadequate  supply  o f  a i r  t o  f e e d  
t h e  sys tems ,  u n d e r l i n i n g  t h e  importance which should  be  a t t a c h e d  
t o  t h e  c a r e f u l  p lanning  o f  a i r f l o w  r o u t e s  i n t o  and w i t h i n  a 
dwel l ing ,  i n  o r d e r  t o  ensu re  t h a t  t h e  PSV systmes o p e r a t e  t o  
t h e i r  f u l l  c a p a b i l i t i e s .  

v i i )  If t h e  dwe l l i ng  be ing  f i t t e d  w i th  PSV systems is  i n  
an exposed area, i t  may be  t h e  c a s e  t h a t  volume c o n t r o l  dampers 
have t o  be  used i n  o r d e r  t o  p reven t  over -ex t rac t ion .  

CONCLUSIONS. 

Programs o f  tes t  work on two c o n t r a s t i n g  t ypes  o f  house 
have shown t h a t  i n  both cases, PSV systems provide an e f f i c i e n t  
means o f  condensat ion c o n t r o l  w i t h i n  zones o f  h igh  water vapour 
product icn .  However, t h e  two s t u d i e s  s e r v e  t o  emphasise two 
c o n t r a s t i n g  f a c t o r s  which should  be taken  i n t o  account  when 
des ign ing  PSV systems. 



The extreme a i r t i g h t n e s s  o f  t h e  low energy  house p reven t s  t h e  
PSV sys tems  form e x t r a c t i n g  t o  t h e i r  p r ed i c t ed  c a p a b i l i t y ,  w h i l s t  
i n  t h e  c o u n c i l  house, it 's h igh  background a i r  l e akage  means 
t h a t  o v e r  e x t r a c t i o n  is l i k e l y  t o  occu r ,  p a r t i c u l a r l y  a t  h igh  
wind speeds .  On t h e  one hand, i t  is e s s e n t i a l  t o  provide  adequate  
air i n l e t s  s o  a s  t o  f eed  d u c t s ,  on t h e  o t h e r ,  i t  is impor tan t  
t o  minirnise o v e r  e x t r a c t i o n  f o r  r ea sons  o f  energy  e f f i c i e n c y .  
Over e x t r a c t i o n  is b e s t  c o n t r o l l e d  by one o f  two means; f i r s t l y ,  
by p rov id ing  humidi ty-sens i t ive  t h r o t t l i n g  o f  duc t s ;  o r  secondly,  
by p rov id ing  a mechanical boos t  t o  e x t r a c t i o n .  Two i n s t a l l a t i o n s  
u s i n g  t h e  former p r i n c i p l e  a r e  c u r r e n t l y  undergoing f i e l d  t r i a l s .  
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Eluoyancy induced pessure difference, PBUW (Pascals) 
F i g u r e  1 :  B u o y a n c y  i n d u c e d  p r e s s u r e  d i f f e r e n c e  5 mtr d u c t .  



Buoyancy induced pressure difference, Pevo y( Pascals) 
Figure 2: Buoyancy induced pressure differencel.5 mtr duct. 





100 mm DIA, 1-5 rrl HIGH STACK 

DUCT IN A BATHROOM 

F i g u r e  4 :  C a l c u l a t e d  a i r f l o w  1 . 5  mtr h i g h ,  1 0 0  m m  
d i a  d u c t .  





GLlDEVALE TYPE GS T E  VENTUTORS 

F i g u r e  6 :  PSV L a y o u t :  Cow e n e r g y  h o u s e .  



F i g u r e  7 :  PSV L a y o u t :  C o u n c i l  H o u s e .  
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N K  Duct Flow % of  NK 
Condi t ions ACH m3  / h r  m / s  m 3  / h r  due t o  duc t  Speed Direct. T°C 

( m / s )  

A l l  s e a l e d  .23 7.82 - 
T r i c k l e  v e n t s  open .59 20.06 - 
Duct and t r i c k l e  ven t  
open .84 28.56 0.11 

Duct and windows 2" 3.00 102.00 0.15 

Duct open o n l y  .37 12.58 0.10 

Windows open 2" o n l y  2.57 87.38 ' - 

A l l  s e a l e d  .31 10.54 - 
T r i c k l e  v e n t s  open .63 21.42 - 
Duct and t r i c k l e  v e n t  
open 1.17 39.78 0.15 

Duct and windows 2" 3.67 124.78 0.25 

Duct open o n l y  .53 18.02 0.14 

Windows open 2" o n l y  2.74 93.16 - 

TABLE 1: R e s u l t s  f o r  k i t chen  v e n t i l a t i o n  tests 
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Nk Duct Ai r f low Wind 
a c h  m 3  / h r  m 3  / h r  % of Nk T°C D i r e c t i o n  Speed ( m / s )  Comments 

1.661 26.9 - - 26.2 SE 3.0 Duct S e a l e d  
1.956 31.7 - - 14.5 S 5.0 II 11 

.939 15.2 - - 10.0 W 3.5 II  11 

1.100 17.8 - - 14.1 NE 6.5 II  II 

Duct Open 
I1 If 

I1 11 

I1 I1 

I1 If 

11 11 

I1 If 

11 I t  

11 11 

Table  3: Counci l  house k i t c h e n  



NB Duct Airflow T°C Wind 
a c h  m3/hr  m3/hr  % o f N k  D i r e c t i o n  Speed ( m / s )  Comments 

Duct S e a l e d  
11 11 

11 I1 

11 I t  

Duct Open 
11 11 

11 11 

11 11 

T a b l e  4: Counci l  house bathroom 
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ABSTRACT 

This work is concerned with measuring air flows between the floors 
of houses. A simple measuring technique is described in which two 
portable SF6 systems were employed. The design and construction 
of the portable system are presented. A comparison of air flow 
wtterns in a superinsulated house and a standard house is made. 
Results showed that the air flow between the upper and lower 
floors of the superinsulated house was about 20 m3/h compared with 
100 m S / h  in the traditionally built house. The method has also 
been validated in the laboratory by measuring air flows between 
two small chambers using both the tracer systems and an 
independent flow device. 



The study of infiltration and interzonal air movement in houses is 
important for both energy conservation and indoor air quality 
control, The heat losses caused by air infiltration in 
traditionally built houses can account for up to 40% of the 
heating energy requirementsl. As a result a large number of 
superinsulated houses are being built in Scandinavia, North 
America and more recently in the UK2. These houses are 
constructed in such a way that air leakage through cracks and 
openings in their envelopes no longer serve as a major source of 
ventilation and so mechanical ventilation systems may be employed. 
Inadequate air change rates give rise to an increase in 
concentration of indoor air contaminants (e.g. formaldehyde, 
nitrogen dioxide and moisture) which may influence the health and 
comfort of the building's occupants. Research is therefore 
required to evaluate the extent of air ventilation, interzone air 
movement and dispersion of interior contaminants so that the 
optimum compromise between energy efficiency and sufficient air 
change to maintain a healthy environment is achieved. 

Air flows betwen internal spaces in buildings are usually measured 
using tracer gas techniques3. Several tracer gases have been used 
in the past but sulphur hexaflouride has been chosen for our work 
as it has desirable tracer gas characteristics in terms of 
detectability, safety, and cost and has been used successfully in 
previous air infiltration studies4* 5 .  

In the past, measurement of air movement in buildings has been 
accomplished using a single tracer gas technique, but recently 
multiple tracer gas techniques have found increased 
application6~7~8. Although me&urements can be made more quickly 
and accurately using a multiple tracer gas method, the cost of the 
tracer gases and equipment is high. 

The purpose of this work is to demonstrate the use of highly 
portable units fitted with electron capture detectors for 
measurement of air flow between floors of houses. A single tracer 
gas method was employed in this work and the accuracy of this 
technique w a s  assessed using a two-zone calibration rig. We 
discuss the effect on air flow patterns of 1) using a ventilation 
system in the superinsulated houses and 2) using a kitchen extract 
fan in the traditionally built house. The design, and 
construction of the SF6 system are described in this paper along 
with an analysis of the experimental results obtained and an 
appraisal of the measurement technique, 



2. TWO-ZONE MASS-BALANCE EQUATIONS 

Figure 1 is a schematic diagram of a house in which the downstairs 
and upstairs are designated zone 1 and zone 2, respectively. Air 
can infiltrate from outside the house into each zone [ Q i  and 
a2). In addition, air can exchange between the two zones in both 
directions (Q12 and Qz r ) , 

In a test example, the tracer gas may be released first in zone 1 
while all its doors and windows are closed. Following tracer gas 
mixing the conanunication doors between the two zones are opened. 
Some tracer will be carried into zone 2 where it will mix with air 
and some will return to zone 1. If one applies the tracer 
material balances in each zone, assuming that a steady state 
exists and that the concentration of tracer gas in the outside air 
is negligible, then : 

the rate of change of tracer concentration in zone 1 at time t is 
given by: 

VldCl/dt = - Cr (Qio + Q12) + C2 Qzi Ell 

where: Vl is the interior volume of zone 1. 

C1 and C2 are the concentrations of the tracer at time t in 
zone 1 and 2 respectively. 

Similarly, the rate of change of tracer concentration in zone 2 
at time t is given by: 

where: V2 is the interior volume of zone 2. 

The other two flow rates can be then determined using the 
continuity equations as follows 

Mass-balance equations may be solved using the theoretical 
technique described in ref.9. An alternative method to estimate 
air flows between internal spaces was used by Sindenlo. The 
method assumes a multi zone system may be represented by a series 
of cells of known and constant volumes which are all connected to 
a cell of infinitely large volume, i.e. the outside space. The 
mass-balance for zones can be expresed by a series of equations 
which can then be solved using matrices. A similar method was 
used in our work, modified by introduction of the discrete time 
model as explained in detail in ref.11. The estimated air flow 
rates for specific moments in time are usually incorrect and in 
some cases are negative values. However, it is important to 
realise that we are not concerned with air flow rates at specific 
t,imes, but rather with mean flow rates over finite time intervals 
usually greater than one hour. 



In order to improve the accuracy of the single tracer gas 
technique for measuring interzonal air flows, a refined 
experimental method was developed for use in our work. This 
involved releasing tracer gas first in zone 1 and monitoring the 
concentrations in the two zones. The experiment was then 
repeated, this time releasing the tracer gas in zone 2 instead of 
zone 1. This method provides an alternative to the use of the 
two-tracer gas technique providing the weather conditions are 
stable during the measurements. 

The microcomputer-measuring system is shown in Fig. 2. The system 
was made up from the following major components: 

(a) Sampling - Injection Unit 
(b) Column 
(c) Chromatographic Oven 
(d) Electron Capture Detector 
(e) Microcomputer and Interface. 

Argon, used as the carrier gas, normally flows at a constant rate 
through the column via the sampling valve. The carrier gas then 
passes through the detection cell before being vented to the 
atmosphere. The sampling unit consists of a two-position, 6-port 
valve, connected to a 0.5 c d  sampling loop. The valve can be 
easily rotated to position 1 or 2 using a small motor. 

The column was made by packing a 1.5 m length x 4.3 nm internal 
- diameter nylon tube with 60-80 mesh aluminium oxide. The tube was 
coiled three times and placed horizontally inside an electrically 
heated oven. The oven was maintained at a constant temperature 
using a temperature controller. The electron capture detector, 
which uses Ni-63 radioactive cell, was made by Pye Unicom Ltd. A 
pump was used to draw air from the test space to create a flow 
through the sample loop. By rotating the sample valve to position 
2, air in the sample loop was injected into the argon flow which ' 

carried it into the column and finally to the detector for 
analysis. the amplified reverse response from the detector cell is 
then displayed as peaks on the computer monitor. The system 
incorporates a BBC microcomputer with two 5114 inch dual sided 
floppy disc drives, a parallel printer and interfaces for both 
analogue and digital data. The interfacing of the gas 
chromatograph and the sampling and injection units was 
accomplished by specially designed interface cards. The system is 
very flexible and can be used for unattended operation. 



4 AND RESULTS 

The tracer decay method has been used to measure interzonal air 
flows in two houses in Milton Keynes, UK. The two houses were 
sheltered by a number of adjacent houses. The temperature at 
various points on each floor, external temperature and wind speed 
during the measurement period are shown in Table 1. 

Tests carried out in these occupied houses are detailed below. 

4.1 Superinsulated House. 

The superinsulated house is a three bedroomed, semi-detached unit, 
with a floor area of 75 m2, The house was built to a 
superinsulated standard three times more stringent than the 
current UK building regulations, Vapour barriers were also 
installed for both the ceiling and walls of the house. A 
mechanical ventilation system with heat recovery is used to supply 
a controlled amount of ambient air. The system was manufactured 
by BAHO of Sweden and uses an aluminium cross flow heat 
exchanger. The space and water heating are provided by a gas 
boiler. 

The downstairs floor, zone 1, has a volume of 73 m3 and contains a 
living/dining room and kitchen. The upstairs, zone 2, has a 
volume of 107 m3 and contains the bathroom, three bedrooms, 
stairway and hall. Two identical SF6 systems were used in these 
experiments. The first system was used to collect samples from 
zone 1 while the second was used to collect samples from zone 2. 
At the beginning of each test the communicating doors between the 
two zones were closed, and gaps between each door and its frame 
were sealed with tape to prevent leakage of tracer gas during the 
initial mixing period. A known volume of tracer gas was released 
downstairs where it was mixed with air using an oscillating desk 
fan. To ensure that a uniform concentration had been achieved in 
zone 1, samples were taken at four sampling points. After a 
mixing period of about 30 minutes, the sealing tape was removed 
and the communicating doors were opened, Samples were taken every 
3 minutes for a total experimental time of about 90 minutes. The 
SFs systems analysed the samples in-situ so providing 
instantaneous readings of gas concentration in each zone. 

A total of four experiments were performed in summer 1987 with the 
heating system switched off. In two of these experiments the 
ventilation system was switched off while in the other two the 
ventilation system was operated at low fan speed. Figure 3 shows 
a schemetic of the two-zone air flows with the ventilation system 
off. As the temperature difference between the two floors was 



about 0.30C the air changes were found to be similar. Our 
experiments showed that the tracer decay curve (concentration/time 
variations) in zone 1 was not a simple expontential function but 
the sum of two exponential functions. In another experiment the 
whole house was seeded with tracer gas and the background 
infiltration rate was measured using the decay method. The air 
change per hour was found to be about 0.1. This result agrees 
with that measured after the house was built 18 months 
previouslylz. A blower door pressure test was also performed in 
this house and the test revealed an air change rate of 1.5 at 50Pa 
(i.e. approximately 1.5/20 = 2.075 ac/h under normal conditions). 
This value is within the performance range standards of 
Scandinavian houses. 

Figure 4 shows schematic of the interzonal air flows with the 
ventilation system operating in low mode. The results show the 
ventilation system is effective in achieving the desired air 
change per hour in each floor of the house. The estimated whole 
house air change rate per hour is 0.8 ach (144 m3/h) which is 
larger than the value calculated from duct flow measurements (130 
m3 /h) . 

4.2. Traditionally Built House 

In order to compare the pattern of air flows of a superinsulated 
house with a traditionally built house experiments were carried 
out in a three bedroomed, sem-detached house. In some of these 
tests all central heating radiators were switched off while in the 
others only the lower floor was heated. The total volume of the 
house was about 162 m3 and that of the upper floor was about 95 
m3 . 
Figure 5 shows a plot of tracer gas concentration with time for 
both the upstairs and downstairs when SF6 gas was released 
downstairs and Fig. 6 shows the same when the gas was released 
upstairs. Fig. 7 displays a schematic of interzonal air flows. 
This figure shows that Q 2  is slightly higher than 821 due to a 
small temperature difference (about 0.20C) between the two floors. 
However, the situation was quite different when the living/dining 
room and kitchen were heated to 20.5% while the bedrooms were 
kept at 16.50C. In this case air flowed into the ground floor and 
tended to flow upstairs under the stack effect as shown in Fig.8. 
The heat transfer rate for the ground floor to the first floor and 
external environment was -1.1 kW, and that from the first floor to 
ground floor and external environment was 0.24 kW. 

The house infiltration rate was estimated to be about 0.6 ac/h (98 
m 3 / h )  which is within the recommended ASHRAE standard. 



Experimental Conditions 

House Temperature difference Outside 
between zones 1 & 2(*C) Temperature 

("C) 

Superinsul a ted 
Ventilation off 0.5 
Ventilation on 0.7 

Tradi tional 
Heating off 0.2 23.0 
Heating on 4.0 8.5 

Wind 
speed 
(m/s 1 

5. VALIDATION OF THE TWO-ZONE AIR mx>w 

To validate the tracer gas technique used in this work some 
experiments were carried out under controlled conditions. For 
this purpose a small scale test rig was built, Fig. 9. This 
consisted simply of two chambers (215 litres each) connected in a 
closed loop by a small pump and a flow meter. 

The experimental procedure was as follows. At the beginning of 
each experiment SF6 tracer gas was injected into chamber 1 in 
which a small fan was used for mixing of tracer and air. 
Following the initial mixing, the pump was turned on and the two 
chambers were connected. SFs/air samples were drawn from the two 
chanibers using nylon tubing. These samples were then passed to 
the two SF6 systems for analysis. 

Experiments were carried out for two different values of air flow 
rates, The calculated and measured (using the flowmeter) flow 
rates for experiment 1 were 124 and 114 l/h respectively, while 
those for experiment 2 were 232 and 244. This corresponds to a 
+9% error for experiment 1 and a -5% for experiment 2. Figure 10 
shows a plot of tracer gas concentration with time for experiment 
1. This is simlar to the accuracy obtained by Afonso et all4 
using N2O tracer gas and a two-compartment laboratory model. 



6 .  KITCHEN lXIRMX FANS 

Installation of kitchen extract fans is widely recommended as a 
remedial measure to limit condensation in houses. The purpose of 
using a fan is to remove moisture laden air from the zone in which 
water vapour is generated and also to minimise the flow of warm 
moist air from the lower floor to the upper floor of the house 
where condensation normally occurs. Most houses nowadays are 
provided with extract fans and it is generally assumed that the 
use of a 150 nun fan (extract rate about 290 m3/h) is effective in 
preventing migration of moisture from the kitchen to the rest of 
the house. There is lack of theoretical and experimental evidence 
to support this assumption, and the effectiveness of kitchen 
extract fans can only be determined by a more rigorous 
investigation. 

To study the effect of a manually controlled kitchen extract fan 
on the air flows patterns in the house, two different tests were 
conducted. In the first test the central heating system was 
switched off, while in the second test only the lower floor was 
heated. Figure lldisplays a schematic of interzonal air flow for 
the first test. The use of an extract fan increases & o  from 59 
to 231 m3/h but has only slight effect on interzone air flow. 
With the extract fan in operation Q 2  and Qzi  were 96 and 125 m3 
respectively compared to 105 and 97 ma/h with extract fan switched 
off. 

Figure l2.shows the interzonal air flow for the second test. The 
limit of the extract fan is clearly shown in this figure. For a 
temperature difference of about 5.60C, Q12 was increased from 96 

a to 180 m3/h while Qio was reduced from 231 to 121 3 .  The two 
tests indicate that the use of a 290 m3/h cavity fan does not 
prevent moisture movement to other rooms. Calculations were 
carried out to establish the minimum extract rate which would 
limit condensation in the kitchen and prevent air flow from the 
lower floor to the upper floor of the house. Condensation may be 
avoided if the relative humidity in a zone does not exceed the 
range of 60-70% (ref.13). Using an RH of 60% and a total moisture 
release rate of 8 kg/day, the fan extraction rate should be about 
600 m3/h. This represents more than twice the rate which is 
recommended by the BS5250. The effectiveness of an extract fan 
depends on whether kitchen doors to the rest of the house are open 
or closed and also on the local wind speed and direction. The 
location of the fan in the kitchen is also important and ideally 
it should be positioned close to the cooker and at a high level. 



7. OONCXUSIONS AND -ATIONS 

(1) The use of the compact microcomputer SF6 system has proved 
to be a reliable and practical approach for measuring air 
movement in houses. 

(2) We have found that the use of the portable SF6 system is an 
inexpensive and simple way of estimating the two-zone air 
flows in houses. However, for multi-zone measurement in 
large buildings, the use of multiple tracer gases is 
preferable as it reduces the time required to make these 
measurements. To compare the measurement accuracy of single 
and multiple tracer gas techniques we intend to examine air 
flow between two zones (a room 4m x 4m x 2m divided by a 
partition containing a doorway) under a variety of 
temperature differences using both portable SF6 systems and 
our new PM: tracer system developed at the Polytechnic of 
Central London. 

( 3 )  The air flow rate between the lower and upper floors of the 
traditionally built house was found to increase 
significantly with increasing temperature difference. 

(4) The use of manually operated kitchen extract fans was found 
to be ineffective in reducing air flow from the lower floor 
to the upper floor of the traditionally built house. 
Further work is required to establish the optimum extract 
rate of a fan for prevention of condensation in the kitchen 
and reduction of moisture movement to the rest of the house. 

(5) To study the interzone convection heat transfer, further 
experiments are needed to estimate the air movement between, 
for example, the conservatory and living room, where a 
higher temperature difference usually occurs. 

The authors wish to thank Directorate General XI1 of the 
Commission of the European Comunities, and C J Martin of the 
Energy Monitoring Company Ltd. 
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Fiewe 1.  
Schematic of a Two-Zone House. 
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Figure 2. 
Microcomputer measuring system for SF6 
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Figure 3.  
Schematic of Airflows in Super-insulated House 
- Ventilation System Off. 
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Figure 4. 
Schematic of Airflows in Super-insulated House 
- Ventilation System On. 
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Figure 5 
Evolution of Tracer Gas Concentration in a Traditional House 
- SFs Released Downstairs, 

Figure 6. 
Evolution of Tracer Gas Concentration in a Traditional House 
- SF6 Released Upstairs. 



Figure 7. 
Schematic of Airflows ( m 3 / h )  in Traditional House 
- Temperature Difference .9.2 OC. 

Figure 8. 
Schematic of Airflows ( m 3 / h )  in Traditional House 
- Temperature Difference 4.0 OC. 
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Figure 9. 
Test Rig Used for Multizone Method Validation. 
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Figure 10. 
Tracer G a s  Concentration for Validation Experiment 1 - Calculated Flowrate, 124 l/h, 



Figure 11. 
Airflows with Extract Fan On and 2.8 OC Temp. Difference 

- Small Change in Interzonal Airflows Compared to Figure 7. 

Figure 12. 
Airflows at 5.6 OC Temperature Difference 
- Reduced Effectiveness of Extmt Fan at High Temp Difference 
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A constant concentration tracer gas (CCTG) measuring system needs a control 
algorithm to calculate, at each sampling time, the required tracer gas injection rate to 
keep the gas concentration at a target level. A new control algorithm is presented here 
in full details. Practical considerations concerning modifications to take into account 
the physical limitations of the CCTG system and the computing of the optimal control 
parameters are also presented. 

1. INTRODUCTION 

The constant concentration tracer gas technique (CCTG) is now commonly used far air 
flow measurement within buildings. This technique requires a control algorithm to 
keep the gas concentration at a target level by computing the necessary amount of 
tracer gas to inject. In an inhabited multiwne building, the control algorithm has to 
respond quickly to large variations of interzonal airflows and/or outside air infiltration. 

Few authorsl~2~3 have described in detail the implemented algorithm of their CCTG 
systems. As far as we know, they all use common control methods such as P, PI or 
PID. 

We present a different control algorithm, used on our CESAR* ~ ~ s t e d . 8 .  In order to 
improve this control method, we developed a computer program simulating a room 
with variable air change rate which takes the real characteristics of the CCTG system 
into account. This program allowed us to test some modifications of the theoretical 
control algorithm and to estimate its optimal parameters. 

* CESAR : I(:ompact auipment for Survey of Air Renewal. 

2. THEORETICAL APPROACH 

2.1 Sin~le wne model 

In a first step, we consider a single zone. The equation governing the tracer gas 
concentration into the zone is : 

where V : effective volume of the zone [m3] 

C : tracer gas concentration [-I 
m3 F : air flow leaving the zone (3 

mj S : tracer gas injection into the room [T] 



This equation assumes that the outside tracer gas concentration is negligible and that 
the air has a constant density. A perfect mixing of the tracer gas within the wne is also 
assumed. Even if these assumptions are not always true in real conditions, this model 
is sufficiently good for control purposes. 

Since the CCTG system analyses the concentrations in the zone by sampling at discrete 
time, the differential equation (1) should be integrated over one sampling time Ts to 
give a difference equation : 

where : Ck+ 1, Ck : tracer gas concentration at 
time (k+l) Ts and kTs respectively [-I 

Uk = Sk 1 - : injection rate [;I v 
ak = Fk exp (- V . Ts) [-I (3) 

bk = 
1 a ~ ( ~ ) i f ~ k > 0 ,  bk=Tsif&=O [s] 
Fk (4) 

Ts : sampling time [s] 

k :  sample number [-I 

The air flow Fk and the injection rate Sk are assumed to be constant over the 
integrating time interval (k Ts; (k+l) Ts). 

2.2 Control algorithm 

The function of the control algorithm is to compute the necessary injection rate Uk to 
maintain the concentration at a target level denoted Wk (for complete generality the 
target level may also change during time : therefore it is also denoted by the sample 
number k). The injection rate is computed using the expression : 

with Ks, KR, Kw : parameters of the control algorithm [s-l] 

X R ~  : an integrating term defined by the difference equation : 

XRk+l=XRk+Wk-Ck [-I 

This expression is derived by minimizing the quadratic form : 

where Qe, QR and R are weighting factors (see 5 for full details). 

Different methods are available for the determination of the parameters Ks KR and Kw. 
We choose a method which consists of imposing the poles of the system5. This 
method is far more practical to use for two reasons : 



It is not necessary to make an arbitrarily choice of the weighting factors for the 
quadratic form 

The computing of Ks, KR and Kw is easier and doesn't require complex 
computer code as the other methods. 

In fact the two poles of the system depend only on the parameters Ks and KR. The 
value of the third parameter Kw doesn't have any influence on the pole location but 
may be used to compensate the effect of one pole. 

The relations between the poles and the parameters are : 

First case : Real poles Z1 and Z2 (Z1, is the compensated pole) 

Second case : Two complex conjugate poles 212 = Re (Z) + i Im (Z) 
(the real part of the pole is compensated) 

(- 2 Re (Z) + ak + 1) 
Ks - bk 

KR = 
((Re (Z) - 1)2 + 1m2 (Z)) 

bk 

Kw = KR 
1 - Re (Z) 

where ak and bk are defined by (3) and (4). 

Through ak and bk the parameters are functions of the sampling time Ts and of the air .-. 
r k  change rate There is apparently a problem here as the control algorithm requires 

parameters which depend on the varying air change rates not known before 
measurement ! In fact the control algorithm needs only an estimation of the air change 
rate and the parameters are calculated once for the entire measurement procedure. This 
point and the optimal location of the poles will be discussed further in chapter 3. 

At the beginning of the measurement procedure, the integrating term Xm has to be 
initialized to a certain value. Under the assumption that the initial concentration Co was 
kept constant in the past, the initial value X R ~  is defined by : 

First case : Real poles Z1 and Z2 (Z1 is the compensated pole) 



Second case : Two complex conjugate poles (the real part of the poles is compensated) 

2.3 Advantages of the algorithm 

The proposed control algorithm defined by equation (5) looks like a special case of a 
traditional PI control algorithm. In fact our algorithm present some advantages over the 
usual PI control method. 

First, a faster response to a step change in the target concentration W k  is obtained by 
the pole compensation (Fig. 1). This property is very useful for measurement 
procedures using variable target concentrations in multimne buildings. 

Target level step change Target level step change 
new control algorithm (poles ot .6 & 0) PI control algorithm (poles at .6 & 0) 

1201 120 1 

l 0 0 0 0 0  
"4 1 

5 10 15 

Sample number k Sample number k 

Figure 1 : Response of the control algorithm for a target level step change : the 
new control algorithm has a faster response than the PI control method. 
Points are labelled by the actual target level W k  (ppm). 
(values computed with 1 air change/hour and Ts = 540 [s]). 

Secondly, the minimization of a quadratic form is well suited to generalize into a 
multivariable control algorithm. Thus an extension of our algorithm to the case of a 
multizone measurement system is not difficult. This extension is summarized as 
follows : equation (1) is rewritten6 using matrix notation : 

where V : volumes diagonal matrix 
C :  concentrations vector 

rm31 
[-I 

F :  air flows matrix m3 [TI 

S :  m3 tracer gas injections vector 



The difference equation (2) becomes : 

where A and B are matrixes derived firom the air flows matrix F 
and the volumes matrix V 

and Uk=V-l Sk (18) 

From equation (17), various methods are available5 to compute the parameters 
matrixes K,,KR and Kw necessary for the control algorithm defined (similar to 
equation (5) by : 

where W k  is the target concentrations vector and Xm the integrating vector defined 
by the difference equation : 

2.4 Modifications of the algorithm 

The tracer gas injection rate the CCTG is able to supply is limited to a certain range : 
no tracer gas can be removed from the zone and, a maximum injection rate can not be 
exceeded. Figures 2 and 3 show two cases where these limitations lead to large over- 
or under-shoots of concentration. 

These problems are caused by inappropriate values of the integrating term X R ~ .  
Although the CCTG system cannot supply the necessary injection rate or remove gas 
to readjust the concentration to target level, the value of Xm is still incremented as if 
the system had no limitations. This results in too high or too low values of Xm, and it 
takes several steps with over or under concentration to correct the value of this term. 

To avoid these problems, it is necessary to correct the value of Xm when the system 
is unable to supply the injection rate the control algorithm has asked for. Among the 
many possibilities to adjust these values, we present here two procedures we have 
chosen : 

First case : Uk c 0 

Negative values typically occur after a concentration overshoot due to an abrupt 
decrease of the air infiltration rate into the zone (Fig. 2). As seen above (equation 5), 
the injection rate is proportional to Wk, - Ck and X R ~ .  During the whole overshoot 
while Ck > Wk, the integrating term decreases. Then, when the concentration goes 
below the target level, because of the low value of X R ~ ,  the injection rate remains 
negative and it takes several steps with Ck < Wk to raise the value of X R ~  to its new 
stationary value allowing positive injection rate to be computed. 

To avoid this undershooting, the integrating term could be adjusted just before the 
decreasing concentration crosses the target level. Thus, our procedure works as 
follows : 



Overshoot ( 1  st case) (target level: 100 ppm) 
without modification 

Sample number k 

Firmre 2 : Concentration overshoot due to an abrupt decrease of the air change 
rate. Points are labelled by the actual air change rate @I-11 
(values computed with V = 80 [m3] and Ts = 540 [s]). 

Overshoot (2nd case) (target level: 100 ppm) 
without modification 

Sample number k 

-re 3 : Concentration overshoot due to the limiting effect of the maximum 
injection rate Umax the CGTG system is able to supply. All points are 
labelled by the actual air change rate [h-11 
(values computed with V = 200 [ms], Ts = 540 [s] and 
Umax = 5.67 . 10-8 [s-l]). These values lead to the maximum 
concentration increase at the first step : C1= b . Umax = 28,4 (ppm)). 



Overshoot (1  st  case) (target level: 100 ppm) 
with modification 

2 so- .- 
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Figure 4 : Effect of the first modification of the control algorithm (compare with 
fig. 2). All points are labelled by the actual air change rate [h-11. 
(values computed with V = 80 [m3] and Ts = 540 [s]). 

Overshoot (2nd  case) (target level: 100 ppm) 
with. modification 

0 I 
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Sample number k 

Figure 5 : Effect of the second modification of the control algorithm (compare 
with fig. 3). All points are labelled by the actual air change rate [h-l] 
(values computed with V = 200 [m3], T, = 540 [s] and 
U,,, = 5.67 10-8 [s-11). 



Whenever the control algorithm computes a negative injection rate, the actual 
infiltration rate is estimated and the concentration for the next step can be extrapolated. 
If, without any gas injection, the extrapolated concentration is still above target level, 
nothing is done. But in the other cases, the integrating term is forced to a value 
leading, through the use of control equation (3, to the necessary injection rate to reach 
the target level. The following relations are used for this procedure : 

(assuming Uk < 0) 

estimated actual air change rate : 

(if Uk-l> 0 nest underestimates the true air change rate) 

predicted concentration : 

necessary injection rate (if Cp k+l< Wk+l) : 

new value for the integrating term : 

Since the actual air change rate is computed over one sampling time only, its value is 
sensitive to any measurement error. Therefore equation (23) gives in fact an 
underestimate of the necessary injection rate to avoid large effects from small 
measurement errors (it is always easier to add some gas at the next step than to remove 
some !). 

A comparison between fig. 2 and fig. 4 shows the effect of this procedure. 

Second case Uk > Umax 

This case may occur at the beginning of a measurement on a large zone or when the air 
infiltration rate is very high. For extreme cases, the target concentration will never be 
reached. 

Figure 3 illustrates the problem : the increase of the concentration is limited by Urnax 
while the integrating term increases. When the concentration reaches the target level, 
the high integrating term value forces the control algorithm to inject too much gas. This 
leads to a concentration overshoot until the integrating term finds its stationary value 
again. 



To avoid this phenomenon, each time the control algorithm asks for an injection rate 
higher than Urnax, the integrating term is forced to a proper value. This value is 
calculated so that, when used in the control equation (3, the maximum possible 
injection rate Uma results. 

The new value of the integrating term is then : 

(assuming Uk > U-) 

As shown in figure 5, this procedure gives good results. 

ALGORITHM TESTING 

3.1 Simulation ~ r o g a m  

In order to test the algorithm, a simulation program was developed'. The program 
simulates a zone with variable air change rate and takes into account the real 
characteristics of the CCTG system (e.g. time delays due to the pipes, gaz analyzer 
response time, random errors on the measured concentration, and maximum injection 
rate Urnax). 

The tracer gas mixing process within the zone is also simulated using a simple model : 
The tracer gas is injected in a small fictious volume which is connected to the zone by a 
constant air flow rate. The small fictious volume and the zone volume are both 
assumed perfectly mixed. A good mixing into the zone is achieved when the 
concentration within the fictious volume is close enough to the concentration within the 
zone. The mixing time constant is defined by : 

where v :  fictious volume [m31 

f :  constant air flow between the 

fictious volume and the zone m3 [TI 

According to Sandberg and ~lomqvist3, this time constant typically lies between 30 [s] 
and 180 [s]. It can be adjusted by giving proper values to v and f. By assuming f equal 

n 

to the flow rate produced by the small mixing fan used in the zone (f e 0,015 [F] 
for the fans we use) the fictious volume lies in the interval between 0,45 and 
2,7 [m3]. 



Chapter 2 describes the control algorithm but gives no information on the location of 
the poles and the estimated air change rate. They are both required to compute the bee 
parameters Ks KR and Kw. To investigate these topics, we used our program to 
systematically try a l l  the possible poles locations for different estimated air change 
rates. All simulations were performed under the operating conditions listed in table 1. 

Volume of the zone V = 80 [m3] 
Initial concentration & = 0 @ ~ m )  
Target concentration W = lo0 (ppm) 
Fictious volume v = 0.9 [m3] 

Airflowinducedbythefan f =0.015 [% 
Measurement random error gaussian noise p. = 0 (ppm) 

Maximum injection rate 

Table 1 : Operating conditions used for our simulations. 

To remain close to the conditions observed in inhabited buildings, the simulations 
were performed over 320 samples (320 540 [s] = 48 hours) with variable air change 
rates as shown in fig. 6. 

Sample number [ - 1  

e : Variable air change rate used for our simulations. 



The simulations results were characterized by three numba : 

a) the diffmnce between the mean measured concentration and the target level : 

b) the concentration standard deviation from the target level : 

c) the total negative tracer gas volume the control algorithm wanted to remove from 
the zone : 

1 N 
(< > denotes the "mean" operator = - X with N the number of samples) 

N k =  1 

It is clear that the optimal control algorithm would lead to (d = 0, S = 0,v- 0) ! The 
set of simulations can then be investigated to find out the poles location leadmg to the 
smallest vector (d, s, vneg). Figures 7 to 12 present different maps showing the values 
d, s and vmg for all 1ocaQons of the poles in real and complex planes. 

By studying the maps, in the complex plane (fig. 7 to 9) no complete overlapping 
appears for the best regions ford, s and vneg. Therefore it is not advisable to locate the 
poles somewhere in the complex plane. 

In the real plane (fig. 10 to 12), the three best regions lie closer to each other. We 
choose the poles location Z1= 0,6 (compensated pole) and Z2 = 0 as the "best" values 
to compute the parameters of our algorithm. 

It also appeared that the estimated air change rate required to compute the parameters 
has only a small influence on the simulation results. It is possible to understand this by 
looking at figure 13 which shows the dependance of the parameters from the estimated 
air change rate. 

Parameter Kw is the most sensitive parameter but it does not have a strong influence 
because the dynamic properties of the control algorithm are essentially determined by 
K, and KR which are much less sensitive to the estimated air change rate. It is anyhow 
important to keep in mind that Kw has a strong influence when a target level step 
change occurs (e.g. at the beginning of the measurement procedure). It is therefore 
advisable to choose the minimum expected air change rate for the considered zone. 

These conclusions still apply in case of bad mixing (zmx = 180 [s]) and for other sets 
of air change rates if their values lie between 0 and 4 [h-11. For larger variations of air 
change rates, a recalculation of the control parameters should sometimes be undertaken 
during the measurement. This procedure and the criteria to apply it, will be 
investigated during the continuation of this work. 

Figure 14 shows the concentrations during 12 hours of a real CCTG measurement 
using our algorithm with poles located at Z1 = 0,6 Z2 = 0, with an estimated air 
change rate of 0.1 [h-*I. A fast response to changes in air flow rates can be observed. 



REAL PART OF M E  POLE (Re(Z)) 

Figure 7 : Difference between the mean measured concentration and the target 
level in (ppm) for poles located in the complex plane. (Estimated air 
change rate used for the calculation of the control parameters : 
0.5 [h-I]). 
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: Concentration standard deviation from the target level in @pm) for 
poles located in the complex plane. (Estimated air change rate used for 
the calculation of the consol parameters : 0.5 [h-l]). 
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: Total negative bracer gas volume the control algorithm wanted to 
remove from the zone for poles located in the complex plane. 
(Estimated air change rate used for the calculation of the control 
parameters : 0.5 [h-11). 
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Fime  - 10 : Difference between the mean measured concentration and the target 
level in (ppm) for poles located in the real plane. (Estimated air change 
rate used for the calculation of the control parameters : 0.5 F-*I). 
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: Concentration standard deviation from the target level in @pm) for 
poles located in the real plane. (Estimated air change rate used for the 
calculation of the control parameters : 0.5 [h-11). 
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F i m e  12 : Total negative tracer gas volume the control algorithm wanted to 
remove from the zone for poles located in the real plane. (Estimated air 
change rate used for the calculation of the control parameters : 
0.5 [h-I]). 
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(values computed for Ts=540 Csl) 
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Figure 13 : Values (expressed in [h-I]) of the control parameters for various 
estimated air change rates (poles located at Z1= 0.6 and Z2 = 0). 
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Figure 14: a) Concentrations measured during 12 hours within a bathroom 
(V = 14.1 [m3], target level = 100 ppm, Ts = 525 [s]). Dotted lime 
shows the tracer injection rate (arbitrary units). 
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b) Air change rates deduced from the CCTG measurement. Large air 
change rate variations due to the mechanical ventilation system can 
be observed. 
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We also tried to use the multizone control algorithm briefly presented in chapter 2.3. 
The first trial did not improve significantly the control ability. There are two reasons 
for this result : 

the control matrixes Ks KR and Kw are diagonally dominant : 
the off-diagonal elements lie one order of magnitude under the diagonal elements 
which are close to the values of the single zone algorithm. 

The CCTG system is only able to analyze and to dose with tracer gas one zone at 
a time, which implies that the multizone control algorithm is not completely 
used. A CCTG system able to analyze and dose many zones simultaneously 
would take advantage of this multizone algorithm. 

Although further work should be useful to refine these it appears that the 
single zone control algorithm can be used for multizone CCI% system : all zones are 
simply independently controlled. 

4. CONCLUSIONS 

A complete ~ontrol algorithm has been developed and the values required to compute 
its parameters have been systematically investigated. Some improvements of the 
theoretical algorithm were developed to avoid inappropriate control behaviour due to 
the physical limitations of the CCTG system. 

The presented algorithm is now implemented on our multizone CCTG system 
C1Es~~4.8. The control algorithm considers each zone independently. 

Further work is necessary to develop an automatic parameters recalculation procedure 
when large variations in air change rate are encountered. The possibility for the 
algorithm to be extended to a multivariable control algorithm also needs further 
investigations. It is probable that this algorithm would be useful for multizone CCTG 
system able to analyze and dose many zones simultaneously. 
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ABSTRACT 

The v e n t i l a t i o n  and leakage c h a r a c t e r i s t i c s  of suspended f l o o r s  a r e  
not w e l l  documented. A s  pa r t  of a l a r g e r  s tudy of a i r  flows i n  
housing, t h e  a i r  flow through a suspended f l o o r  has been inves t iga ted  
under a number of condit ions and methods of ven t i l a t ion .  

The leakage of the  suspended f l o o r  and t h e  space beneath it has been 
measured and i s  compared with the  house leakage. 

The i n f i l t r a t i o n  t o  t h e  underfloor space and a l s o  t h e  i n f i l t r a t i o n  t o  
t h e  house from t h e  underfloor space through the  suspended f l o o r  i s  
inves t iga ted  with na tu ra l  v e n t i l a t i o n  and a l s o  with d i f f e r e n t  modes of 
mechanical ven t i l a t ion .  

The leakage of the  underfloor space was varied t o  assess  its inf luence  
on t h e  v e n t i l a t i o n  c h a r a c t e r i s t i c s  of the  suspended f l o o r  and hence on 
t h e  a i r  q u a l i t y  i n  the  house. 

The r e s u l t s  could a l s o  be of use i n  t h e  inves t iga t ion  of i n f i l t r a t i o n  
of radon i n t o  dwellings with suspended f loors .  

1. INTRODUCTION 

The importance of the  influence of v e n t i l a t i o n  on energy conservation, 
sa fe ty ,  indoor a i r  qua l i ty ,  thermal comfort and heat ing system design, 
is  wel l  known. 

For example, reduced v e n t i l a t i o n  can have an adverse e f f e c t  on indoor 
a i r  q u a l i t y  [ I ] ,  pro tec t ive  pressure  techniques can exclude a i rborne  
po l lu tan t s  [2 ] ,  and the re  is  a l s o  i n t e r e s t  i n  the  ingress  of 
po l lu tan t s  i n t o  a dwelling [3]. 

However, very l i t t l e  is known about leakage and v e n t i l a t i o n  of one 
important house component, the  underf loor  space and i t s  influence on 
t h e  whole house ven t i l a t ion .  

The Watson House Research S t a t i o n  of B r i t i s h  Gas p l c  h a s  
developed methods t o  measure t h e  leakage [4]  and v e n t i l a t i o n  
c h a r a c t e r i s t i c s  [ 5 ]  of houses.  The B r i t i s h  Gas v e n t i l a t i o n  
measurement system, Autovent, was adapted t o  measure house, underfloor 
and through-floor v e n t i l a t i o n  r a t e s  simultaneously. 



The work was undertaken f o r  two reasons. F i r s t l y ,  more knowledge 
about  unde r f loo r  v e n t i l a t i o n  was needed t o  assist i n  t h e  v e r i f i c a t i o n  
of mathematical models of whole-house v e n t i l a t i o n .  Secondly, d a t a  
was requi red  g iv ing  t h e  r e l a t i v e  p ropor t ions  of house i n f i l t r a t i o n  
from beneath a  suspended f l o o r  due t o  s t a c k  and wind e f f e c t s  and t h e  
in f luence  of d i f f e r e n t  forms of mechanical v e n t i l a t i o n .  However, t h e  
d a t a  could a l s o  be of i n t e r e s t  t o  t hose  i n v e s t i g a t i n g  t h e  i n g r e s s  of 
p o l l u t a n t s  i n t o  houses. 

2. THE TEST FACILITY 

The work desc r ibed  i n  t h i s  r epo r t  was c a r r i e d  ou t  i n  t h e  test house a  
view of which is shown i n  F igure  1. This  detached house, which 
measures 9 x 6 ~ 5  metres  con ta ins  n ine  rooms, f o u r  of which a r e  bedrooms 
a s  shown i n  t h e  p l a n  of t h e  house i n  F igure  2. 

The cons t ruc t ion  is  of b r i ck  and i s  p a r t  s o l i d ,  p a r t  c a v i t y  w a l l .  The 
ground f l o o r  i s  suspended and t h e  house is w e l l  carpe ted  throughout.  
The house is equipped wi th  a wet c e n t r a l  h e a t i n g  system and a warm a i r  
system. 

The Watson House Autovent [5]  was i n s t a l l e d  i n  t h e  d i n i n g  room and 
was used t o  measure house v e n t i l a t i o n  r a t e s  and determine f lows  a c r o s s  
t h e  suspended ground f l o o r .  

2.1 The unde r f loo r  space 

The under f loor  space ,  shown schemat ica l ly  i n  F igure  3, covers  a t o t a l  
a r e a  of 54m2. I t s  he ight  is 0.94 metres  t o  t h e  j o i s t s  and 1.1 metres  
t o  t h e  suspended f l o o r .  

The f l o o r  of t h e  space is conc re t e  and t h e  surrounding w a l l s  a r e  
unplas te red  conc re t e  block. There is a n  i r r e g u l a r l y  shaped p a r t i t i o n  
w a l l  d iv id ing  t h e  space i n t o  two unequal volumes. This  w a l l ,  which i s  
a l s o  b u i l t  of concre te  block, has holes  i n  i t  a t  r e g u l a r  i n t e r v a l s ,  
which al lows a i r  movement between t h e  two s e c t i o n s .  

The under f loor  space  is v e n t i l a t e d  by seven c i r c u l a r  duc ts ,  each of 
which is 0.15 metres  i n  diameter.  There are f o u r  duc t s  i n  t h e  west 
wa l l  and t h r e e  i n  t h e  e a s t  wal l .  Apart from t h e s e  duc ts ,  t h e r e  a r e  no 
obvious v e n t i l a t i o n  pathways i n  t h e  surrounding w a l l s  which a r e  i n  
good cond i t i on  wi th  sound cement work. S imi l a r ly ,  v i s u a l  i n s p e c t i o n  
of t h e  suspended f l o o r  from underneath shows it t o  be a l s o  i n  sound 
condi t ion  wi th  no obvious leakage paths .  

Access t o  t h e  space  is v i a  a  t rapdoor  s i t u a t e d  i n  t h e  h a l l  f l o o r .  

3. EXPERIMENTAL METHOD 

3.1 Leakage Measurements 

Two Watson House leakage t e s t e r s ,  s e e  F igure  4, were pos i t i oned  i n  t h e  
h a l l  and were connected t o  t h e  underf l o o r  space  by a  l eak - t igh t  seal 
i n  t h e  t rapdoor.  

The leakage of t h e  under f loor  space was va r i ed  by p rog res s ive  s e a l i n g  
of t h e  seven vents .  I n  t h i s  way, a  series of e i g h t  s e t s  of leakage 
measurements was made; t h e  f i r s t  wi th  none of t he  vents  sea led .  Each 
success ive  set of measurements involved t h e  s e a l i n g  of an  e x t r a  ven t ,  
u n t i l  a l l  seven vents  were sea led .  



Figure 5  shows how, f o r  each s t age  of sea l ing ,  the  leakage Q(m3/s) 
v a r i e s  wi th  the  s t a t i c  pressure  d i f fe rence  A P(Pa) between the  
underfloor a r e a  and t h e  house. 

The r e l a t i o n s h i p  between Q and A P  is  given by:- 

The curves i n  the  graph have been f i t t e d  t o  the  data,  using a  
s t a t i s t i c a l  quadra t i c  curve f i t  [ 6 ] .  

The c o e f f i c i e n t s  of the  curve f i t s  and 950 t h e  leakage a t  a  p ressu re  
d i f fe rence  of 50Pa are shown i n  Table 1, which a l s o  shows the  same 
information f o r  t h e  house leakage. Inspect ion  of these  values of 450 
shows t h a t  each vent con t r ibu tes  a  s i m i l a r  amount of leakage and t h a t  
UF1, the  leakage across  the  suspended f l o o r ,  is roughly equal  t o  the  
a d d i t i o n a l  leakage contr ibuted by t h e  seven vents  (UF8 - UFl). 

From Table 1 it is i n t e r e s t i n g  t o  note  t h a t  the  450 f o r  t h e  t o t a l  
underfloor leakage with a l l  t h e  vents  unsealed and t h e  house have 
s i m i l a r  values of 1.03 and 1. 13m3/s respect ive ly .  

3.2 Ven t i l a t ion  Measurements 

The Autovent, shown i n  Figure 6, was used i n  i t s  dual t r a c e r  gas mode. 
N20 was used a s  the  primary gas,  with which v e n t i l a t i o n  r a t e s  were 
measured us ing  the  constant  concentra t ion  technique. The secondary 
gas, SF6, was  continuously i n j e c t e d  i n  t h e  underfloor space and was 
used t o  determine t h e  f r a c t i o n  of v e n t i l a t i o n  a i r  en te r ing  t h e  house 
through the  ground f l o o r .  

A s  mentioned, the  underfloor space shown schematical ly i n  Figure 3, is  
divided i n t o  two unequal volumes by t h e  p a r t i t i o n  wall .  One s e c t i o n  
(UHAL) l i e s  beneath the  k i t c h e n l h a l l  a rea ,  the  o ther  s e c t i o n  (UDIN) . i s  
beneath t h e  lounge/dining room area. An i n j e c t i o n  l i n e  was i n s t a l l e d  
i n  each s e c t i o n  i n  an asymmetric manner i n  the  NE and SW corners.  
Each i n j e c t i o n  l i n e  was connected t o  a  desk f a n  which ensured adequate 
mixing i n  t h e  sec t ions .  

An a d d i t i o n a l  i n j e c t i o n  l i n e  was i n s t a l l e d  i n  the  U D I N  sec t ion ,  . 
through which the  second t r a c e r  gas was in jec ted  a t  a constant  r a t e .  
The r e s u l t a n t  gas concentrat ions were monitored i n  both U D I N  and UHAL, 
and the  two values were found t o  be very s imi la r ,  thus showing t h a t  
the re  was good mixing i n  the  underfloor space. 

The i n i t i a l  t e s t s  inves t iga ted  how the  a i r  flow through the  suspended 
f l o o r  was a f fec ted  by na tu ra l  and mechanical ven t i l a t ion ,  house 
p r e s s u r i s a t i o n  and depressur isa t ion ,  wind speed, s t ack  e f f e c t  and 
d i f f e r e n t  degrees of underfloor leakage. There a r e  i n e v i t a b l e  gaps i n  
t h e  measurements caused by t h e  u n p r e d i c t a b i l i t y  of w e a t h e r  
condit ions.  

House p r e s s u r i s a t i o n  was provided by an a i r  supply un i t  s i t u a t e d  i n  
the  c e i l i n g  of the  landing. The u n i t  provided up t o  200m3/h of a i r .  
Depressur isa t ion  was provided by an e x t r a c t  u n i t  (0.25 metres 
diameter, 300m3/h) s i t u a t e d  i n  a  window i n  the  kitchen. The r e s u l t s  
of the  tests a r e  shown i n  Table 2. 



I n  order t o  i s o l a t e  the  e f f e c t  of a  p a r t i c u l a r  parameter, the  d a t a  has 
been se lec ted  f o r  consistency of wind speedldi rec t ion and s t ack  
e f f e c t  . 
From ana lys i s  of the  d a t a  t h e  r a t i o  R, has been obtained. R is  t h e  
r a t i o  of the  flow of a i r  en te r ing  the  house through t h e  suspended 
f l o o r  t o  t h e  t o t a l  a i r f low leaving t h e  house and i t s  der ivat ion,  i n  
d e t a i l ,  is shown i n  Figure 7. 

4. RESULTS 

4.1 Vent i la t ion  Results  

An example of how s tack and wind speed a f f e c t  v e n t i l a t i o n  r a t e  i n  t h e  
house and t h e  underfloor space is shown i n  Table 3. The e f f e c t  of 
doubling t h e  s t a c k  while keeping wind speed/di rec t ion approximately 
constant,  is t o  increase  the  house v e n t i l a t i o n  r a t e  by a f a c t o r  of 1.5 
and t o  double t h e  underf loor  v e n t i l a t i o n  rate.  

The e f f e c t  of doubling t h e  wind speed while keeping t h e  wind d i r e c t i o n  
and s t ack  approximately constant ,  is t o  increase  the  house v e n t i l a t i o n  
r a t e  by a f a c t o r  of 1.6 and t h e  underfloor v e n t i l a t i o n  r a t e  by a 
f a c t o r  of 1.4. 

4.2 Natural Ven t i l a t ion  and Pressur i sa t ion  

For na tu ra l  v e n t i l a t i o n ,  Table 2 shows t h a t  under t h e  p reva i l ing  
weather condit ions with seven underfloor vents  unsealed, t h e  t o t a l  
v e n t i l a t i o n  r a t e  of the  house is 0.19 a i r  changes per hour, 60% of 
t h i s  en te r ing  v i a  the  underfloor space. When t h e  underfloor vents  a r e  
sea led ,  the  reduction i n  a i r  change r a t e  is r e l a t i v e l y  small, from 
0.19 t o  0.15, but the  percentage of a i r  en te r ing  t h e  house from t h e  
underfloor space reduces s i g n i f i c a n t l y  t o  only 18%. However, it  was 
not poss ib le  t o  obta in  a matched p a i r  of r e s u l t s  and t h e  wind speed 
and temperature f o r  t h e  sea led  vent test were lower than desired.  

When the  house is pressurised under s i m i l a r  weather condit ions,  t h e  
increased house v e n t i l a t i o n  r a t e  is roughly the  same a t  1.08 and 0.99 
a i r  changes per  hour, with the  underfloor vents  unsealed and sea led  
respectively.  The proport ion of the  v e n t i l a t i o n  a i r  en te r ing  the  
house from t h e  underfloor space is reduced from 60% t o  37% with the  
underfloor vents  unsealed and from 18% t o  2.7% with t h e  underfloor 
vents  sealed,  v i r t u a l l y  e l iminat ing any i n f i l t r a t i o n  through the  
suspended f loor .  

Under these  condit ions,  and f o r  na tu ra l  and pressur ised  house 
v e n t i l a t i o n  respect ively ,  the  v e n t i l a t i o n  rates of the  underf loor  
space were 95m3/h and 112m3/h with the  vents  unsealed, reducing t o  
41m3/h and 22m3/h with the  underf loor  vents sealed. 



4.3 Natural Vent i la t ion  and Depressurisation. 

Using a k i t chen  ex t rac t  fan  t o  depressur ise  the  house resu l t ed  i n  an  
increase  i n  house v e n t i l a t i o n  r a t e  from 0.56 t o  3.5 a i r  changes per 
hour. The f low r a t e  through the  suspended f l o o r  decreased from 75% t o  
52% of the house ven t i l a t ion .  When the  underfloor vents  were sealed ,  
t h e  house v e n t i l a t i o n  r a t e  increased t o  3.8 air  changes per  hour. 
Some of the  v a r i a t i o n  was due t o  a l a r g e r  contr ibut ion by s t ack  driven 
ven t i l a t ion ,  although the  wind speed was lower, but the  proport ion 
en te r ing  through the  suspended f l o o r  reduced t o  15%. The underfloor 
v e n t i l a t i o n  r a t e s  a f t e r  house depressur i sa t ion  and underf loor  vent 
s e a l i n g  changed from 263m3/h t o  136m3/h during t h e  test. 

I n  t h i s  set of measurements, an in termedia te  s e a l i n g  s t a g e  w a s  
measured wi th  r e s u l t s  i n  between the  extremes presented i n  Table 2. 
With four ven t s  unsealed, the  depressur ised  house v e n t i l a t i o n  rate was 
3.3 a i r  changes per hour, 44% of which entered from the  underfloor 
space. 

4.4 Natural and Mechanical Venti lat ion.  

The f i n a l  r e s u l t s  i n  Table 2 show t h e  inf luence  of a balanced 
mechanical v e n t i l a t i o n  system. With no mechanical v e n t i l a t i o n ,  and a 
house airchange r a t e  of 0.76, 0.5 a i r  changes (65%) i n f i l t r a t e s  
through the  suspended f loor .  When the  balanced mechanical v e n t i l a t i o n  
system is switched on, t h e  t o t a l  a i r  change r a t e  increases t o  1.76, 
0.86 a i r  changes (49%) coming through the  suspended f loor .  

5. DISCUSSION 

The r e s u l t s  support t h e  expected behaviour of the  v e n t i l a t i o n  
performance of the  suspended f l o o r ,  but they a l s o  demonstrate some 
i n t e r e s t i n g  i n t e r r e l a t i o n s h i p s  between t h e  v e n t i l a t i o n  c h a r a c t e r i s t i c s  
of the  house and i ts  underfloor space. 

A i r  i n f i l t r a t i o n  through t h e  suspended f l o o r  provided on average, 
two-thirds of the  house n a t u r a l  v e n t i l a t i o n ,  when t h e  underfloor vents  
were unsealed. A l l  t h e  forms of mechanical v e n t i l a t i o n  used decreased 
t h e  propor t ion of v e n t i l a t i o n  en te r ing  t h e  house through the  suspended 
f l o o r  while increas ing t h e  t o t a l  house v e n t i l a t i o n  ra te .  I n  every 
case, however, the  volume of a i r  e n t e r i n g  t h e  house from the  
underfloor space increased. 

House p ressur i sa t ion  and depressur isa t ion increased by a f a c t o r  of 4 
t h e  volume a i r  flow en te r ing  the  house through the  f l o o r ,  while t h e  
house a i r  change r a t e s  increased by a f a c t o r  of 6. Thus, t h e  
proportion of a i r  enter ing t h e  house through the  suspended f l o o r  
decreased. 

Balanced mechanical v e n t i l a t i o n  had less impact, a s  would be expected. 
The flow through the f l o o r  increased by a f a c t o r  of 1.7, while the  
house v e n t i l a t i o n  increased by a f a c t o r  of 2.3. Whereas some of t h e  
increased a i r  flow from the  underfloor space is  probably due t o  an  
increased s t a c k  e f f e c t  a t  the  time of measurement, not a l l  can be 
a t t r i b u t e d  t o  th i s .  Therefore, the  underfloor space must have been 
ac t ing  as  an air  flow pathway between rooms. 



Thus, the  u s e  of mechanical v e n t i l a t i o n  systems resu l t ed  i n  a  reduced 
proportion of the  house v e n t i l a t i o n  a i r  en te r ing  v i a  t h e  suspended 
f loor .  This was l a r g e l y  due t o  t h e  inc rease  i n  i n f i l t r a t i o n  through 
the  e x t e r i o r  f a b r i c  of the  house and not through a  reduction i n  flow 
r a t e  through t h e  f loor .  A i r  f lows i n t o  t h e  house v i a  t h e  suspended 
f l o o r  increased unless  the  underfloor vents  w e r e  sealed.  I f  the  
underfloor ven t s  were l e f t  unsealed, t h i s  would r e s u l t  i n  reduced 
concentrat ions of any products en te r ing  t h e  house v i a  the  underf loor  
space. I f  t h e  vents  w e r e  sea led ,  concentrat ions i n  t h e  underf loor  
space would inc rease ,  with a  poss ib le  increase  i n  house p o l l u t a n t  
concentrations. 

The e f f e c t  of s e a l i n g  t h e  underf loor  vents  r e su l t ed  i n  a  decreased 
v e n t i l a t i o n  r a t e  i n  t h e  underf loor  space and reduced a i r  flows through 
the  suspended f loor .  When t h e  house w a s  n a t u r a l l y  v e n t i l a t e d ,  the  
flow through t h e  suspended f l o o r  reduced from 60% t o  18% of the  
house t o t a l  i n f i l t r a t i o n  rate, while the  underfloor v e n t i l a t i o n  r a t e  
reduced from 95m3/h t o  41m3/h. 

With sealed vents ,  us ing  a  pressur ised  v e n t i l a t i o n  system, t h e  air 
flow r a t e  e n t e r i n g  through the  suspended f l o o r  was unchanged, al though 
the  house's v e n t i l a t i o n  r a t e  increased by a  f a c t o r  of 7. The 
underf loor  v e n t i l a t i o n  changed from 41m3/h t o  22m3/h, which would 
r e s u l t  i n  an increased r a t e  of p o l l u t a n t  i n f i l t r a t i o n .  

Depressurisat ion of the  house wi th  the  underfloor vents  sea led  
resu l t ed  i n  a i r  flow r a t e s  through the  f l o o r  s i m i l a r  t o  t h e  n a t u r a l  
v e n t i l a t i o n  condit ion,  although the  house's t o t a l  a i r  change r a t e  
increased by a  f a c t o r  of 7. When the  house was depressurised and the  
vents were sea led ,  a  small  inc rease  i n  t h e  house v e n t i l a t i o n  r a t e  
occurred due t o  an increased s t a c k  e f f e c t .  Under these  condi t ions ,  
the  s e a l i n g  of the  underfloor vents  caused t h e  proport ion of a i r  from 
the  underfloor space t o  decrease by a  f a c t o r  of 3. 

6. CONCLUSIONS 

The house used f o r  t h e  tests had approximately the  same leakage values  
3  (Q50 = 0.5m / s )  f o r  t h e  ou te r  f a b r i c ,  the  suspended f l o o r  and the  

underfloor vents .  This r e s u l t e d  i n  t y p i c a l  house i n f i l t r a t i o n  r a t e s  
of 0.5 a i r  changes per  hour and underfloor i n f i l t r a t i o n  rates of 5  a i r  
changes per hour. Approximately 65% of the  house v e n t i l a t i o n  entered  
v i a  t h e  suspended f loor .  Seal ing  t h e  vents  i n  the  underfloor space 
reduced t h i s  c o n t r i b u t i o n  by a  f a c t o r  of 3  f o r  n a t u r a l  and 
depressurised mechanical v e n t i l a t i o n ,  and by a  f a c t o r  of 14 when t h e  
house was provided with pressur ised  mechanical ven t i l a t ion .  

The v e n t i l a t i o n  method had more inf luence  on the  con t r ibu t ion  of 
i n f i l t r a t i o n  through the  f l o o r  when the  underf loor  vents  remained 
unsealed. 

For the  weather condit ions measured, t h e  most e f f e c t i v e  way of 
reducing the  concent r a t  ion  of any po l lu tan t s  en te r ing  t h i s  house v i a  
the  underfloor space would appear t o  be depressurised v e n t i l a t i o n  with 
the  underfloor vents  sea led ,  i.e. a  ' t i g h t '  underfloor space. I n  t h i s  
s i t u a t i o n  the re  was a  low proport ion of underfloor a i r  e n t e r i n g  the  
house, but a  r e l a t i v e l y  high underfloor v e n t i l a t i o n  ra te .  This  was 
mainly due t o  t h e  h i g h  house  v e n t i l a t i o n  r a t e s  induced  by 
depressur isa t ion .  

Pressurised v e n t i l a t i o n  with the  underfloor vents  sea led  provided a  
s imi la r  performance, but with a  much lower underfloor v e n t i l a t i o n  r a t e  
than i n  the  depressur ised  case. 
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--------.---------------------------------------------------- ............................................................ 
: TEST I I I LEAKAGE t C Q E F F J C I E N T S  FOR I U50 
: NAME : I STATUS I AQA2+BO+C=bP : (ivl'=3/S) : 
I I j-------+----.---+-------' , 
I I I 

I I I I 8 
I I A I E l :  C I I 

I -----+-----------------+-------- + - - - - - - - - + ------- + ----- - - - - I  

: U F 1  : V 1  TO V 7  SEALED : 66.4 : 59.3 : -0.6 : 0.53 : 
: U F 2  I V 2  TO V 7  SEALED I 54.8 I 36.7 : -0.3 : 0.68 I 
: U F 3  I V 3  TO V 7  SEALED : 5 1 . 4  I 33.7 I -0.7 i 0.72 : 
: U F 4  I V 4 T O V 7 S E A L E D  I 5 1 .  26.1 I 0.4 : 0.77 1 
: UF5 I VS TO V 7  SEALED : 39.6 : 28.9 I --0.3 : 0.82 : 
: UF6 I V 6  TO V 7  SEALED I 23.3 : 36.8 I -1.3 1 0.09 : 

U F 7  : V 7  SEALED I 26 .7  : 27.9 I -0.7 : Ct.95 : 
U F B  : A L L  UNSEALED : 22.3 : 26.2 : -0.9 t 1 . U 3  ; 

: H L 1  I H O U S E L E A K A G E :  29.4 : 1 1 . 4 :  - 1 . 1  : 1 . 1 3  ; ............................................................ ............................................................ 

T A U L E  1 .  
LEAKAGE CHARACTERIST ICS O F  THE UNDERFLOOR SPACE AND THE HOUSt. 



__________------_--------------------------------------------------.--------- 
---------------eve- -----------------------------------.----.- - . -- . 
I 
t : VENTILATlON : WlND WIND STACK IJNDEH SI)SYKNDKD ~'(YJ'AI., I( : 
I I 
I : CONDITIONS : SPEED DlR.  FIIOOR I(1 t 0 O H  H O I I S K  
I I I 1 
I I I VHN'1'. I '  VHN'I'. 
I I I 
t I : M/S DEG " K - 0 . 5  Ma3/H AC/H AC/h '----------+---------------+----------------------------.-------------------* 
: SEVEN : NATIJRAL : 2.88 191 2 .19  9b 41. 1.1 tJ.  1 9  11. 6Ull : 
I 
I : PHESSURISED : 2 .83  1 9 1  2-25 112 0 . 4 9  I - O H  I)-:j-/tJ ; 
I I I 1 
I I I I 

: VENTS : NATURAL : 1-86  175 3 . 4 4  264 0 . 4 %  tr.Sti r l . ' / s t l  ! 
I 
I : DRPRESSURISED : 1.61 182 2 .72  263 1 - 8 2  3 - b I l  t ) - 3 i ! t I  : 
I I I I 

I 1 I 

: UNSRALED : NATURAL : 2.46  322 1 . 6 0  2011 0- 5u ( 1 .  ./ti [ I .  ( 5 5 ( j  : 
1 
I : BALANCED : 2.57 317 2 .60 3 U 6  0. 86 I .  'tfi 1)- 49tj : 
I I I 
t : MECHANICAL I '----------+---------------+----------------------------------------------.- 1 

: SEVEN : NATURAL : 1.90 1'72 U.'/'7 41 0. O%'/ (J- 1 5  t ) -  J V t J  : 
I 
I : PRESSURISED : 2 .50  170 2 .00  22 0. II2.f 1 Y 1 O ! 
: VENTS I 

I 8 
I I 

I 
I : DEPRIZSSURISRD : 1. 00 167 4 . 0 0  136 t). 5.1 3.  8f) I). IbtI : 
: SEALED : I B 

I 
I I I I 
I I t I ............................................................................ ------------------------------------------------------------------------------- 

TABLE 2 
TEST HESULTS 

.................................................... ---------------------------------------------------- 
: WEATHER : WIND WIND STACK HOIISH (JNIJ&K : 
: PARAMETER : SPEED DIN. VYNT. YIsU0l-t : 
: VARIED I 1 VLCN'l'. : 
I 
t : M/S DEG " K - 0 . 5  AC/H AC/H : 
+---------------+----------------------------------- $.- 

: STACK : 1.76 296 3 . 3  0.27 4 .  Or1 : 
I 
I : 1.46 279 1 .8  11.18 2. 141 : 
I I 8 
8 I a 

: WIND SPEED : 3.69 324 3 . 3  0.45 3.tiU : 
8 
I : 1.76 296 3 . 3  0.2'7 4 .  UO : 
I I 8 
I I t .................................................... _---___--__-- -------- ----- ------- -------.-- _ - - - _  _ _ _ _  _ .___ 

TABLE 3. 
EI?PKCT OF STACK AND W 3N1) SYKKI) O N  VHN'I'ILA'J' 1.ON H A ' f K .  



Fig. 1. VIEW OF THE TEST HOUSE SHOWING WEST FACE 
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FIG 2 PLAN OF THE TEST HOUSE 
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V - 0.15m vent 

I - Injection point 

8 - Mixing fan 

xS - Sample point 

UDlN - Space under dining room and lounge 

UHAL - Space under hall and kitchen 

Fig.3. THE UNDERFLOOR SPACE 



Fig. 4. THE LEAKAGE TEST EQUIPMENT 
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C denotes SF, concentration 

Q denotes air flow rate 

U denotes underfloor 
H denotes house 

0 denotes outside 

The air flow rate within the house is made up of two components, air infiltrating from the 
underfloor space and from outside 

Q, = Q, + Q" 

A l c n  nt an1 ~ilihri~ u r n  

But outside air does not contain SF, ie C, = 0 
a n d  Q,CH = QuCu 

Fig.7. DERIVATION OF R 
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SYNOPS I S 

Since thermal comfort on human body is influenced by the local 
air flow speed, i t  is needed to estimate the distribution of air 
flow speed in a room for the "effective ventilation". Numerical 
solution of the equations for the motion of 3-dimensional 
turbulent air flow and model experiments are conducted for this 
purpose. The experiment model is a single room model house with 2 
windows on the opposite walls. It is actually ventilated by the 
natural wind. Non-directivity thermistor anemometers are used to 
measured the 3-dimensional distribution of indoor air flow speed. 
Several kinds of numerical simulation are carried out on the 
similar space to the experiment model. Two kinds of mathematical 
turbulence model are adopted, one is the k-E 2-equation model, 
and the other is theLargeEddy Simulation. Two kinds of 
pseudorandom number are used as the turbulence component of the 
velocity on the inflowing opening boundary in the LES. The 
distributions of scalar speed in the sections which are 
perpendicular to axes of the numerical simulation results are 
compared with those of the experiment results. They are not 
entirely corresponding, however, the same tendencies are found. 

INTRODUCTION 

Cross-ventilation is here regarded as natural ventilation through 
relatively large openings, for instance windows and doors widely 
opened. It probably makes an adequate air flow rate in a room, 
and such a air flow often brings about comfortable thermal 
environment in the warm season1. It-is one of the simplest and 
the most effective cooling means without air-conditioning. 
Although thermal comfort on a human body consists of a lot. of 
factors, as air temperature, humidity and radiation, the thermal 
effect of cross-ventilation depends upon the air flow speed in 
the vicinity of the human body2. However, it is almost impossible 
to control the air flow speed caused by cross- ventilation in 
detail. Therefore, i t  is necessary to predict the distribution 
of air flow speed in a room in various cases in the step of 
planning a dwelling house for the "effective ventilation". 

The development of the large capacity and high speed super- 
computer makes numerical simulation the dominant method for the 
prediction of the air flow distribution in a room instead of the 
model experiment. However, there are still some problems left in 
the numerical simulation. Turbulence is one of the most important 
problems, and the indoor air flow is almost always regarded as 
turbulence. The mathematical turbulence model is needed, because 
the direct simulation of turbulence is impossible or nonsense 
from the viewpoint of its cost performance. There are two kinds 
of turbulence model which are recognized practically accurate in 
various engineering field. One is the k-E 2-equation model3 ( k - E  
model), and the other is the Large Eddy Simulation (LESI4. Both 
of them are tested for the simulation of a air flow caused by 
cross-ventilation in this paper. 



The similarity between the result of numerical simulation and the 
actual flow phenomenon is another important problem of numerical 
simulation5. I t  is generally examined by compared with the scaled 
model experiment, if it is impossible or difficult to measure the 
turbulent values of the real flow. However, i t  is also difficult 
to reproduce the large scale turbulence as the natural wind by 
the wind tunnel or so on. Cross-ventilation is the very air flow 
which is influenced by the natural wind directly. Therefore, the 
mode1 house, which is built on the ground and is ,naturally 
ventilated, is used for the model experiments to examine the 
results of the numerical simulation in this paper. There are few 
documents on the distribution of the air flow in a house which is 
naturally ventilated6' . Grasping the air flow distribution 
caused by cross-ventilation itself is one of the purpose of this 
paper as its numerical simulation. 

MODEL EXPERIMENTS 

2.1 Ex~eriment Procedure 

The experiment model built on the ground is used for measuring 
indoor air flow speed caused by cross-ventilation. Its section 
and plan are shown in Fig. 1 (a), (b), respectively, with the 
axes of coordinate that is fixed on the model. I t  has two 
openings oppositely on its southern and northern wall. They are 
the same shape of a square, and fixed at the same position in 
the wall. They are relatively large openings to the whole 
dimensions of the wall. When the main direction of the wind is 
north, in other words, the wind direction is perpendicular to the 
openings, the measurements are carried out. Five non-directivity 
thermistor anemometers are used to measure the distribution of 
the indoor air flow speed. These anemometers are fixed on a stand 
to be situated at measurement heights which are shown in Fig. 1 
(a). The stand is moved on the measurement points from No.1 to 
No.25 by turns which are shown in Fig. 1 (b). Therefore, the 
measurement points are set on the grid that divide the room 
space into 5x5~5, and the total number of the measurement points 
amounts to 125. The air flow speed are measured for 150 seconds 
at each measurement point. I t  takes about 80 minutes for a 
series of the measurement including the moving time. The wind 
speeds at the centre of the inflowing and the outflowing 
openings are constantly measured by a 3-dimensional ultrasonic 
anemometer and a non-directivity thermistor anemometer, 
respectively. The wind speed and direction above the roof of the 
model are measured at the height of 4.5m from the ground level by 
a 3-cup anemometer and an arrow-shaped vane, respectively, as 
the natural wind data which is not influenced by the model 
itself. All the data are recorded at the intervals of 2 seconds, 
and their mean values are found from 60 data. 
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Fig. 1. Experiment model with measurement points of 
indoor air flow velocity (dimensions in m) 



2.2 Experiment Results 

The changes on standing of the wind vector above the roof and the 
wind vector at the inflowing opening on x-y plane and y-z plane 
measured by 3-dimensional ultrasonic anemometer are shown in Fig. 
2 (a), (b) and (c), respectively. The wind directions at the 
inflowing opening correspond to the wind directions above the 
roof, the wind speeds at the inflowing opening are about half as 
much as those above the roof as shown in Fig. 2 (a) and (b). 
Moreover, i t  is obvious that the natural wind which flows into 
the inflowing opening is almost horizontal as shown in Fig. 2 
(c). The correlation between the mean inflowing wind speeds and 
the mean wind speeds above the roof is shown in Fig. 3. The 
inflowing wind speeds are correlated with the wind speeds above 
the roof with the high correlation coefficient of 0.91. The 
correlation between the mean inflowing wind speeds and the mean 
outflowing wind speeds are shown in Fig. 4. Although those 
values are scattered somewhat widely, the outflowing flux is 
nearly equal to the inflowing flux, because the inclination of 
the regression line is about 45 . The correlations between the 
mean wind speeds of two openings and their standard deviations 
are shown in Fig. 5 and Fig. 6. The standard deviations of the 
inflowing and the outflowing wind speed correspond to their mean 
values to some extent. Both the inclination value of the 
regression line of Fig. 5 and that of Fig. 6, which indicate the 
means of the turbulence intensity at the inflowing opening and at. 
the outflowing opening, are the same value of 36%. 

3. NUMERICAL SIMULATION 

3.1 govern in^ Eqluat ions of the k-E Model 

The air flow in a room caused by cross-ventilation is regarded as 
the incompressible isothermal turbulent flow. I t  is expressed by 
the continuity equation and the Navier-Stokes (N-S) equations. 
The ensemble mean of the turbulence is here the objective value 
to be simulated. The ensemble mean of the continuity equation is 
as follows: 

where, Ui is the mean velocity component of Xi direction, i is 
the tensor, XI-X, xp=y and x3-Z. The ensemble mean of the N-S 
equations become the Reynolds equations with the Reynolds stress 
term. The Reynolds stress is modelled by the turbulent kinetic 
energy, k, and the product of the eddy viscosity, J J ~ ,  and the 
differentials of the mean velocity. 
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where, t is time, TI is pressure including (2/3)k, Re is the 
.Reynolds number. vt is found by the algebraical expression of k 
and the energy dissipation rate, E, from dimensional analysis. 

Then, the equations of k and E are essential to solve the 
variables in the mean field. These equations are found from the 
equations for the fluctuating field. 

where, CD, CI, C2, 01 and 02 are constants, and these values used 
here are 0.09, 1.59, 0.18, 1.0 and 1.3, respectively. 

3.2 Governing Eauations of the LES 

The fundamental equations are the continuity equation and the N-S 
equations which are the same ones as the k-E model, however, the 
averaging procedure is different. All the equations are filtered 
out and separated into the grid scale (GS) and the sub-grid scale 
(SGS) variables. The GS variables are solved directly and the 
SGS variables are modelled by the GS variables. This fil'tering 
operation has much the same meaning as the spatial average, but 
it is not the same process as the ensemble mean. The filtered 
continuity equation is the same form as eq. (1). 

au. t- 
axi 

where, ui is the GS velocity component of xi direction. There 
are three different terms, the cross term, the Leonard term and 
the SGS Reynolds stress term, from the Reynolds equations. The 
cross term and the Leonard term are neglected here, and the only 
SGS Reynolds stress term, which is correspond to the Reynolds 
stress term in the Reynolds equations but not entirely equal to 
that, is modelled by the product of the SGS eddy viscosity, v m ,  
and the differentials of the GS velocity components. 

where, p is pressure including the SGS turbulent energy term. v m  
is modelled from dimensional analysis by the GS velocities8. 

where, C, is the Smagorinsky constant, that is here 0.1, A is the 
characteristic width of the filter, which is defined as follows: 



where, h i  is the grid width of Xi direction. All the variables 
used here are non-dimensionalized by the width or height of the 
openings as the reference length, and the inflowing wind speed as 
the reference speed. Re based on these reference values in the 
mode 1 experiment becomes 105 . 

3 . 3 .  Numerical Calculation Procedure 

The governing equations mentioned above are transformed into the 
finite difference equations by the explicit forward differences 
to the time differentials and the centred differences to the 
spatial differentials on the staggered grid system. The 
calculation algorism adopted here is the original MAC method. 
The grid system is fixed in the objective space which is similar 
to the experiment model, divided x and y length into 18 equally 
and z length into 16 equally. 

The variables on the inflowing boundary are the given conditions. 
The tangential velocity components on the inflowing boundary are 
0 .  The normal velocity component in the k-&model is 1, as the 
reference speed. As for the LES, three kinds of the normal 
velocity component are given. One is the constant value, 1, 
which is the same condi t ion as the k-E model and i t is cal led 
"Constant". The others are the normal and the uniform random 
number, which are called "Normal" and "Uniform", respectively. 
Their mean values are 1 and their turbulence intensity values are 
36% that is the result of the model experiment. The frequency 
distributions of the given random numbers are shown in Fig. 7. 
The turbulence intensity in the k-E model is given by the value 
of k. That is here 0.2 which is correspond to the turbulence 
intensity of 36% under the isotropic hypothesis. While usis is 
calculated directly from the variables on the inflowing opening, 
vt on the inflowing opening is given as follows: 

~ t = = k " ~ . l  (12) 

where, 1 is the turbulence length scale, that is 1.0 from the 
result of the model experiment. 

3.4 Boundary Cond i ti on 

The boundary condition of most variables are given by these 
values in an external cell. The normal velocity component on the 
wall is 0 .  The velocity components tangential to the wall are 

9r10 found from the power law velocity profile as shown in Fig. 8 . 
The normal velocity in an external cell of the wall boundary is 
found from the flux balance in the external cell and the adjacent 
internal cell. On the outflowing opening, the tangential 
components are free slip and the normal component is found from 
the flux balance in the internal cell neighbouring to the 
outflowing opening as shown in Fig. 9. The boundary conditions 
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of p and ll are found from the basic equations (2)  and (8 )  which 
are transformed into the difference equations over the velocities 
on the boundary. The boundary conditions of k, E and vscs on the 
outflowing opening are free slip. v s  and vt on the wall are 0. 
The boundary condition of k on the wall is free slip. The 
boundary condition of E is given as follows: 

where, K is the Karman constant, An is the grid scale of the 
normal direction. That is the value of E in the internal cell 
adjacent to the wall boundary. 

4. COMPARISON BETWEEN MODEL EXPERIMENT AND NUMERICAL SIMULATION 

There are four kinds of numerical simulation, one is the k-e 
model, and the others are the LES. Three kinds of the LES are 
distinguished by the inflowing boundary condition into the 
Constant, the Normal and the Uniform. These results are 
examined, compared with the result of model experiment over the 
distributions of scalar speed and velocity vector on three 
sections. These sections are perpendicular to each axis and at 
the center of the each side length, they are called X-Y plane, Y- 
Z plane and X-Z plane. The results on the X-Y plane, on the Y-Z 
plane and on the X-Z plane are shown in Fig. 10, Fig. 11 and Fig. 
12 respectively. All the results of the LES are the mean values 
of (10 time steps. 

As for Fig. 10 and Fig. 11, both of them have two openings and 
there are a lot of common points in the air flow distributions in 
these section. Therefore, these two sections are examined at the 
same time. The difference of three kinds of boundary conditions 
of the LES, particularly the Normal and the Uniform, is not 
clear, The distributions of the velocity vector by the LES 
indicate that the air flow passes across the analysis space 
straightly from the inflowing opening to the outflowing one. The 
distributions of the scalar speed by the LES in the area from the 
inflowing opening to the outflowing one are almost uniform. I t  is 
regarded as the main flow. The secondary circulations beside the 
main flow are so weak that contour lines of the scalar speed 
concentrate to the edges of the two openings. These tendencies 
do not change by the inflowing boundary. On the other hand, the 
velocity vectors by the k-e model diffuses right after the 
inflowing opening gradually, and the scalar speeds by the k-e 
model decrease up to the centre of the section. They are similar 
to the results of the model experiments on both sections, 
although the results of the k-e model keep symmetrical patterns. 
The distributions of the scalar speed by the model experiments 
are asymmetric because of the minute fluctuation of the natural 
wind. 

As for Fig. 12, there is little difference, either, between the 
distributions of the velocity vector by the Normal and that by 
the Uniform. However, they are a little different from the 
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result by the Constant. The distributions of the velocity vector 
by the LES indicate the secondary circulations around the main 
flow, while that by the k-e model indicates the diffusion of the 
main flow. The distributions of the scalar speed by the LES keep 
the shape of the opening clearly. On the other hand, the 
distribution of the scalar speed by the k-E model show the same 
tendency as that by the model experiment, a1 though there is a 
little difference in the values of the contour lines. 

CONCLUSION 

Although there are a lot of documents about the numerical 
simulation of indoor air flows, those about natural ventilation 
are limited and those compared with model experiments by the 
natural wind are more limited. In this paper, four kinds of 
numerical simulation of turbulent air flow in a room caused by 
cross-ventilation are carried out, and these results are compared 
with those of model experiments in the natural wind. There are 
two major purpose here, one is to grasp the air flow distribution 
in a model room naturally ventilated, and the other is to 
simulate such a air flow numerically. 

It is difficult to measure the 3-dimensional distribution of air 
flow speed with a limited number of instruments, because -the 
instruments have to be moved. It takes some long time for a 
series of the experiments and the measurement data include the 
long term fluctuation of the natural wind. As for the wind 
speed, that is eliminated by non-dimensionalization of the mean 
air flow velocities, as to the wind direction, however, i t  is 
impossible. As the stable breeze was blowing in the daytime on 
the experiment day fortunately, these experiments were able to be 
carried out under the condition of almost constant wind direction 
that was perpendicular to the opening. The results of the model 
experiments seem appropriate distributions of air flow speed. 

While this kind of experiment is easy to be influenced by the 
wind condition, i t  is necessary to use the large scale turbulence 
like the natural wind, and i t  is very difficult to make such a 
wind artificially in a wind tunnel and so on. Then, numerical 
simulation is expected as the method to predict the air flow 
phenomena like this. Two kinds of turbulence model are adopted 
in the numerical simulation here. However, these models are not 
refined, they are used in the original and simple form. The 
boundary conditions on the openings are contrived. On the 
inflowing boundary, two kinds of random number are used in the 
LES, the turbulence scale of the model experiments is used in the 
k-E model and their turbulence intensity are used in both the 
model. On the outflowing boundary, the boundary condition that 
expresses the free outflow is adopted. The outflowing boundary 
condition well functions, and the flux on both the openings are 
balanced. However, the inflowing boundary conditions of the LES 
hardly reform the results. The result of the k-E model is closer 
to that of the model experiments than that of the LES, because 
the random numbers that have no relation spatially and temporally 



are used as the inflowing turbulence condition in the LES, while 
the turbulence length scale from the experiment data is given as 
the inflowing boundary condition of the k-E model. This result 
indicates that the turbulence scale or the kinetic eddy viscosity 
are needed for the inflowing boundary condition and such a 
boundary condition should be made and given to the LES. 
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ABSTRACT 

An element-assembly formulation of multi-zone contaminant dispersal analysis theory is 
described. In this approach a flow system is idealized as an assemblage of mass transport 
elements that model specific instances of contaminant mass transport in the flow system. 
Equations governing the mass transport phenomena modeled by each element are expressed in 
terms of contaminant concentration variables, the nodal concentration variables, that 
approximate the contaminant concentration at discrete points, the system nodes, in the flow 
system. The imposition of conservation of mass allows these element equations to be 
assembled to form spatially discrete but temporally continuous equations that govern the 
system as a whole. These system equations may then be solved to determine the response of 
the system to contaminant excitation. At its most general level this approach makes no limiting 
assumptions about the nature of the mass transport phenomena modeled (beyond the 
assumption of mass conservation) and is, therefore, not limited, in principal, to the well-mixed 
zone idealization, although, it includes the well-mixed multi-zone theory as a special case. 

Element equations for; a) well-mixed zones, b) instantaneous flow transport (with and with 
out filtering), c) mass transport phenomena governed by first order kinetics, and d) mass 
transport phenomena governed by the one-dimensional convection diffusion equation are 
presented. Solution options are outlined, examples of application are presented, and the 
CONTAM family of programs, that provide one implementation of the theory, is briefly 
described. 

NOMENCLATURE 

A . . . .  
C . . . .  
" D . .  . . 

L . . . .  
m e . . . .  
P . . . .  
" R . . . .  
T . . . .  
t . . . . .  - 
t . . . . .  - 
u . . . .  
v . . . .  
W . . . .  
x,y,z . . . 

cross-sectional area of flow passage 
contaminant concentration expressed in terms of mass fraction 
dispersal coefficient for species a 
contaminant mass generation rate associated with an element 
direct contaminant mass generation rate at a system node 
length of flow passage 
mass of a volume of flow fluid associated with an element 
pressure 
rate of kinetics process 
temperature 
time 
nominal transit time 
bulk (i.e., sectional average) fluid velocity 
fluid velocity vector 
mass transport rate 
spacial coordinates 

. . . . upwind parameter 
9 . . . . dimensionless generation rate of species a 
K . . . . reaction rate coefficient 
aq . . . . filter efficiency relative to species a 
p . . . . mass density 
z . . . . . dimensionless time; system time constants 
x . . . . dimensionless length 



Subscripts, Superscripts and other Symbols 

species index -, a a t element index 
descriptive index + con Xj  t node or array element index 

specific element indices 
general element index 
specific species indices 
general species index 
node (or array element) indices 
time step or iterate indices 
quantities modified to account for boundary conditions 
quantities modified to account for zero "volumetric" mass terms 

Vectors and Matrices 
{C} . . . . system concentration vector 

{cB) . . . element concentration vector 
{@I . . . . .(steady flow/kinetics) system eigenvectors 
{El . , . . system excitation vector 
{GI . . . . system direct (nodal) species generation rate vector 
{GI . . . . system generation rate vector 

igB) . . . element-derived species generation rate vector 
[K] . . . . kinetics rate coefficient matrix 

L~({v ) )  . . transformation of vector {V) 
. . . . system mass matrix 

[M? . . . diagonal mass matrix associated with kinetics element 
{R} . . . . kinetics rate vector 
{Rd . . . constant component of kinetics rate vector 
ml . . . . system (mass) transport rate matrix 
[Zl . . . . additional (hypothetical) system transformation matrix 

{w? . . . element mass transport rate vector 

[x? . . . . element (mass) transport matrix 

[Y? . . . . element mass matrix 

[z? . . . . additional (hypothetical) element transformation matrix 

INTRODUCTION 

The central concern of indoor air quality analysis is the prediction of airborne contaminant 
dispersal in buildings. Airborne contaminants disperse throughout buildings in a complex 
manner that depends on the nature of airflow into, out of, and within the building system; that 
depends on the possibility of removal, by filtration, or generation of contaminants; and that 
depends on the possibility of chemical reaction, radio-chemical decay, settling, precipitation, 
deposition, or sorption of contaminants. More succinctly, we may say that contaminant 
dispersal in buildings is, in general, affected by a large variety of often very complex mass 
transport processes. The purpose of this paper is to present an analytical method to predict 
contaminant dispersal in buildings that can comprehensively and systematically account for 



these complex mass transport processes. 
While it is generally recognized that practical methods of contaminant dispersal analysis 

may be based upon either the microscopic equations of motion1 [Davidson 871 or the well- 
mixed zone simplification of the macroscopic mass balance equations for flow systems2, the 
application of these techniques has been largely limited to dispersal driven solely by flow mass 
transport processes and the possibility of combining macro and microscopic approaches has 
received little consideration. An element assembly formulation of the contaminant dispersal 
problem provides a means to not only combine the microscopic and macroscopic techniques but 
offers a convenient framework for the inclusion of models of the various nonflow mass transport 
processes that may affect the dispersal of contaminants in a building. 

In this paper we shall present an element assembly formulation of the contaminant 
dispersal problem that generalizes the work done earlier [Axley 87, 881. An emphasis will be 
placed on modeling building airflow systems, but the theory and methods developed may be 
applied to other flow systems as well. 

The Contaminant Dispersal Model 
We begin by asserting that: 

Building airflow systems may be idealized as assemblages of discrete mass 
transport elements that model specific instances of contaminant mass transport 
within the building by relating the time variation of contaminant concentration at 
discrete points in the building system, the system nodes, to the flow and 
nonflow processes responsible for the dispersal. 

This contaminant dispersal model involves, then; 

a) a spatial discretization of the domain of the airflow system (i.e., the selection and 
identification of the system nodes) and, 

b) the discrete idealization of the mass transport processes responsible for dispersal 
within the system (i.e., the selection and specification of the mass transport elements). 

We shall show that if element equations governing these instances of mass transport are 
developed within the restrictions of a certain general form then they may be directly assembled 
to form equations governing the dispersal of contaminants in the system as a whole. Before 
considering the formal development of this approach, however, it will be useful to consider the 
element assembly approach from the point of view of a user of this theory. 

A User's View of the Element Assembly Approach 
Consider the section of a hypothetical two story residence with basement shown below, 

Figure 1. For this building, let's say, we are concerned with the dispersal of carbon monoxide 
generated within the furnace of the simple forced-air heating system that serves this residence. 

To model contaminant dispersal in a given building system the analyst must first become 
familiar with the building's airflow system (i.e., W A C  system, infiltration/exfiltration and room- 
to-room airflow paths) &d identify any nonflow mass vansport process that may significantly 

Microscopic equations of motion: differential formulations of the continuity, motion, and energy equations for 
fluids. (e.g., the Navier-Stokes equation or the Euler equation) 

Well-mixed zone simplifcation of the macroscopic equations of motion: the approach known variously as the 
"multi-zone", "multi-chamber", "multi-cell", or "compartments" model [Sinden 78, Sandberg 84, Walton 851, that is 
closely related to similar models used in the chemical engineering field wen 751. 



affect the dispersal process. With this knowledge in mind, the analyst iteratively selects 
appropriate contaminant dispersal elements from the library of available elements and 
identifies system nodes to which these elements are "connected" to assemble an idealization 
of the given building airflow system. 

Fig. 1 Hvuothetical Two Story Residence 

The development of an idealization may often be formulated graphically in a direct and 
intuitive way. For the hypothetical problem introduced above we may select from the current 
library of dispersal elements shown in Figure 2. 

- well-mixed-zone element 

+ - simple flow element 

- simple flow element w/ filter 

- convection-diffusion flow element 

@ - kinetics element 

Fig. 2 Current Library of Contaminant Dismrsal Elements 

Figure 3 shows a possible idealization of this hypothetical building assembled graphically, and 
hence mathematically, from this library of elements. (The large black dots in this figure 
correspond to discrete points in the airflow system, the system nodes.) 

In this example, each of the four rooms, the exterior environment, and the furnace air heating 
chamber have been modeled with well-mixed-zone elements; infiltration, exfiltration, and first- 
to-second story airflows have been modeled with simple flow elements; the HVAC duct flow 
paths have been modeled with ID convection-dinusion flow elements (in an attempt to 
account for flow delays in this part of the flow system) and the generation of carbon monoxide 
within the furnace system has been modeled with a kinetics element. The kinetics element 
makes this idealization specific to the analysis of carbon monoxide dispersal in the building 
system; by removing this kinetics element we would obtain an idealization appropriate for 
modeling the dispersal of a variety of noninteractive contaminants. 
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Fig. 3 Idealization of the build in^ Airflow System 

With an idealization in hand the analyst is then in the position to consider any of several 
solution options, including solutions for steady state concentrations for conditions of steady 
contaminant generation and steady airflows, evaluation of system time constants for conditions 
of steady airflows, and evaluation of time histories of contaminant concentrations for various 
scenarios of steady or unsteady airflows with steady or unsteady contaminant generation rates. 

After considering the results of the analysis the analyst may add, delete, or modify 
elements in an effort, for example, to mitigate an indoor contaminant hazard and then re-analyze 
the system to evaluate the efficacy of the proposed mitigation measure. 

GENERAL FORMULATION , 

In this section we present a formulation of the contaminant dispersal analysis problem by 
element assembly that is more general than the formulations presented earlier [Axley 87, 883. 
To do so, however, it is useful to repeat parts of the past presentations; the author asks the 
forbearance of those familiar with these earlier formulations for this repetition. 

In indoor air quality analysis we may consider building airflow systems to be three 
dimensional fields, within which we seek to completely describe the temporal and spatial 
variation of the state of infinitesimal air parcels, providing that the concentration of 
contaminants within these parcels can be assumed to be uniform3. A parcel, here, is small 
relative to the scale of the components of the system but large relative to the molecular scale 
and its state is defined by its temperature, pressure, velocity, and contaminant concentration(s) 
- the state variables of indoor air quality analysis. 

The central problem of indoor air quality analysis is, then, the determination of the spacial 
(x,y,z) and temporal (t) variation of contaminant species concentrations (C) within the domain 
of the airflow system. This analytical problem will be referred to as contaminant dispersal 
analysis. 

For a single noninteractive4 species, a, contaminant dispersal is driven by the air 

3 In some flow systems (e.g., chemical process flow systems) this assumption may not be appropriate; there may be 
a segregation of components at the micro-scale and, thus, the flow system may not be considered to be a simple 
continuum. 



velocity field (v) and thus the contaminant dispersal analysis problem, for this case, may be 
represented, functionally, as: 

where the ellipses, ... , are used to indicate the geometry, initial conditions, and boundary 
conditions required to complete the definition of the analytical problem. To solve the 
contaminant dispersal problem, then, the flow field must be either specified or determined. 

Two approaches to flow determination may be considered. In the first approach a nonlinear 
flow analysis problem and, in general, a coupled thermal analysis problem is formulated and 
solved, given the environmental excitation (e.g., wind, solar, and thermal excitation) acting on 
the building system. Alternatively, for existing buildings it may be possible to "measure" 
building airflows using tracer gas techniques. These techniques are based on the formulation 
and solution of the inverse contaminant dispersal analysis problem. In this presentation we 
will assume that building airflows are known and will not consider these related problsms. 

When the kinetics of contaminant reaction, settling, sorption, etc. is important, the 
contaminant dispersal analysis problem becomes a coupled (and, generally, nonlinear) analysis 
problem as (the rate of change of) each species' concentration will depend upon both species' 
concentrations and the airflow velocity field: 

For such cases we say the contaminant is an interactive contaminant and describe the 
analytical problem as a problem of interactive contaminant dispersal analysis. 

Basic Approach 
The approach to the solution of these field problems taken here is straightforward, but 

involves several steps. The continuously defined state variables - the contaminant 
concentrations, "C(x,y,z,t), BC(x,y,z,t), . . . - are replaced by a finite set of discrete system 
state variables, {C(t)), that are meant to approximate the value of the continuous variables at 
discrete points - the system nodes - in the airflow system. Equations of a restricted, but very 
general form, are then defined that may be used to describe the specific mass transport 
processes that drive the dispersal of contaminants in the flow system. These element 
equations are defined in terms of subsets of the discrete state variables - the discrete 
element state variables {Ce). These element equations may be assembled to form systems of 
spatially discrete but temporally continuous ordinary differential equations that govern the 
contaminant dispersal behavior of the system as a whole. 

This approach allows consideration of element models based upon both the microscopic 
equations of motion (e.g., using Finite Element solutions to subdomains of the flow system 
domain) and macroscopic mass balance equations for flow systems (i.e., the basis of the 
familiar well-mixed zone models) and has been contrived to be completely analogous to the 
approaches employed for the solution of the related flow and thermal analysis problems [Axley 
86, 871. 

Discrete System State Variables 
We associate contaminant concentration variables with each of the system nodes and 

organize these discrete state variables into the system concentration vector which for n nodes 

Noninteractive Contaminant: a contaminant whose dispersal is not affected by kinetics of reaction, sorption, 
settling, or other similar or related mass transport phenomena. 



is defined as: 
* for the dispersal of a single species, a: 

* for the dispersal of two species, a and P: 
{c} I{ a ~ l ,  'ell BC2, ... a ~ n ,  'cnjT 

* etc. 

Discrete Element State Variables 
We model the mass transport processes that determine the nature of contaminant dispersal 

within the flow system with an assembly of mass transport elements. With each element "e" 
in the assembly we associate one or more nodes - the element nodes - and with each node we 
associate variables that define the state of the element - the element (state) variables, (i.e., 
subsets of the system variables5) and note their association with the system variables. 
Thus, for example, a contaminant dispersal element having three nodes, i, j, and k, would have 
the element state variables; 

* for the dispersal of a single species, a: 

* for the dispersal of two species, a and 9: 
a e $ e a e $ e a e  P e T  

{c") { Cis Cis Cis Cis Ck, Ck} 

* etc. 
These variables will be identified as the element concentration vectors. 

General Fonn of the Element Equations 
We attempt to describe the behavior of appropriate classes of elements by equations of 

the general form: 

where; 

{ w l  is a vector of element contaminant mass transport rates into the element from each 
of the element nodes. For a three-node element with nodes, i, j, and k the elements 
of this vector are defined as; 

for the dispersal of a single species, a: 

* for the dispersal of two species, 'a and P: 

As subsets of the system variables, one must distinguish, mathematically, these element variables from the 
system variables even though, most often, there will be no physical distinction between them. 



L ( {cB) is a transformation of {c$ that has the fp[m of a linear transformation and is 
specific to a given class of elements 

{g7 is a vector of element-derived species generation rates. 

The vector of species mass transport rates, {w$, for the dispersal of a single species a ,  
may be represented diagrammatically as shown below for a hypothetical three-node flow 
element that links three well-mixed zone elements, Figure 4, and a single-node kinetics element 
associated with a single well-mixed zone element, Figure 5. The mows indicate positive mass 
transport rates. 
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Fi? 4 Hypothetical Three-Node Flow Element Fig. 5 Single-Node Kinetics Element 

For the flow element, mass is transported physically by the airflow moving from each zone 
into the element; the arrows represent the positive sense of this physical transport. For 
kinetics elements, mass transport is somewhat more subtle as it involves a conversion of 
species mass from one form to another. The arrow indicating mass transport in Figure 5 is, 
thus, directed into the element from the zone node to indicate removal of species a by 
conversion, rather than physical transport. 

It is important to note that it will be necessary to define the element mass transport rate 
vector so that there will be an element mass transport rate variable corresponding to each of the 
element concentration variables to account for all possibilities of mass transport. 

For contaminant dispersal involving multiple species, then, a single simple flow element 
might be thought to transport each individual species from zone-to-zone while a kinetics 
element might be thought to transport mass, by conversion from each of the species to any or all 
of the other species andlor from any of the species to a noncontaminant form that is of no special 
interest, within the single zone associated with the kinetics element. (Inasmuch as it is difficult 
to represent these possible multi-species mass transportlconversion phenomena 
diagrammatically we shall not attempt to do so, here.) 

The element transformation operator Le( ) is restricted to the fo rm of a linear 
transformation: 

where; 



[xe], [ye], [ze] are square transformation coefficient matrices 
[xel is the element (mass) transport matrix 
[Y el is the element mass matrix 

However, we admit transformation coefficient-matrices that may, in fact, vary with time and/or 
depend, nonlinearly, on the element concentration vector. As a practically endless variety of 
element equations may be formulated that have this form, the restriction to this form should not 
lead to any serious limitation. 

System Equations 
By restricting the element equations to the form of linear transformations (i.e., equations 

(5) and (7)) these equations may be directly assembled to yield the system equations that 
describe the dispersal of the contaminant species within the whole building's airflow system: 

where; 

[W] = A [xe] 
e = a, b, ... the system (mass) transport matrix 

IM= A [ye] 
e = a, b, ... the system mass matrix 

[ZI = A [ze1 
e = a, b, ... 

etc. 

IG1 = {GI + A Isel 
e = a. b. ... the system generation vector 

where A is the assembly operator, a generalization of the conventional summation operator, Z. 
The assembly procedure is based upon the requirement that contaminant species mass must be 
conserved at each of the systems nodes. It may be represented formally by transformation and 
summation of element arrays but is practically implemented using relatively simple 
computational algorithms that accumulate element arrays terms in memory locations of the 
corresponding system array terms [Axley 87, 881. 

SPECIFIC ELEMENT EQUATIONS 

The element equations corresponding to the current library of contaminant dispersal 
elements are presented here and the basis of their development is briefly reviewed. Details 
relating to the development of these element equations and their use have been presented 
elsewhere [Axley 87, 881. 

Well-Mixed Zone Element 
It is often reasonable to model portions of a building airflow system as-if they are perfectly 

mixed zones. By definition, the concentration of contaminants is uniform within a perfectly 
mixed zone, thus a single variable for each contaminant species (associated with a single node 



located arbitrarily within the zone) is sufficient to describe the spacial variation of contaminant 
concentration within a well-mixed zone. The rate of change of species mass within a well-mixed 
zone, or, from an element perspective, the species mass transport into the well-mixed zone 
"element" from the system node associated with the zone, is defined by the following element 
equation: 

well-mixed zone element 

or, in terms of the general element transformation arrays defined above: 

for: 

for species a in a well-mixed zone having a volume containing a mass of air of me. 

Simple Flow Element 
Flow through many flow passages in building airflow systems is practically instantaneous 

(i.e., relative to the dominant time constants of the building's dispersal system) and, therefore, 
may be modeled as such. The mass transport of a single species, say a ,  through a simple flow 
passage with a single inlet and outlet in which flow is assumed to be instantaneous may be 
described using a two-node simpleflow element. Given the air mass flow rate we(t) from node 
i to node j we may write the following element equations directly from fundamental 
considerations: 

simple flow element ( 10a) 

or, in terms of the general element transformation arrays defined above: 

a e  a e T  
for: { w b  { Wi 9 Wj 

It should be noted that the transformation matrix [xe] is seen to vary with time to account 
for the time variation of flow through the element. (Figure 6, below, should help to clarify the 
meaning of the element variables in this case.) 

F ~ P  6 Simple Contaminant Dispersal Flow Element Variables 

The well-mixed, multi-zone theory presented by Sinden [78] and Sandberg [84] is 
completely equivalent to an element assembly approach limited to the use of well-mixed zone 



and simple flow elements. Through the development of additional elements, then, we may 
extend the conventional multi-zone theory. We also, importantly, provide an alternative formal 
view of this theory that provides a deeper understanding of the qualitative character of the 
theory and, therefore, of contaminant dispersal in buildings in general. 

Simple Flow Element with Filtration 
The simple flow element equations, above, may be modified to account for the action of a 

filter that removes a fraction, q, of the contaminant a as it passes through the element to yield 
the following element equations; 

= W(t) 
awe - 1  0 1 ( -c; ) 

simple flow element w/ filtration ( 1 1 a) 

or, in terms of general element transformation arrays defined above: 

1 a e  a e T  
for: {w") { wi 9 wi 

In this case the time variation of the transformation matrix, [xe], could be due to both the time 
variation of flow through the element and the time variation of the filter efficiency, at7 = V(t). 

ID Convection-Diflusion Flow Element 
In some situations the analyst may be interested in the details of dispersal in some flow 

passages or may feel the noninstantaneous nature of the flow should not be ignored. If flow in 
these flow passages may be assumed to be practically one-dimensional (e.g., flow in portions of 
HVAC ducts) then the details of the convection and diffusion mass transport processes that 
drive the dispersal may be accounted for using assemblages of two-node convection-diffusion 
elements. 

These elements may be developed using a Finite Element solution of the one-dimensional 
convection diffusion equation: 

where; 
P e r w " L = - i i L  

pAaD the dimensionless Peclet Number 
A is the cross-sectional area of the flow passage 

aD is the dispersal coefficient for species a 
L is the length of the flow passage 
x is the dimensionless length r x/L 
z is the dimensionless time = t/ t 
a 
y is the dimensionless generation rate 2 agL/we 

"g is the mass generation rate of species a per unit length of flow passage 



i is the nominal transit time = LI k 
- 
u is the bulk fluid velocity = we/pA 

The Peclet number provides a measure of the importance of convection mass transport 
relative to diffusion mass transport; at one extreme Pe = 0 would correspond to a well-mixed 
condition and at the other Pe = - would correspond to an ideal plug-flow condition. 

Following the one-dimensional example discussed by Huebner and Thornton [82] element 
equations for a two-node flow element may be developed from equation (12) using linear shape 
functions (i.e., assuming species concentrations vary in a piece-wise linear manner along the 
flow passage) and applying either the (conventional) Galerkin method or the (upwind) Petrov- 
Galerkin method in the formulation of these element equations. The resulting element 
equations are: 

where; 

convection-dimion element (1 3a) 

= the convection component of the element mass transport matrix 
$ = the so-called upwind parameter; 0 5 $ 5 1 

= the difiusion component of the element mass transport matrix 
Le = the length of the element (i.e., a portion of the length of the flow path) 

= the element volume m s  matrix 
rn 

= the lumped approximation to the element volume mass matrix 

= the internal generation rate vector 

for species a and fluid mass flow rate, we 2 0,  through the flow passage from node i to node j. 
The use and numerical characteristics of the convection-diffusion element, the inclusion of 

species generation kinetics, and a comparison to the closely related tanks-in-series model 
commonly used in the chemical engineering field has been presented elsewhere [Axley 881. 
Suffice it to say that this element is not for the uninitiated. Numerical solutions to the 
convection-diffusion equations remains a very active and controversial area of research. The 
inexperienced analyst is well-advised to become familiar with current literature relating to 
Finite Element solutions of the convection-diffusion equations before attempting to use this 



element. 
Two aspects of the convection-diffusion element are especially important. First, the 

convection-diffusion element is based upon a microscopic description of dispersal and it use 
provides a first example of combining macroscopic modeling techniques with microscopic 
techniques in a single analytical method. Secondly, from another perspective a one-dimensional 
flow regime may be thought to represent an imperfectly mixed zone, therefore, the convection- 
diffusion flow element may be considered to be an imper$ectly-mixed zone element. The use of 
this element in modeling imperfectly mixed zones has yet to be explored, but it is believed it 
holds much promise. 

Kinetics Elements 
In some situations the analyst may wish to model mass transport due to chemical reaction, 

radiochemical decay, adsorption, absorption, settling, deposition, agglomeration, or precipitation 
of contaminants. The mass transport characteristics of such processes is described by the so- 
called kinetics of the process, a term borrowed from the literature of reaction kinetic&. 

In the present context we consider a kinetic process to involve the contaminant species a, 
p, ... that interact and/or are transformed in some way to form product species or phases p, o, 
. . . , as: 

catalyst 

where we explicitly consider the possible affect of catalysts on the process. The product 
species or phases may or may not be considered to be contaminants. 

In general, the rate of a given kinetic process may depend upon a variety of factors including 
reactant, product, and catalyst concentrations, temperature, T, pressure, P, and the detailed 
mechanisms of the kinetic process (i.e., the mechanisms of both chemical and physical 
processes that, together, govern the kinetics process) therefore, rate expressions take the 
general functional form of: 

where, the rate of kinetics process may be defined in terms of the rate of change of one of the 
species involved in the process as: 

dt ; rate of kinetics process in terms of species a 

Rate expressions for certain general classes of chemical reactions (and presumabl$ the 
kinetic processes considered here), including single-reactant, consecutive, opposing, and 
concurrent first order reactions [Moore 811, may take the form of linear combinations of 
contaminant concentrations: 

6 Reaction kinetics involves the study of the rate of change of chemical components in a single or related series of 
chemical reactions. 



where we have included the constant component, (Ro), for completeness and recognize that, 
again, the rate coefficient matrix, [K], and the constant component vector, [Ro), will, in general, 
vary with temperature and pressure. 

The general rate expression, equation (IS), leads directly to the development of a general 
kinetics element. Limiting consideration to kinetic processes occurring within a specific well- 
mixed zone "e" (were it is assumed that conditions are homogeneous), associated with the 
system node "i" , and containing a set of contaminant species, a, $, y, . .., we first identify the 
relevant element variables as: 

and 

Then from the rate definition, equation (16), and the general form of rate expressions, equation 
(IS), we obtain the general kinetics element equations: 

where; 
[My diag ( me me me ... ) 

e 
m = the mass of the air in the volume of the well-mixed zone "e" associated with the 

kinetic processes being modeled 

or in this case we obtain: 

1x7 = 0 ; 0 ; {g") [ M ~ { R ~ ( { C ~ V T ,  P)I 

an element that is defined in terms of only element-derived species generation rates. 
The form of equation (20) is deceptively simple. The rate expressions defining these 

element-derived species generation rates depend on species concentration, in general, so that 
the general kinetics element introduces a oonlinear species generation contribution (i.e., a 
species generation rate that depends nonlinearly on the solution vector (C]), which is distinctly 
different from the (constant or time dependent) nodal direct generation contribution. The 
solution of the contaminant dispersal problem involving general kinetics elements will, 



therefore, generally require the application of a nonlinear solution strategy in the solution 
process. 

Few interactive indoor contaminants have been studied in sufficient detail to completely 
define their kinetics, therefore, the consideration of arbitrarily nonlinear kinetics is premature at 
this time. For the present it is not unreasonable to attempt to approximate many kinetic 
processes using first order rate expressions of the form of equation (17), which when 
substituted into equation (20) lead to the first order kinetics element equations: 

or: 

first order kinetics element 

where, again, one must keep in mind that the rate coefficient matrix and constant rate 
component will, in general, be temperature and pressure dependent. 

SOLUTION OF SYSTEM EQUATIONS 

System equations based upon assemblages of the specific element equations presented 
above will have the following form: 

To complete the definition of a contaminant dispersal problem it will be necessary to modify 
this equation to take into account appropriate boundary conditions and, in some instances to 
account for system nodes having no mass associated with them. With these modifications 
made the analyst will, typically, consider one of three types of analyses; eigenanalysis, steady 
state analysis, or general dynamic analysis. These fundamental solution operations are 
illustrated below in Figure 7. In this section we will briefly review these operations, more 
complete details may be found elsewhere [Axley 87, 881. 

Boundary Conditions 
The analyst may wish to specify concentration at some system nodes (e.g., ambient 

outdoor concentrations or controlled indoor environments) and as a result a subset of the 
system concentration vector {C} will be known. At all other nodes contaminant generation 
rates may be specified and as a result a complementary subset of the system generation vector 
will be known. If one makes the algebraic simplifications to equation (22) to account for these 
specified boundary conditions, which, in general, will be time varying specifications, then a 
reduced system of equations will result involving a subset of the system concentration vector, 
h h 

[C] , and corresponding submatrices of the system mass and mass transport matrices, M] and 

1 .  This reduced system of equations will have a right hand side, the excitation vector, {E) , 
that will include terms relating to both specified generation rates and specified concentrations. 



Impose ~oundary Conditions 
n 

Eliminate Zero-Mass Terms 

{E} ; general * 
oncentration 

Fig. 7 Solution of Svstem Eauations 

Zero-Mass Terms 
In some instances the analyst may consider the mass contribution to a system node to be 

negligibly small (e.g., nodes in subassemblies corresponding to HVAC ductwork) and prefer to 
model these contributions with zero values. Zero mass terms may be accounted for 
algebraically resulting in a further reduction in the size of the system equations (i.e., the 
equation in Figure 7 with the tilde, -, marks). This reduced set of equations will have as its 
unknowns the subset of the system concentration vector corresponding to those nodes having 
non-zero mass contributions for which contaminant generation rate time histories are specified. 

Solution Options 
The system equations obtained after the imposition of one or more concentration-specified 

boundary conditions and the elimination of zero-mass terms (i.e., the "tilde" equations in Figure 
7) may then be used to solve either the eigenanalysis, steady state analysis, or general 
dynamic analysis problems. It may be shown that these equations will be soluble (i.e., have 
nonsingular system matrices) when airflow in the system idealization satisfies conservation of 



total air mass flow and kinetics rate matrices are restricted to certain forms [Axley 881. 
Furthermore, it may be shown that in these cases very efficient, yet numerically stable, solution 
methods based on LU decomposition without pivoting may be applied to the solution of these 
problems. 

Eigenanalysis: For system idealizations involving steady flow and steady kinetics the analyst 
may determine the so-called system time constants using standard methods of eigenanalysis. 

Steady State Analysis: For problems involving steady flow, steady kinetics, and steady 
excitation the system eventually will reach a condition of steady concentrations in all zones - - 
the steady state condition. These steady state concentrations, {C(t=-)), may be directly 
determined by solving the corresponding algebraic problem. Using these steady state 
concentrations the analyst may also determine the steady state concentrations at those system 
nodes associated with zero-mass terms that were "eliminated" from consideration and 
determine the steady state generation rates required to maintain the concentrations specified at 
the remaining system nodes. 

General Dynamic Analysis: For problems involving steady or unsteady flow, kinetics, and/or 
system excitation the analyst may solve the complete dynamic problem using a variety of direct 

numerical integration schemes to compute concentration time histories, {e(t)}. Using these 
results the analyst may also determine the concentration time histories at those system nodes 
associated with zero-mass terms that were "eliminated" from consideration and determine the 
generation rates required to maintain the concentrations specified at the remaining system 
nodes. 

IMPLEMENTATION & APPLICATION 

A program, CONTAM87, has been developed at the National Bureau of Standards to 
provide an example of one computational implementation of the contaminant dispersal analysis 
theory presented above. CONTAM87 is the second member of the CONTAM series of 
programs [Axley 87, 881 that are being developed to provide an integrated set of computational 
tools for indoor air quality analysis. These tools are presented as a collection of commands 
that complete a variety of basic indoor air quality analysis operations. For example, the 
command FLOWELEM and its associated data defines flow element characteristics and 
location in a given element assembly, the command STEADY and its associated data defines 
and completes a steady state contaminant dispersal analysis problem, TIMECONS and its 
associated data defines the (steady flow/kinetics) eigenvalue problem and solves it reporting 
system time constants, etc. Future members of the CONTAM family will provide additional 
macroscopic flow analysis and inverse contaminant dispersal analysis commands, that may be 
used to determine airflows in building systems, and, eventually, building thermal analysis 
commands, based upon earlier work [Axley 861 could be added to provide a complete indoor air 
quality command processor language. 

The programs CONTAM86 and CONTAM87 have been applied to a variety of contaminant 
dispersal analysis problems and have been employed to simulate new tracer gas methods for 
determining airflows in building systems. Here we shall present the results of three of these 
studies to provide some indication of the complexity of problems that may be considered. 



NBS Ofice Building Study 
Infiltration studies of a fifteen story office building are presently being conducted by 

members of the Indoor Air Quality and Ventilation Group at NBS. Some of these studies 
involve hourly injections of a commonly used tracer gas, SF6, into the fresh air supply ports of 
the building HVAC system. Flows in the supply ducts were measured (with significant 
uncertainty) by pitot traverse, SF6 concentration time histories were recorded, and fresh air 
infiltration was estimated by tracer decay. Using the airflow measurements the upper two 
floors of this building were idealized as shown in Figure 8. 

As indicated by this idealization, fresh air was supplied to each floor through a ceiling 
plenum space and exhausted via an exhaust duct to the outside. In Figure 9 we compare 
measured SF6 concentration time histories (measured centrally within the "space" and at the 
"exhaust" ports) to computed values of the 15th floor for two supply flow rates: 100% and 75% 
of the measured flow. In this case, the agreement between measured and computed time 
histories is within the uncertainty of the measured flows and validation is therefore indicated. 
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Carnegie-Mellon Townhouse Study 
Borrazzo and his colleagues at Carnegie-Mellon University have conducted detailed field 

investigations of a two-story townhouse measuring CO, NO, and NO2 emissions characteristics 
of the gas appliances within the townhouse and the dispersal of these contaminants throughout 
the townhouse under a variety of different weather conditions [Borrazzo 87.1. Illustrated in 
Figure 10 is an idealization of the townhouse and in Figure 11 the dynamic emission 
characteristics of the principal pollutant source; the gas range. The instantaneous emission 
rate, G(t), is plotted relative to the steady state value, Gss. The NO2 emission characteristics 
were more or less constant and are, therefore, not illustrated. NO2 is a reactive contaminant 
and was modeled as so using the measured reactivity of ~=2.4 hr-1. 
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Fig. 10 Townhouse Building Idealization 

Fip. 11 Range Emission Characteristic* 



In Figures 11, 12 and 13 we compare computed response with measured data. The details 
of airflow in this building were unknown in some instances and uncertain in others so several 
assumptions about flow had to be made to effect the analysis. In particular, it was assumed 
that the measured whole-building fresh air infiltration rate of 0.21 air changes per hour (ACH) 
was distributed equally in all three zones, the first-to-second air exchange rate was assumed to 
be 7.5 ACH, the first-to-basement air exchange rate was assumed to be 0.4 ACH, and all flows 
were assumed to be constant. 

As may be seen, the CO response was under-predicted and the NO response was over- 
predicted, but both are practically within the reported uncertainty of the emission characteristics 
(CO: 18% & NO: 6.5%). 

Although, the measured NO2 data is quite suspect, because of scatter and negative values, 
there appears to be some agreement between this data and the computed response. Inasmuch 
as this measured data was used to determine the reactivity constant the agreement here may 
be an artifice. The basis of determination of the reactivity, a single-zone model, and the basis of 
the computed response are more or less the same as the system behaves, practically, as a 
single-zone system. Therefore the agreement may reflect no more than this. 
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Convection -DifSiion Study 
When employing the convection-diffusion flow element the analyst must take special care to 

assure an accurate solution has been obtained. In steady state analysis accuracy is affected by 
element size (i.e., the subdivision of the flow path) and the degree of upwinding chosen. 
Huebner and Thornton 1821 show that instability may be avoided if an upwind parameter is 
selected satisfying the conditions; 

where; 
p., = weLe - me 

pAaD a~ the element Peclet number 

(Note: P$ = (Pe/n) for a flow passage idealized by an assembly of n equal-length 
convection-diffusion elements.) In dynamic analysis, accuracy is also affected by the integration 
time step selected to complete the dynamic solution and when the lumped mass approximation 
is employed the analyst may encounter spurious anomalies in the computed solution in some 
cases [Huebner 821. 

Partly because of the challenge of these difficulties and partly because of the importance of 
the convection-diffusion equation in the area of fluid mechanics, finite element solutions of the 
convection-diffusion equation have become the focus of considerable research in recent years. 
Strategies have been put forward to improve the accuracy of the finite element approximation 
presented above that are, regrettably, beyond the scope of this presentation and the reader is, 
therefore, advised to review the current and emerging literature. The papers by Hughes and 
Brooks [82], Tezduyar and Ganjoo [86], and Yu and Heinrich [86] are particularly useful in this 
regard. 

In spite of the numerical pitfalls that await the use of the convection-diffusion flow element 



we shall proceed and employ these elements (with the lumped mass approximation) to compute 
the transport of a contaminant pulse through a length of ductwork. The conditions of this 
problem are illustrated in Figure 14: fluid flows through a duct of length L and radius R at a 
mass flow rate we; a contaminant is injected into the inlet stream at a rate G(t) for a short time 
interval introducing a pulse of contaminant of mass I into the inlet stream; the pulse is 
convected and dispersed as it moves along the duct. We seek to determine the concentration 
time history of the contaminant as it emerges from the outlet of the duct. 
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The exact solution to this problem is available for an impulse, for "closed" inlet and outlet 
conditions, but it is expressed as an infinite sum that is practically difficult to use w e n  75 pp. 
133-1371. For Pe=O the duct becomes a well-mixed system, the initial concentration throughout 
the duct becomes, simply, (VpAL). and the outlet concentration decays exponentially: 

For relatively large Peclet numbers the outlet concentration is well approximated by the 
following expression reported by Nauman and Buffham [83 pp. 101-1031: 

and for very large Peclet numbers the outlet concentration approaches a Gaussian distribution 
[Wen 75 p. 1331: 



Approximate solutions to this problem were computed using a 10-element subdivision, as 
shown in Figure 14, and a twenty-element subdivision. The "closed boundary condition was 
modeled using the simple flow element as this element models (instantaneous) plug flow 
conditions as required. The impulse was approximated by a pulse of finite but small duration. 
In all studies the upwind parameter, 4, was chosen to satisfy the lower bound (i.e., equality) of 
the stability requirement of equation (23). The results are compared below, Figure 15, to the 
solutions discussed above, equations (25) to (27). 

It is seen that in this case the approximate, finite element solution for the low Peclet 
number, Pe=l, approaches the exact well-mixed solution, as expected. The approximate 
solution for the higher Peclet numbers has some difficulty in capturing the amplitude of the exit 
pulse, although, the timing and the form of the pulse appear to be well-approximated. Some part 
of this enor may be attributed to approximating the impulse of the analytic solutions by a pulse 
of finite duration in the computed solutions. 

Some part of the error may be attributed to the coarseness of the finite element subdivision. 
A comparison of the results of the 10-element and 20-element approximations for Pe=lO 
indicate that a convergent solution was obtained (i.e., further subdivision would not alter the 
solution), yet when these results are compared to the exact results reported by Wen and Fan 
[75 Fig. 5-8 p. 1361 the amplitude appears to be underestimated by approximately 10%. This 
same comparison for Pe=20 indicates that a convergent solution was almost but not quite 
achieved. An additional subdivision would presumably reveal convergence, and the error in 
amplitude estimation was approximately 20%. It is interesting to note that the element Peclet 
numbers for these two (nearly) convergent solutions - the 10-element solution at Pe=10 and 
the 20-element solution at Pe=20 - are both equal to 1.0, a condition that demands no upwinding 
to maintain numerical stability. 

0 
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2 

Dimensionless Time ~(UF) 

- Nauman: Pe=20 

.*... Gauss: Pee20 

-L 20 Elem: Pe-10 

A 10 Elem: Pe=lO 



It may be useful to relate these nondimensional studies to more conventional units. The 
study for Pe=20 corresponds to studying the transport of a pulse through a circular duct of 1 m 
radius having a length of 10 m with a bulk flow velocity of 2 m/s (the practical minimum 
operational flow rate in HVAC ducts). For these conditions the dispersal coefficient may be 
expected to be about 1.0 m2/s. The results reported in Figure 15 were computed using a pulse 
duration of 0.005 sec. The dynamic solution was computed using a time step of 0.001 second, in 
part to capture the short-time pulse accurately and partly to achieve a practically convergent 
solution. 

In practical situations the inaccuracies revealed in these studies are likely to be considered 
very small and, thus, the convection-diffusion flow element should provide a practically useful 
analytical tool. Nevertheless, to minimize error the analyst is well advised to seek a 
convergent solution through both mesh refinement (i.e., repeated subdivision of the flow path), 
starting, perhaps, with a subdivision that results in an element Peclet number of 1.0, and time 
step refinement, starting with a time step sufficiently small to capture the dynamic variation of 
any excitation with reasonable accuracy, being careful to select an upwind factor so that the 
stability requirement of equation (23) is always satisfied. When employing convection-diffusion 
elements in an idealization of a building airflow system it is very likely that extremely small 
time steps will be required to obtain a convergent solution. 

CONCLUSION 

From a practical point of view, the element assembly approach is intuitively satisfying and 
allows consideration of systems of arbitrary complexity. From a theoretical point of view it 
provides a framework for the consideration of the large variety of mass transport processes that 
affect the dispersal of contaminants in buildings and offers additional mathematical tools to 
unravel the formal characteristics of whole-building dispersal models. From a research and 
development point of view it separates the general problem of indoor air quality analysis into 
two primary subproblems; element development and development of solution method. Research 
efforts can, thus, focus on the modeling of specific transport processes, to develop improved or 
new elements or, alternatively, focus on developing improved methods of solving the resulting 
equations while accounting for the complex coupling that may exist between the related thermal, 
dispersal, and flow analysis problems. 

The approach has been formulated to be completely analogous and compatible with 
approaches based upon the Generalized Finite Element Method [Zienkiewcz 831 used to 
approximate solutions of the microscopic equation of motion for fluids and makes use of the 
numerical methods and computational strategies that have been developed to support this 
method and associated methods. It is expected that this compatibility will, eventually, allow 
the analyst to employ mixed idealizations of building airflow systems wherein a portion of the 
building airflow system would be modeled in detail using microscopic elements while the rest of 
the airflow system would be modeled using discrete or lumped parameter elements. In this way 
the analyst may study the details of dispersal in one area of the system, accounting for whole- 
system interaction, without the computational overhead of modeling the entire system 
microscopically. The one-dimensional convection-diffusion element presented in this paper 
represents the first step in this direction. 
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SUMMARY 

This paper describes a two-dimensional numerical study, by f in i t e -  
volume method of buoyancy-driven flow i n  a half-scale model of a 
s ta i rwel l .  The s t a i rwe l l  forms a closed system within which the 
c i rcu la t ion  of a i r  i s  maintained by the supply of heat  i n  the  
lower f loor .  The heat  loss  takes place from the s ta i rwel l  walls. 
The mathematical model consis ts  of the governing equations of 
mass, energy, momentum and those of the  k - E model of turbulence. 
The predicted flow pa t te rn  and the velocity i n  the  stairway are  
presented and compared with the  authors'  experimental data. 



NOMENCLATURE 

A 
2 

area  (m 1 

a coef f ic ien t  of f in i te-dif ference equation 

c I 5 1  
1-1 

C2,  C3,  constants i n  the  k-E turbulence model 

c~ 1 
-1 -1 

o spec i f i c  heat  (J kg K ) 
P 

g grav i ta t iona l  accelerat ion (m s - ~ )  

k turbulence k ine t ic  energy per  u n i t  mass (N m k9-l) 

Pe c e l l  P6clet  number 

Q" wall  heat  f lux (W m-2) 

S 
@ 

source term f o r  var iable  I$ (S = b@ + c) 
@ 

T absolute temperature (K) 

T wal l  temperature (K) 
W 

T~ 
temperature a t  node P next t o  wall  (K)  

+ 
U 

+ u non-dimensional veloci ty  i n  wall  region (u = -) 
u, 

C 

u -1 
f r i c t i o n  veloci ty  (m s ) 

'I; 

u,v mean velocity components i n  x and y d i rec t ions ,  
respectively (m s-l) 

Y+ 
f u Y 

non-dimensional distance from wall  (y = - 
v 

y~ distance from node P t o  the  adjacent wall  (m) 

Greek Symbols 

B coef f ic ien t  of thermal expansion (dl) 

r 
@ diffusion coef f ic ien t  f o r  var iable  I$ ( r  = L.) 

% 
E r a t e  of turbulence energy d i ss ipa t ion  per u n i t  mass 

(N m kg 
-1 s-l) 

)1 molecular v i scos i ty  (kg m 
-1 s-l) 



Pt 
turbulent  viscosi ty  (kg m-' s-l) 

l-leff e f f ec t ive  viscosi ty  (peff = P + pt) 

P f l u i d  density (kg 

r reference density (kg m-3) 

v kinematic viscosi ty  (m2 s-l) 

T 
- 2 wal l  shear s t r e s s  (N m ) 

W 

4 general  dependent var iable  

(3 T"T, t laminar and turbulent  Prandtl number, respectively 

OE' Ok 
constants of turbulence model 

Subscripts 

n, e ,  s v  w Control volume faces 

t turbulent 



1. INTRODUCTION 

A b e t t e r  understanding of buoyancy-driven flows i n  s ta i rwel l s  is 
important i n  re la t ion  t o  energy saving i n  buildings,  design of a i r -  
conditioning systems, a rch i tec tura l  design, and f i r e  s tudies .  
Until recent ly  t h i s  type of flow has received r e l a t i ve ly  l i t t l e  
a t ten t ion ,  e i t h e r  experimentally o r  theoret ical ly .  

A number of experimental i nves t i  a t ions  of s t a i rwe l l  flows have 
been reported bx Feustel  e t  a l .  ,' Marshal2 ,4 Klote and 130dart5 , 
Zuercher e t  a l .  , Tamura e t  aL7f , chug and Maguirel0. More 
recently ~ e ~ n o l d s ' l  and Reynolds e t  a1. developed ana ly t ica l  
modelling of the flow processes within s ta i rwel l s .  

In order t o  improve the understanding of buoyancy-driven flow and 
the associated energy t ransfer  within the s ta i rwel l ,  the  authors 
have ca r r i ed  out  experiments on a half-scale model of a s ta i rwel l .  
These have been reported by Marriott  and ~eyno lds l3 ,  and Zohrabian 
e t  a l .  l4 Para l l e l  t o  the  experimental invest igat ions ,  mathematical 
modelling has a l so  been car r ied  ou t  f o r  prediction of  the  flow i n  
the s ta i rwel l .  W e  have used the  k - E model of Harlow and 

7.6 ~ a k a ~ a m a l  a s  developed by Launder and Spalding . 
Studies using the k - E model have been applied t o  a var ie ty  of 
engineering problems s imilar  t o  t h a t  of the s ta i rwel l .  Neilsen 
e t  a1. l7 and Alamdari e t  a1. * studied buoyanc -a£ fected flows i n  
vent i la ted  rooms. 1deriahl9. Markatos e t  a1  .'' and Fraikin e t  a1 . 

predicted buoyancy-induced flows i n  cav i t ies .  I n  another 
study ~ a r k a t o s ~ ~  predicted the  a i r  flow and heat  t r ans fe r  i n  
te lev is ion  studios. Markatos e t  a1.23,24 , Cox e t  a1.25 and Kumar 
e t  a1.26 used a F i r e  Research S ta t ion  computer program (known as  
JASMINE) t o  analyse the smoke movement i n  enclosures. 

The object ive of the  present work i s  t o  pred ic t  the  veloci ty  and 
temperature d i s t r ibu t ions  i n  the  s t a i rwe l l  and t o  assess the  
r e su l t s  with the a id  of experimental data. 

THE PHYSICAL MODEL 

The half-scale s ta i rwel l  model geometry is shown i n  Fig.1. It 
consisted of a lower and an upper compartment connected by the 
stairway. The recirculat ion of a i r  was maintained by continuous 
supply of heat through a heater positioned i n  the  lower compart- 
ment. The area we r e fe r  t o  a s  the " throat  area", shown by the 
broken l i n e  D-D' i n  Fig. 1, is the area within which most of the 
measurements were taken. The f u l l  d e t a i l s  of the  experimental 

14 r i g  and the measurement techniques a r e  reported elsewhere . 



3. THE MATHEMaTICAL MODEL 

3.1. The governing equations i n  d i f f e r e n t i a l  form 

I n  a two-dimensional Cartesian coordinate system, t he  conservation 
d i f f e r en t i a l  equations f o r  cont inui ty ,  momentum, energy and those 
of turbulence energy, k,  and i t s  r a t e  of diss ipat ion,  E ,  can be 
wri t ten i n  the  general  form 

where 4 ,  T and s a r e  given i n  t ab l e  1. 
9 4 

The turbulent  v i scos i ty ,  y i n  t he  k-E model is re la ted  t o  k-E 
t' 

(see  f o r  example references 15,16,39): 

- 
Based on t h e  concept of eddy d i f fu s iv i t y ,  - p v ' ~ '  i n  the  k and E 
equations can be replaced by 

3.2. The Governing Equations i n  Discretised form and the  Solution 
procedure 

The f i r s t  s t ep  i n  deriving the  f ini te-dif ference equations is t o  
adopt an appropriate g r id  system. We have ado ted the  staggered 
gr id  system suggested by Patankar and Spaldi114~, a s  shown i n  
Fig.2. I n  such a system the s c a l a r  variables (p,  TI k ,  E) a re  
stored a t  the  gr id  nodes, while u and v ve loc i t i es  a r e  s to red  a t  
the mid-point between the  two adjacent nodes. 

The governing equations i n  d i s c r e t i s ed  form are  obtained by 
integrat ion of the  d i f f e r e n t i a l  equations over the corresponding 
control  volumes, with the a id  of a d i s c r e t i s a t i on  scheme. The 
schemes chosen f o r  t h i s  study a r e  described i n  sect ion 3.3. The 
d i sc re t i sed  forms of the governing equations of momentum, thermal 
energy, turbulence energy and energy diss igat ion r a t e  can be 
writ ten as :  

9 - t ransport  ( 4  = T, k ,  €1 



u - momentum 

v - momentum 

where 

and C denotes summation over neighbours N ,S ,E ,W. 
n 

The symbol fn  represents a weighting f ac to r ,  which is determined 
according t o  the chosen scheme. For example, i n  the  hybrid 
dif ference scheme f o r  t he  north boundary of the  c e l l ,  it can be 
wr i t t en  a s  28,29 I 30 : 

where Pe i s  the c e l l  PGclet number. 

The main variables i n  the above equations a r e  u, v,  k ,  E and T. 
The remaining unknown var iable ,  i . e . ,  pressure,  has no equation 
of its own. To derive the  pressure,  a spec ia l  procedure known a s  
SIMPLE (Semi-Implicit Method f o r  Pressure-linked Equations) was 
used 27 f  30. The procedure is  based on an i t e r a t i v e  solut ion of the  
governing equations, by which the  var iables ,  including pressure,  
are  guessed over the  e n t i r e  f i e l d  of solut ion and then corrected 
a s  the  i t e r a t i o n  proceeds. In  t h i s  procedure the continuity 
equation is  used t o  derive an addi t ional  equation known a s  the  
pressure-correction equation. The main var iable  i n  t h i s  equation 
i s  the  pressure-correction ( p ' ) ,  which when added t o  the  guessed 
(current)  value of the  pressure r e s u l t s  i n  an improved value 
of the  pressure (p = P* + p ' ) .  This equation is wri t ten i n  t he  
same form as  the equations f o r  other  s ca l a r  variables (T,k,E). 
The s i x  d i sc re t i sed  equations a r e  solved simultaneously using the  
line-by-line method and the  Tri-Diagonal Matrix Algorithm, i n  t h e  
following sequence : u, v ,  p ', TI k ,  E. 



3 . 3 .  The Discretization Schemes 

The de ta i led  description of the  d i f fe ren t  d i sc re t i sa t ion  schemes 
and t h e i r  mathematical formulation is described by patankar30. 
I n  t h i s  study, several  schemes have been adopted fo r  comparison. 
These are central-difference, hybrid and power-law schemes. 

I n  the central-difference scheme a piecewise-linear var ia t ion  fo r  
4 is  assumed between the g r id  nodes. According t o  ~ a t a n k a r ~ ~ ,  
the central-difference scheme gives accurate r e su l t s  f o r  lPe 1 < 2. 
Outside t h i s  l i m i t  the scheme is  inaccurate 1 . 

I n  the upwind scheme the value of 4 a t  an in te r face  of the  adjacent 
nodes is assumed t o  be equal t o  the  value of 4 a t  the  g r id  node 
on the upwind s ide.  

The hybrid scheme was developed by ~ ~ a l d i n c ~ ~ ~ .  This scheme is a 
combination of the central-difference and the upwind schemes. 
The significance of t he  hybrid scheme is: (i) For 1Pe 1 < 2 it i s  
ident ica l  with the central-difference,  (ii) Outside t h i s  range 
it reduces t o  the upwind scheme. 

The power-law scheme34 approximates closely the exponential (exact) 
var ia t ion of  the  property between the two g r id  nodes. According 
t o  patankar30, it is premature t o  ignore the diffusion e f f ec t s ,  
as  soon a s  the  ~ Q c l e t  number exceeds 2 ,  a s  is  the case i n  upwind 
scheme. This scheme has the following advantages: (i) it is not  
expensive t o  compute, and (ii) a t  [pel > 10 the power-law scheme 
becomes iden t i ca l  with the hybrid scheme. 

4. BOUNDARY CONDITIONS 

The usual boundary conditions a r e  the non-slip condition f o r  the 
velocity,  and the def in i t ion  of the  wall temperature o r  the  wall  
heat f lux.  However, other modifications t o  the  d i sc re t i sed  
equations a r e  necessary to  account f o r  the contribution of the  
wall t o  the  adjacent c e l l ,  f o r  example, i n  the  form of the  shear- 
s t r e s s  force.  Also, the equations f o r  turbulence energy and 
energy d iss ipa t ion  have t o  be modified, a s  the form given i n  Table 
1 is su i t ab l e  only fo r  high Reynolds number flows. I f  a wall  
thermal boundary condition is  i n  the form of a given temperature, 
then the wall  heat  f lux has t o  be calculated. Two of t he  
approaches usually adopted fo r  the  special  treatment near the  walls 
a re  the low Reynolds number models, a s  described for  example by 
Jones and Launder 36 and the wall-function method3 6 .  The 
f i r s t  approach (not adopted i n  t h i s  study) requires a very f ine  
g r id  within the wall layer ,  and this makes it unsuitable f o r  
complex geometries such a s  the  s ta i rwel l .  The second approach, 
t h a t  adopted for  t h i s  study, is based on the assumption t h a t  a 



standard wall layer  has formed a t  the  wall. The boundary-layer 
equations a r e  then used for  t he  calculat ion of various parameters 
such a s  wall  shear s t r e s s  and heat  f lux.  The d e t a i l s  of the  wall- 
function method a r e  described i n  many sources (see f o r  example 
references 16,381 and a re  not  repeated here. However, the  wall 
treatment fo r  the  thermal boundary conditions is  of pa r t i cu l a r  
importance i n  t h i s  study and is therefore mentioned here. 

For the  heater the heat f lux is known, see  Table 2. It was 
assumed t h a t  an equal amount of heat  is t ransferred t o  the  a i r  
from each of the two s ides ,  t h a t  facing i n t o  the room and t h a t  
facing the wall, see Fig.1. The heat  f lux was introduced 
d i r ec t ly  i n  the equations v ia  the  source term. For the  s t a i rwe l l  
walls, t h e  wall temperatures a re  specif ied and the heat  f lux is 
calculated from the following rela t ions:  

where 

and f is a function given by ~ a ~ a t i l l a k a ~ ~  as  : 

aT % 
f = 2 \ ) -11 I 1 + 0.28 exp 

COMPUTATIONAL DETAILS 

A g r id  of non-uniform in te rva ls  was employed, the  nature of which 
can be rea l i sed  from the vector p lo t ,  Fig. 3 .  The g r i d  s i z e  was 
56 x 37. The choice of minimum gr id  s i z e  was ra ther  r e s t r i c t ed  
due t o  the geometry of the flow domain, a s  a t  l e a s t  two g r id  
l i nes  were necessary f o r  each s t ep  of the  s t a i r s ,  and a reasonable 
number fox the upper and the lower compartments. The maximum 
gr id  s i z e  was a l so  l imited,  i f  the  computing time was t o  be kept 



t o  an acceptable level .  The f i n a l  s i z e  of 56 x 37 was chosen 
a f t e r  considerable t r i a l .  

The computing time per i t e r a t i o n  was 4 t o  5 seconds on a Pyramid 
9820 computer. This merely gives a general idea of the  computing 
time involved because the computing time, i n  general, depends on 
many factors .  The type of  computer and g r id  s i z e  a r e  obviously 
important. But it a lso  depends on how e f f i c i en t ly  the  computer 
program is  wri t ten and how the i n i t i a l  conditions a re  defined. 
Using information from previous runs f o r  the  i n i t i a l  conditions 
reduces the computing time considerably. 

The c r i t e r i o n  fo r  convergence i n  s tudies  of t h i s  type is t o  check 
the gradual reduction of the  sum of the  res idual  sources of a l l  
the cells (an exact solution would give zero res idua ls ) .  Also, 
the computed values of each var iable  should reach steady values. 
The sum of the residual sources i s  normally compared with a 
su i tab le  reference value. For example, f o r  an open system the 
sum of mass residuals is  compared with the inflow of mass i n t o  
the flow domain. I n  t h i s  study, i n  the  absence of such an obvious 
reference value, the  var ia t ion of the  sum of the  res idual  sources 
was p lo t t ed  against  the  number of i t e r a t i o n s ,  and examined. The 
r e su l t s  showed considerable f luctuat ions  a t  f i r s t ,  followed by a 
gradual s t ab i l i s a t i on  and decrease. The computation stopped when 
the sum of residual sources f o r  each equation reduced t o  a 
r e l a t i ve ly  small value. 

The i n i t i a l  conditions f o r  the variables were as  follows : 
u was set t o  0.1 m / s  a t  t he  extreme end of the  lower compartment 
(AC i n  Fig.  1). The u ve loc i t ies  i n  other  locations were computed 

0 from the  continuity equation. Temperature was s e t  t o  20 C. v and 
p were s e t  t o  zero. The turbulence energy and energy d iss ipa t ion  
r a t e  were obtained from 

where 2 i s  the height of the s ta i rwel l .  

6. RESULTS AND DISCUSSION 

The s t a i rwe l l  model we have examined here is a simple configura- 
t i on  compared with the various designs used i n  buildings. Our 
experimental work on a half-scale s t a i rwe l l  model14, showed t h a t  
the flow was three-dimensional and unsteady. There were a number 
of separation and recirculat ion zones. What is more, the r e l a t i v e  



importance of viscosi ty  var ies  dramatically through the f i e l d ,  
being very large i n  corners and near t he  s teps ,  and r e l a t i ve ly  
small i n  the  body of the  flow. An addi t ional  d i f f i c u l t y  i n  model- 
l i ng  of t he  flow is the grea t  var ie ty  of heat  t r ans fe r  processes 
which must be described i n  adequately r e a l i s t i c  fashion. There is 
heat t r ans fe r  from every surface and the nature of the  flow changes 
profoundly around the boundaries of the  f i e l d .  

The two-dimensional approach we have adopted here can, therefore,  
serve t o  give only a general pic ture  of t he  actual  flow. A three- 
dimensional approach should provide a b e t t e r  solution.  However, 
any model is based on a set of assumptions which may be violated 
i n  one way o r  another i n  these wide-ranging conditions. The flow 
pa t te rn  predicted is shown i n  Fig.3. This shows close agreement 
with t h e  pa t te rn  established by the  authors ' experimental work1' , 
a s  shown i n  Fig.4. The main features  of the  flow a r e  the  r i s ing  
column of  warm a i r  along the heated walls of the  heater ,  followed 
by a near ly  p a r a l l e l  flow along the ce i l i ng  of the  lower compart- 
ment. A s  the a i r  flows i n t o  the upper compartment, p a r t  of it 
forms a recirculat ion zone and the other  p a r t  moves towards the 
ce i l ing  and, a f t e r  a c i rcu la t ion  i n  the  upper compartment, flows 
down along the s teps  t o  t he  lower p a r t  of t he  heater.  

The predicted velocity p ro f i l e s  a t  the  th roa t  area,  using two 
d iscre t i sa t ion  schemes, a r e  shown i n  Fig.5. The experimental 
values a r e  a l so  included. This f igure  shows t h a t  the  veloci ty  
values a t  the th roa t  area  are  underpredicted i n  the  upper region of 
the  upflow, and in the.downflow. However, i n  comparing the  two, 
one should bear i n  mind t h a t  the  experimental r e s u l t s  are obtained 
i n  three-dimensional flow. The difference may a l so  be a t t r ibu ted ,  
apart  from the inadequency of the  mathematical model, t o  the  
experimental e r ror  inherent i n  the  data. Also it should be noted 
t h a t  t h e  measurements of the  wall  temperatures showed t h a t  they 
varied along each wall, while average values were adopted i n  t h i s  
study. This approach was chosen because a s ingle  average value is 
probably what is available t o  a designer. 

The same argument is va l id  when comparing the  temperatures. The 
range of tem eratures  i n  the  th roa t  area  obtained by computation g was 62 t o  76 C. This was high compared with the  measured values, 
which were i n  the range of 34 t o  48O~. I n  the experimental r i g  
heat losses  took place from the s ides  of the  s ta i rwel l .  This was 
obviously absent i n  the two-dimensional model. The over-prediction 
of the  temperature may a l so  be re la ted  t o  t he  turbulence model, a s  
similar overpsediction has been reported by Alamdari e t  a l l 8 .  They 
suggested t h a t  a factor  might be introduced i n t o  the diss ipat ion 
term of t he  turbulence energy equation t o  reduce the  r a t e  of 
d i ss ipa t ion  of turbulence energy near the  w a l l s .  

An examination of the experimental r e s u l t s  f o r  heat  losses  from the  
walls showed t h a t  about two-thirds of the  heat l o s s  took place 



through the upper compartment. This is in close agreement with 
our prediction. 

We have presented the results shown in Fig. 5 using two different 
discretization schemes, namely, the power law and the hybrid 
schemes. The former should lead to more accurate results in the 
expense of more computer time. The results shown in Fig.5 
indicate that the difference between the two predicted results is 
not appreciable. 

We have also used the central-difference scheme. However this 
did not lead to a converged solution. The choice of discretisa- 
tion scheme is closely related to the range of cell P6clet 
numbers. They were in the range of -20 to 20 in the lower 
compartment, and -10 to 10 in the upper compartment. Higher values 
were obtained near the heater and close to the walls, and much 
smaller values in the central regions of the recirculation zones. 
The range of PQclet numbers indicates the reason for failure of 
the central-difference scheme. 

6.1. The Case of an "Open Stairwell" 

Work is underway on a so-called "open stairwell". This situation 
may arise when air enters the stairwell, for example, through 
cracks. To simulate this case experimentally, two openings 
(lomm wide) were introduced, one in the lower and one in the upper 
compartment as shown in Fig. 6. The experiments conducted so far 
indicate that air is pulled through the opening A, due to the 
temperature difference between inside and outside of the stairwell, 
flows a short distance along the floor and then rises along the 
heater walls. The same amount of air obviously leaves the stair- 
well from the opening B. The general flow pattern in the stair- 
well was similar to that shown in Fig.4. Prediction of the flow 
is also progressing. A uniform velocity of 0.9 m/s was introduced 
at the opening A. The results indicate that the jet penetrates 
farther along the floor than is observed experimentally, 
apparently due to slow mixing of the jet. This behaviour needs 
further investigation and the results will be reported elsewhere. 

7. CONCLUSIONS 

The two-dimensional model, based on the k-E model of turbulence, 
appears to be adequate in obtaining some basic information on the 
flow characteristics in the stairwell. The predicted flow pattern 
was in good agreement with the pattern established by experiment 
on a half-scale stairwell model rig. The predicted velocities 
were reasonable. The proportion of the heat loss from the upper 
compartment was also in good agreement with the experiment. 
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u-momentum 

v-momentum 

- 
Gk - C D p E  + p g B v r T r  

 he empirical constants have been adopted from Launder and Spalding 
and take the following values : 

C,, = 1.0, C1 = 1.44, C2 = 1.92, 

TABLE 1. The d i f f e r e n t i a l  equations of the  mathematical model . 



TABLE 2.  T h e r m a l  Bounda ry  C o n d i t i o n s  

WALL 

T e m p e r a t u r e  
0 

C 

H e a t  F l u x  f r o m  the t w o  w a l l s  of the h e a t e r  = 1600 W/m 2 

AB 

60 

CD 

40 

BC 

40 

DE 

2 8  

EF 

30 

FG 

27 

GH 

27  

HI 

2 7 

IJ 

30 

J A  

4 0  



Figure 1. Stairwell  model geometry. DD' indicates the throat  
area. (Dimensions are i n  mm) . 

,Scalar cell 

X - 
Figure 2. Control volumes of staggered-grid system. 



Figure 3. Predicted vector plot of the flow field. 

Figure 4. A two-dimensional view of the flow pattern in 
the stairwell. 



Figure 5. Predicted (2D) and measured (3D) p ro f i l e s  of t he  
component of veloci ty  (Perpendicular t o  DD')  a t  the 
th roa t  area. 
0 - experiment 0 - prediction (hybrid scheme) 

0 - prediction (power-law scheme). 

Figure 6. Schematic diagram of the  open s ta i rwel l .  
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SYNOPSIS 

The specific value of different flows resulting from air 
exchanges between rooms or with the outside is not always 
important. An extensive model is not suitable when only 
estimations or tendencies have to be drawn (very time consuming). 

So we developed a simplified infiltration model for 
predicting airflows in single rooms and between different zones 
of a building. We integrated this model into a building transient 
thermal simulation program set up to a micro-computer system. 

So as to obtain this model, we used simplified 
assumptions. We planned those simplifications into two 
directions : 
- separate study of the actions induced by wind and stack effect, 
- sepatate study of mass and heat transfers. 

In this way, our approach consists in searching for a 
satisfying compromise between an appreciable saving of time and 
consistent results. 

The model is devised as follows : 
- a transitional step where the ingoing airflows are calculated 
once for all under the successive agency of wind and stack 
effect. this step leads to the storage of the different flows 
into matrices reflecting both effects. 
- a connecting step where airflows resulting from wind and stack 
effect are combined. 

LIST OF fmlums 

= Physical open area, m2 
= Airflow coefficient, m8/s at 1 Pa 
= Pressure coefficient 
= Acceleration of gravity, 9.81 m/se 
= Leakage coefficient, ms/s.ma at 1 Pa 
= Reference pressure, Pa 
= Average dynamic pressure, Pa 
= Net mass flow rate from an exhaust system, Kg/s 
= Me& mass flow rate through opening j, Kg/s 
= Mean volume flow rate through opening j, ma/s 
= Average wind speed, m/s 
= Average meteorological wind speed, m/s 
= Height of calculated point, m 
= Mean pressure difference across opening j, Pa 
= Time step, s 
= Flow exponent 
= Air density, Kg/ma 



Nowadays, due to a better insulation of buildings, 
ventilation takes a great part in energy consumption1. 

However, we should not retain only energetic aspect. 
Whether ventilation is intentional (mechanical ventilation) or 
unintentional (infiltration) it has repercussion both on hygienic 
conditions (contaminant migration) and on risks of damaging the 
building (water vapor condensation). 

It is necessary that we should provide the estimation of 
these ventilation rates taking into account a lack of clear 
information on some data (pressure coefficient, air 
permeability,. . . ) .  

F'RINCImjES OF VENTILATION 

Infiltrations through the building envelope are driven 
by a pressure difference across the shell. 

The two motive forces primaly responsible for this 
pressure difference are : 
- wind through its velocity and direction produces higher -than- 
ambient pressures on the windward faces and lower pressures on 
the others, 
- stack effect caused by the temperature difference between 
indoor and outdoor air. 

Under this pressure drop, an airflow across the 
unintentional openings of the shell takes place.This airflow may 
either be a comer or a goer.It is unintentional because it 
depends only on weather conditions. The renewal of air, which 
is due to volontary ventilation, is added in algebraic value to 
this crossing flow. 

Now, we will study the action of these two motive 
forces . 

Wind effect 

Wind generates over all obstacles a pressure field which 
fluctuates in time . 

The sudden pressure in a given point can be expressed by 
the relation : 

P (z,t) = E ( z )  + P'v(z,t) (1) - 
where Pl (2) denotes the average pressure during AT and Ptv(z, t) , 
the sudden fluctuation . 
However, during our calculation of air infiltration, only the 
notion of average pressure is kept (AT=3600 s) . 



- 
The average dynamic pressure PV over a building is 

linked to the mean wind velocity at a reference point by the 
relation 

The average wind speed on a specific location is linked 
to the wind speed measured at the nearest meteorological station 
by a logarithmic relation2 : 

where k,zo(m) are constants which depend on surface roughness . 
They have been assessed for different terrain classes (Table 1) . 

Table 1 : Terrain parameters 

z o 

k 

Pressure coefficients vary according to different parameters : 
- shape and size of the building, 
- exposure of the building, 
- kind and direction of the wind . 

These pressure coefficients are determined by testing a 
scale model of the building in a boundary layer wind tunnel. 

An experimental study by J. GAM)EhEEts led to the setting 
up of a detailed mapping of pressure coefficients for each 
facade. This study has been made for each parameters combination 
before-mentioned ( figure 1 ) 

Figure 1 : Mapping of pressure coefficients according 
to 3 .  GANDEMEB for a tall building . 

TERRAIN PAEMElEW FOR STANDARD TERRAIN CLASSES 

Center 
of large 

city 

2.5 

0.292 

Ocean or 
other body 
of water 

0.005 

0.166 

Flat terrain 
with isolated 
obstacles 

0.07 

0.202 

Rural 
area 

0.3 

0.234 

Urban, 
industrial 

area 

1 

0.266 



In this way, these results (pressure coefficients) are 
difficult to exploit. Moreover, an assumption was made which 
consists of defining, for each facade, a meen pressure 
coefficient. Thus, we have established4 nine configurations of 
pressure coefficients corresponding to three kinds of building- 
single-family house, small building and high-rise building), two 
kinds of wind according to terrain roughness (open country 
terrain and suburban terrain) and with or without neighbour 
surroundings. Table 2 shows the discrete values of pressure 
coefficients according to the angle of incidence of wind for a 
tall building. 

Table 2 : Pressure coefficient versus angle of incidence 
of wind ( * ) ; (F=Facade , R = b f  ) 

From pressure coefficient values obtained each 30 
degrees, that is twelve values by symnetry, the interpolation 
according to the angle of incidence of wind on the facade is 
realized by using a FOURIER'S series6 limited to the 6th rank. 

Tall Building 

Country terrain 
without 

surroundings 

Country terrain 
with 

surroundings 

Suburban 
with 

surroundings 

Stack effect 

90 

-0.8 

-0.9 

-.035 

-0.3 

-0.4 

-0.5 

Temperature difference between inside and outside or 
between two rooms causes air density variations. These variations 
produce in their turn pressure differences and hence either 
infiltration or exfiltration across the shell (figure 2). 

a 

F 

R 

F 

R 

F 

R 

Stack effect pressure, calculated at a height z ,  between 
zones (i) and (m) is written as follows : 

120 

-0.6 

- 0.6 

-0.3 

-0.25 

-0.4 

-0.4 

Pi(z) - Pm(z) = Pri - Prm - ( p i  -,Om). g . z (4) 

0 

0.6 

-0.9 

0.2 

-0.35 

0.25 

-0.5 

150 

-0.5 

-0.6 

-0.25 

-0.3 

-0.35 

-0.4 

30 

0.6 

-0.6 

0.1 

-0.3 

0.1 

-0.4 

180 

-0.4 

-0.9 

-0.2 

-0.35 

-0.3 

-0.5 

60 

-0.05 

-0.6 

-0.2 

-0.35 

-0.2 

-0.4 



ZONE ( i  ) ZONE (m) 

Pm(zf 

Figure 2 : Definition of differ *ent pressures. 

2.3. Coonbined effects of wind and temmrature difference 

The effects of wind and temperature difference usually 
act simultaneously to induce unintentional air infiltrations 
inside a building. 

The combined action of these two motive forces is not 
simple because on the one hand, it depends on the building and on 
the other, on meteorological conditions of the site. 

It is the study of this action which defines the main 
calculation procedures of airflow. 

From equations (2) , (3) and (4) , the pressure difference 
calculated at a height z, between zones (i) and (m), under the 
simultaneous action of wind and stack effect is as : 

with : 

Pri = 0 if room (i) is outside (Patm = 0 Pa). 
C, = 0 if room (i) is inside. 

2.4. Flow eauation 

This equation characterizes the relationship between 
mean flow rate through openings and mean pressure difference 
acting on these openings. 



To all kinds of openings, the relationship can be 
expressed as : - 

Qvj = c j . ( n j ) p ~  (6) 

The flow exponent value depends on the character of 
airflow and hence on the kind of openings. For rough and narrow 
openings, the airflow is laminar whereas, for larger openings it 
becomes turbulent. This means that for low pressure differences, 
pj tends towards 1 whereas, for more important pressure 
differences fij tends towards 0.5 . 

Many authorse have suggested on intermidiary value, 
fij = 0.67 to characterize the typical pressure difference implied 
in dwelling houses (from 0 to 10 Pa). 

Two forms of flow equation are generally used to 
describe the airflow. 

* For intentional openings (air vents, ventilation 
grilles, . . . ) we can write : 

- 

The discharge coefficient Ca is a function of the 
Reynolds number and the ratio of the openings size to the entire 
surface. But in our calculations, Ca is assumed to be equal to 
0.6. 

* For unintentional openings (cracks, crevices, 
background leakage areas, ... ) the equation is : 

This equation is normally applied to every leakage 
component. But the location of the background leakage (leakage 
between the sill plate and the fundation, frame-wall leakage, 
electrical outlets, plumbing penetrations, ...) is rather 
difficult to obtain for an existing building and impossible to 
predict during the design process. Therefore, we assume that the 
leakages are uniformly distributed on each facade of the 
building. With this assumption a single crack permeability 
coefficient will characterize the leakage of each facade. So, the 
solution of equation ( 8 )  is easier to obtain than before by 
reducing $he amount of complex computer programming and by 
removing the input of the exact location of the observable 
cracks. 

Two methods may be used to know the crack permeability 
coefficient of each facade : 

by measuring air permeability of the shell. To determine this 
brmeabili ty , one of the methods is the fan-pressurization7 . the 
average air leakage through each facade is obtained by dividing 
air permeability in proportion to the surface of the facade. 
- by adding all individual components belonging to the facade. In 
design process, we will use the second method. 



The specific value of different flows resulting from air 
exchanges between rooms or with the outside is not always 
important. An extensive model is not suitable when only 
estimations or tendencies have to be drawn (very time consuming). 

So we developed a simplified infiltration model for 
predicting airflows in single rooms and between different zones 
of a building. We integrated this model into a building transient 
thermal simulation program set up to a micro-computer system'. 

So as to obtain this model, we used simplified 
assumptions. We planned those simplifications into two 
directions: 
separate study of the actions induced by wind and stack effect, 

- sepatate study of mass and heat transfers. 
In this way, our approach consists in searching for a 

satisfying compromise between an appreciable saving of time and 
consistent results. 

The model is devised as follows : 
- a transitional step where the ingoing airflows are calculated 
once for all under the successive agency of wind and stack 
effect. this step leads to the storage of the different flows 
into matrices reflecting both effects. 
- a connecting step where airflows resulting from wind and stack 
effect are combined. 

We will use a standardized description forme based on 
GER ALMEXH's work to outline this model. 

Now, we will study both phases. 

3.1. Transitional step 

This step depends only on characteristics of the 
building: and weather conditions. The computation time is mainly a 
function to the number of zones. 

3.1.1. Airflows driven wind effect 

The ingoing airflows through each zone are back- 
calculated for both inputs : wind speed and its direction. Other 
inputs (inside and outside air temperatures) are assumed to be 
constant during the studied period. 



Nomenclature 

Inputs I: 
Outputs 

Parameters 

: Wind speed, m/s 
: Direction of wind/south, 

Qev, ~ ( i ) : Net mass flow from the 
outside towards the inside of 
zone(i) ,Kg/s. 

Qi“vt~(itm) : Net mass flow from zone (m) 
towards zone (i ) , Kg/s. 

Textm : Mean outside temperature 
during the studied period, "C 

: Air temperatures vector. 

We limited the set of outside climatic values in order 
not to obtain oversized matrices : 
- wind speed varies from 0 to 10 m/s with 1 m/s step. 
- wind direction varies from 0 to 340" with 20" step. 

This restriction is in agreement with meteorological 
values provided by climatic files. 

The calculation method of airflows driven only by wind 
is swnmed up in table 3. 

3.1.2. Airflows driven by stack effect 

The ingoing airflows through each zone are back- 
calculated according to a single input variation : outside air 
temperature. The other inputs (inside air temperatures) are 
assumed to be constant during the studied period. 



Nomenclature 

Input T, : Outside air temperature, OC 

Outputs Q ~ T =  (i) : Net mass flow from the 
outside towards zone(i), Kg/s 

Qis~e(i,m) : Net mass flow from zone (m) 
towards zone (i), Kg/s. 

Parameters : Air temperatures vector 

The outside air temperatures variation are obtained from 
mean outside air temperature during the studied period : Text-. 
(Text n - 7) 5 T c  I (Tcr t=  + 7 )  which means 15 different values 
for Tc . 

The calculation method of airflow driven only by stack 
effect is summed up in table 3. 

3.2. Connectirm step 

In our simplified method, we have separated wind and 
stack effects in order to study separately their actions on a 
building. Now, we have to combine these two effects. 

R. CADIE3RGUE;S10 as shown that the combined effects of 
wind and temperature difference is usually between : 
- the effect which corresponds only to the predominant force, 
- the effect which corresponds to the adding of the two motive 
forces. 



ASHRAEll suggests the following correlation : 

where : 

QeT(i) = Net mass flow from the outside towards zone (i) 
under the combined action of wind and stack effects, 
Kg/s. 

with : 
Q ~ ~ s x  = bfAx (Q*v,D(~), QeTe(i)) 

&,, = MIN (Q~V,D(~), QQTc(i)) 

We preferred to use a simplified relation : 

Table 3 : Simplified method of calculation of air 
infiltration in buildings. 

WIND 
V r n I ' l Y  

mtESSURE 
DI-CE 

FLOW 
EQUATION 

MASS BALANCE 
EQUATION FOR 

EACH ZONE 

SOLUTION OF 
THE FKN 
EQUATION 

L 

WIND EEFECT 

- Z' - 
V ( z )  = k.Log,. (-1 .V.r t 

z 0 

- 1 - 
2 

A P  = Prc - Prr t -- P i , C p . V a ( ~ )  

with : 
Prt = 0 i f  room (i) is outside 
C p  = 0 i f  room ( i )  is inside. 
- 
QVj C J . ( A P J ) ~ J  

E  GJ - Qera = 0 
J 

STACK EFFECT 

/ .  

07 = P P ~  - PI.- - ( P I  - P - ) ~ . z  

- 
8vJ = C ~ . ( ~ J ) P J  

E G J  = O  
J 

Standard Newton' method generalized to a system of 
non-linear algebraic equations. 



We have compared numerical results obtained from our 
simplified model with an experimental study undertaken in 
residential suburb of Ottawa, Camxh, by the Division of Building 
Research (D.B.R. ) .  

This energy research project, called WWI XI, was first 
conducted on the instrumentationla, then on the measure of 
airtightnessAa in four detached two-storey houses. 

In particular, we are interested in the standard 
construction which architectural design is shown in figure 3. 

SECTION A-A FRONT ELEVATION 

Figure 3 : Architectural design of the standard house. 

37 air infiltration measures were made during 1978-1979 
heating season1*. Air infiltration rates were measured using the 
tracer-gas decay methodx6, with O O a  as the tracer-gas. This 
involves introducing a small amount of O O a  into the house end 
measuring the decay of its concentration with time, using an 
infrared gas analyser. Whereas, air permeability was measured for 
different pressure drops across the envelope, using the fan- 
pressurization method. We have estimated air permeability of 
standard house (normalized by the building volume) at K...=.234 
ms/h.ma at 1Pa 

Table 4 sums up a part of experimental tests. It 
describes climatic conditions under which these measures were 
made. Either the results are numerical or experimental, they are 
set out as air infiltration rates. 



Table 4 : Experimental conditions and obtained results. 

We plotted on a graph (figure 4) , measured infiltration 
points on x-axis and calculated infiltration points on y-axis. 
The solid line is the locus of points that represent perfect 
agreement; the dashed lines define an area of acceptable 
agreement based on the measurement incertainties (+ 25%). 

MEASURED 
VALUES 

(m3/h.m5) 

.219 

.264 
-274 
.415 
.I68 
.301 
,210 
.222 
.271 
.267 
.255 
.265 
.303 
.292 
.I55 
.316 
.270 
.256 
-214 
.281 
.260 
.236 

TESr 

N O  

- 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 

C-TED 
VALUES 

(ma/h.mJ) 

.225 

.258 

.234 

.355 

.208 

.256 

.241 

.345 

.262 

.286 

.262 

.240 

.274 

.293 

.300 

.309 

.228 

WIND 
VEUXIlY 

(m/s 

4.83 
1.65 
3.93 
10.55 
2.19 
6.12 
4.43 
9.61 
5.63 
4.69 
5.68 
5.23 
6.00 
6.30 
1.07 
7.38 
6.48 
5.95 
8.05 
7.64 
8.00 
1.43 

WIND 
DIRM=TION 

N 
N 

NW 
NW 
W 
W 
W 
W 
W 
W 
W 
W 
W 
W 
W 
S 
S 

SW 
E 
E 
E 
E 

AIR TRdPERATURE 
Inside Outside 

("(2) 

22.4 
20.4 
20.7 
22 
20.2 
23.4 
21.8 
21 
22.6 
22.5 
19.8 
22.6 
23.1 
21.3 
21.4 
22 
22.4 
20.0 
22.2 
22.4 
22.0 
21.0 

("(3 

4 
-12.7 
-2.6 
-10.6 

.5 
-3.4 
-4.4 
-4.7 
-5.5 
-7.4 
-9.3 
-9.6 
-10.6 
-12.2 
3.9 
.2 

3.7 
-9.0 
3.8 
-1.0 
-4.7 
-5.6 



We note a good agreement between experimental and 
predicted results. The points which are further off the solid 
line correspond to high level velocity of wind (test no 4, 8, 
16). Two kinds of interpretation, which are not inconsistent, may 
explain these differencies. 

air infiltration measures by using a tracer-gas decay method 
depend on climatic conditions. With a strong wind (2  7 m/s) , 
these measures may be erroneous. 

- we assumed that only an average pressure coefficient on each 
facade may characterize the wind impigement on a building. This 
assumption is not valid when the dynamic pressure becomes 
predominant in the infiltration process. 

This comparison could not be taken as a validation for 
our model since it is applied to a particular kind of dwelling 
house. It may be interesting that other cases may be studied 
especially air exchanges between rooms. Unfortunately, we do not 
know if any experimentation of this kind was made before. 

We studied a simplified model which treats air mass 
transfers in a partitioned building. 

This model was made to analyze the tendencies in a aided 
architectural design context. So, we privileged the quickness of 
computation running instead of a wide investigation scope. 

This study must be balanced by noting that, even if 
physical principles and general laws which induce ventilation 
phenomena are known, it exists a great incertitude concerning 
different data (pressure coefficients, air permeability , ...) 

This work was supported by "1'Agence Fran~aise pour la 
Maitrise de 1'EnergieW under contract No : 6.04.0025. 
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1 .  INTRODUCTION 

This text contains comments to the poster presented at the 9th AlVC Conference in 
Gent, Belgium. The project under consideration in the poster (Climatological Data 
Transfer) is one of the numerous research fields of the Swiss ERL program 
(Energierelevante LuftstrCjrnungen in Gebaude - Energy Relevant Air Flow in 
Buildings). 

OBJECTIVES OF THE ERL PROGRAM 

The ERL program is subdivided into three fields of research, namely: 

A: Analysis and modelling of air flow within buildings considered as closed 
entities 

8: Analysis and modelling of air flow taking place between 
various buildings, partially open to the exterior environ- 
ment 

C: Optimisation of ventilation and air-conditioning systems. 

The objectives of these three fields of research are interlinked, the final goal of 
the ERL program being theme C. The climatological data transfer project is 
included under theme heading B. 

LASEN N53I. 110 



3. OBJECTIVES OF THE CLIMATOLOGICAL DATA TRANSFER PROJECT 

The main goal of this study is to set up a methodology and a modelling system 
capable to determining the climatic exposure of buildings situated in a particular 
location of Switzerland, on the basis of corrected data obtained from the automatic 
meteorological station network "ANETZn. The envisaged modelling system should 
be accessible to engineers so that they may know the magnitudes of climatological 
data which can influence air conditioning and ventilation systems. 

T= TEMPERATURE CLIMATE- 
EXPOSURE KTE0R-L 

4 .  SPECIFlClTY OF RESEARCH IN THIS FIELD 

Much work has been undertaken in the field of meteorological data analysis, and 
several authors have studied wind effects on constructions. Such work has 
generally contributed to the elaboration of various national standards concerning 
wind loads on buildings. These studies are generally related to strong or extreme 
wind conditions. 

To our knowledge, however, no work has been carried out on light to moderate 
winds in complex terrain. This is consequently the principal objective of the 
present study. 



5 .  ORGANISATION OF THE CLIMATOLOGICAL DATA TRANSFER PROJECT 

The authors of the present project plan to use data supplied by the automatic 
meteorological station network ANETZ, which was set up and is administered by 
the Swiss Meteorological Institute. 

However, it has been observed that certain parameters, in particular wind 
velocity and direction, are perturbed by the proximity of other instruments, the 
presence of obstacles (trees, buildings), and the complexity of Swiss topography. 

Consequently, the first phase of the project consisted in visiting each station in 
the ANETZ network in order to draw up an inventory of potential problems. The 
second phase, currently being carried out, aims to establish corrections to the 
perturbed data mentioned above, while at the same time investigating the 
representativity of the ANETZ network. The following phases of the project will 
begin once these preliminary studies have been concluded. 

REPRESE NTATIVI TY 

b QUANTITATIVE 
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6 .  ANALYSIS OF THE ANETZ NETWORK 

I Automatisches Stationsnetz SMA (ANETZ) I 

Stations1 i s t t  

1 LaOble 19 
2 Payerne 20 
3 Jungf raujoch 21 
4 Uynau 22 
5 Sb'ntis 23 
6 Vaduz 24 

7 Aig le  25 
8 CklCson 26 
9 Frhy 27 

10 Ckntana 28 
11 Zermatt 
12 Chrsserrl 

?9 
30 

13 P i l r t u s  31 
14 Al tdor f  32 
15 Ulrichen 33 
16 P io t ta  34 
17 Lugano 35 
18 Surcdm-St. lbr l tz 36 

Chur-Ems 37 
Napf 38 
Si on 39 
Locarno-Hagadino 40 
Neuchltel 41 
Stabio 42 

In ter1 rken 43 
D i  sent i s 44 
Hlnterrheln 45 
Drvos 46 
St.[irllen 47 
Glrrus 48 

6tnCvt-Cot n t r i n  49 
ZUrlch-Kloten 50 
6Utsch 51 
Pu l l y  52 
Grmd St.Bernrrd 53 
M e  1 boden 54 

visp 
L r  Chaux-de-Fonds 
Runenberg 
Buchs-Suhr 
Luzern 
Enge 1 berg 

khr f fhrusen 
Zurich fE(A 
Sm Bernvdino 
Uti ssf luhjoch 
Corvatsch 
Brsel-8lnningen 

Robbia 
k u o l  
Chrngins 
L r  FrLt rz  
Bern-Liebefeld 
Wtt lngen 

55 n asgen 
56 YEdenswil 
57 Tllnikon 
58 Reckenholz 
59 Locarno-Cbnti 
60 D Beznau 

61 0 Wihleberg 
62 Ciaetta 

64 0 Leibstadt 

a KKW-Station 
(speziel les 
Ntssprogrram) 



The 64 existing meteorological stations have been analyzed. This work comprises 
three aspects: 

On the spot, the following parameters have been noted: 

- Estimation of the time evolution of the environment in the vicinity of the 
station 

- Simplified topographic profiles 

- Pesence of nearby obstacles 

- Complexity of local orography 

- Principal morphological features 

- Surface characteristics and vegetation 

- Sources of wind 

- Localisation of the instruments 

- Interactions between wind-measuring equipment 

- Orientation of wind-measuring instruments 

- Estimation of the probable behavior of wind-measuring instruments. 

At each station, a 360" panoramic view was taken in the vicinity of the 
instrumented mast, with a 50 mm focal lens. More general views of the station 
were taken at various locations, and the instruments were photographed in detail. 
These documents will enable updating of information on each station, and yield 
precise indications required for wind-tunnel tests (see paragraph 9). 

c. Summary of obsewat~ons 

In order to optimize wind-tunnel tests (see sub-heading 9), three types of 
classification have been established according to the scale of the problem 
considered. Information gathered during this research form also the basis of the 
methodology necessary for the correction of ANETZ meteorological data. 



7 .  INVENTORY OF PROBLEMS 

The ANETZ meteorological network is a somewhat complex ensemble and the risk 
of errors is consequently high. It should be noted, nonetheless, that the network 
functions remarkably well, and for example breakdowns in data transmission are 
extremely rare. 

The following list gives an idea of the chief potential sources of data error, 
although at this time it is not possible to estimate the real importance of such 
errors: 

a. n of the statrcms 

This is chieftly related to the complex orography characteristic of Switzerland, 
as well as to the presence of natural (trees ...) or man-made (buildings ...) 
obstacles. 

The ANETZ stations are not always equipped with identical instruments, due to 
the constant upgrading of material and the diversity of climatic conditions. This 
poses problems as to the uniformity of transmitted data; such data requires 
correction in order to enable intercomparisons. 

Numerous breakdowns can occur, such as the breakdown in communications, 
fortunately very rare, or more subtle problems such as the slow drift of 
information registered by a particular instrument. 

*First ANETZ records date back to 1978. It is, however, inadvisable to work with 
such data prior to the end of the year 1980. 

It is often possible that instruments are not cleaned after rain or the sprinkling 
of fertilizer used for fields neighboring a particular station. 

f. m r n a l  p e r t u b & w  

Several external sources of wind can disturb wind measurements at an ANETZ 
station: Flyover by a helicopter, presence of a nearby road, etc. Damage due to 
animals is also a particularly disturbing factor for anemometric readings. 

A lightning rod, mast, or light marker (such as at an airport) located near an 
anemometer may significantly influence its behavior. 



Due to the fact that it is impossible to take into account all these problems 
simultaneously, the following hypotheses have been put forth: 

- The equipment is technically reliable 
- They are satisfactorily maintained 
- The data is free of technically-induced perturbations. 

Only the problems linked to disturbances in anemometer and wind-vane 
measurements are taken into account. These can be indentified on three different 
scales: 

- General orography, with for example the presence of a mountain summit 
within a few kilometers radius 

- Local features, such as the wake produced by obstacles within a radius of a 
few hundred meters 

- Interactions between measurement equipment. 

8 .  STATION TYPOLOGY 

In order to apply a correction to data influenced by the above mentioned factors, 
individual stations have been grouped together according to three types. 
Correction factors will be determined by wind-tunnel tests. 

8.1 Classification according to anemometer type 

a) Schiltknecht type: 35 stations 
b )  Lambrecht type: 19 stations 
c )  SIAP type: 10 stations 

This classification has been further refined by taking into account other features 
in the neighborhood of anemometers, such as antennas or light markers. 

8 . 2  Classification according to nearby obstacles 

It is envisaged to summarize information relative to obstacles in order to 
establish a "Standard obstacle type" to be tested in a wind-tunnel. The model 
obstacle should then need only minor modifications in order to reproduce the 
environments around each station. 

8 .3  Classification according to topography 

The local topography of each station has been classified according to simple 
geometric forms such as those shown in the following figure. 



Station situated on 

a regular slope 

Sation dtwted on 

a mountains 

Station situated in 

a vaNey bottom 

Station situated on 

Topography too 
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9 .  CORRECTIONS AND REPRESENTATIVITY 

The methodology established for ANETZ data correction may also be used to 
identify the representativity of each station, that is to say the area of validity of 
the measurements. 

9 . 1  Correction strategy 

The following figure summarizes schematically typical orography of Switzerland, 
and ANETZ stations located on flat ground, on a slope, or on a mountain summit. 



PlAlN 

RELATION BETWEEN SYNOPTIC WIND 
FIGURE 6 AND ANETZ STATION 
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( 1 ) Synoptic wind 
( 2 ) High-altitude mountain station 
( 3 ) Station based on a slope 
( 4 ) Station located on flat ground (plain). 

Domain of application of the MESOCONV meteorological 
models 

Domain of application of power and logarithmic wind 
profile laws. 

It is planned to set up a relation between the synoptic wind and that obsewed at 
the surface in order to compare data measured by the ANETZ network and 
extrapolate the measurements to any point in Switzerland. 

The method which is envisaged is briefly described below. The relation between 
the synoptic wind and summit or high-altitude stations will be established by 
wind-tunnel tests (scale 1:5000) for the twelve stations in this category 
(Relation 1-2 as shown in Fig. 6). 



The link between the upper-level station and slope stations down to about 20 m 
above a flat surface will be achieved through numerical simulations with a meso- 
meteorological model (MESOCONV). (Relation 2-3 in Fig. 6) 

Power or logarithmic wind-profile laws will enable the link to be made between 
slope stations and stations located on a plain (relation 3-4). 

In this manner, it will be possible to obtain wind relationships between the 
surface and the synoptic wind. 

9 . 2  Topographic corrections 

The aim here is to apply corrections to data perturbed by orography within a 3-5 
km radius around the station. The twelve high-altitude stations will be modeled at 
a I :SO00 scale. 

The scale models, mounted on a circular base with a 2 m radius, will be placed on 
a turntable and experimented upon in a wind-tunnel. The synoptic wind will be 
reproduced by the wind-tunnel fans. The model will be equipped with a wind- 
vane and a hot-wire anemometer. For each degree of rotation, wind speed and 
direction will be measured. This will yield a correction matrix containing 720 
values. 

As previously mentioned, twelve scale models have been chosen which should 
enable global corrections on this scale for Switzerland. 

FIGURE 7 
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9.3  Correction taking into account obstacles 

Only those obstacles present within a radius of 300-500 rn around the station 
will be considered. A complete inventory of these features has been drawn up. The 
configurations of each station will be regrouped into a number of classes, in 
order to organize the wind-tunnel tests in a rational manner. 

A standard model will be constructed, and it will be sufficient to displace certain 
parts of this scale model in order to reproduce in the wind-tunnel the 
environment of each station. The wind-tunnel will be used to simulate airflow at 
10 rn above the ground. The model will rotate degree by degree, yielding a new 
720-value matrix (velocity and direction over 360°). 

9 . 4  Correction for wake effects of instruments 

The third and last type of correction concerns the anemometers and wind-vanes 
themselves. These instruments are often surrounded by objects of various forms 
which generate turbulence, such as antennas, light markers in the vicinity of 
airports, masts, pylons, or other instruments located nearby for inter- 
comparison purposes. These latter objects are generally placed between 3 and 5 
m from the ANETZ wind instruments. As mentioned previously, a 720-point 
correction matrix will be established for each wind-tunnel experiment. Because 
of the similarity of configuration of a number of ANETZ stations, only about 15 
wind-tunnel simulations are needed to test the 64 ANETZ stations. 

9 . 5  Global corrections 

Non-corrected data supplied by ANETZ stations will be transformed with two 
correction matrices, thereby yielding the corrected data sets. Only the twelve 
high-altitude measuring stations will be modified by the two correction matrices. 

9 . 6  Extrapolation from summits to plain and station 
representativity 

The mesoscale meteorological model MESOCONV enables simulations of wind flow 
in complex terrain to be made. With this numerical model, a ventilation map of 
Switzerland will be drawn up, taking into account vertical and horizontal wind 
variations. Studies undertaken with this model should enable the solution of 
representativity of the ANETZ network (see paragraph 5) quantitatively. The 
vertical resolution of the model extends from the surface to a height which ranges 
from 5000 to 10000 m. 

9.7  Link between MESOCONV and the surface 

Between the surface and the first MESOCONV model level, wind data at 10 rn 
height can be obtained by applying power law or logarithmic profile 
relationships, interpolated from data supplied by the numerical model. 



1 0 .  REPRESENTATIVITY OF THE ANETZ NETWORK 

As mentioned above, the area of validity of the ANETZ data will be delimited 
quantitatively through simulations with the MESOCONV model. Simultaneously, a 
more qualitative study concerning station representativity will be carried out. 
This consists in underlining possible gaps in the geographical outlay of the ANETZ 
meteorological network. 

10.1 Altimetrlc distribution of the ANETZ network 

As a first step, the height distribution of the ANETZ network was compared to that 
of Swiss population as an indicator of density of built-up areas. The following 
figure summarizes this comparison. 
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FEURE 8 

ALTIMETRIC OlSTRlBUTlON OF NETZ STATIONS UPPARED 
WITH SWISS POPULATIW DISTRIBUTION 



As a second step, the height distribution of the ANETZ stations was compared to 
the area distribution of various altitudes: for example, 5.6% of the total area of 
the country lies between 701 and 800 m. The following figure summarizes this 
relationship. 

LASE): N5?I.Jl@ 1988.01.22 RR 

1 1 .  CONCLUSION 

A further study of the qualitative representativity of the ANETZ network is under 
way, where one is attempting to relate the horizontal distribution of the 
meteorological stations to height intervals, exposure of the stations, and Swiss 
climatology basins. 

The methodology presented here will be completed by an inverse concept which 
will enable us, we hope, to answer the question: "What is the climatic exposure of 
a construction planned at a particular site?". 
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ABSTRACT 

Air exchange rates in occupied buildings are difficult to assess due to their 
dependence on a multitude of climatic parameters and inhabitant behaviour. 
Moreover, the assessment of the influence of the air exchange rate on the 
radon progeny concentration is hampered by the diurnal and seasonal 
fluctuations of the indoor radon levels. Experiments involving two adjacent 
rooms submitted to identical conditions influencing the radon concentration 
and showing similar temporal variations and levels of radon progeny provide a 
mean to assess the contribution of a controlled natural ventilation 
enhancement to the reduction of the indoor radon progeny concentration. First 
results show, that one additional air exchange per day reduces the mean indoor 
radon progeny concentration by about 5 %. This indicate that natural 
ventilation is not sufficient to reduce the indoor concentration of radon decay 
products to an acceptable level in areas with elevated radon source strength, 
especially during the winter. 

INTRODUCTION 

Exposure to radon and radon daughters are a well-known cause of lung cancer 
in minersl,2. The attention p a y 4  during the least decade to the indoor radon 
problem has revealed, that the activity concentration in the living area of many 
buildings may reach or even exceed the concentrations measured in modern 
mines3,4. Thus indoor radon progeny are believed to be the greatest "natural" 
radiation hazard to the general public and therefore one of the most critical 
indoor air pollutants. The indoor concentration of volatile substances i.e. also 
of radon and radon decay products is determined by the source strength, the 
infiltration mechanisms and the air exchange5. Moreover, the air exchange 
rate is influenced by the characteristics of a building6 ,climatic parameters and 

- by the behaviour of the inhabitants opening and closing windows according to 
a subjective feeling about the indoor air quality. Involving both the feasibility 
of technical solutions and the private sphere of occupants, field measurements 
in occupied buildings are quite delicate. 
The aim of the present case study was to clarify if the assessment of the 
influence of the inhabitants on the indoor concentration of radon decay 
products is feasible. To achieve this goal, all fluctuations of other parameters 
influencing the indoor radon decay products concentration have to be reduced 
to a minimum in order to avoid misinterpretations of the experimental results. 
The case study involves two comparable rooms subjected to approximately the 
same external parameters influencing the indoor progeny concentration. 
Controlled changes of the natural ventilation in one of the two rooms keeping 
the other one as control, allow us to eliminate the major sources of errors and 
to test the feasibility of such a project. 

MATERIALS AND METHODS 

Continuous measurements of radon decay products were performed with 
Eberline WLM- 1 working level monitors. Field calibration of these sampling 
units were accomplished with an electroplated alpha source as described 
earlier7. Measurements of air exchange rates were carried out with a tracer gas 
technique using nitrogen protoxyde (N20) as described elsewhere8. Both, 
decay and constant concentration methods were used for the air exchange rate 



determinations. To simulate in a realistic way the ventilation behaviour of 
inhabitants, owners of 100 dwellings were asked by mailed questionnaire 
about their ventilation attitudes. 

RESULTS 

4.1 The diurnal cycle 

Figure 1 shows the diurnal radon decay products fluctuations during one week 
for the two experimental rooms located on the ground floor of a single family 
home. - 
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Figure 1. The diurnal fluctuations of the radon decay products 
concentration in the two examinated adjacent rooms 

The two adjacent rooms showed almost identical pattern of radon decay 
products for at least three months in the absence of occupants. The diurnal 
cycle exhibits, for so far unknown reasons, a maximum in the early morning 
and a minimum in the late afternoon. Therefore the opening of a window 
during the decreasing phase of the diurnal cycle would overestimate the 
influence of the ventilation on the radon decay products concentration. Thus 
for quantitative assessments the time-dependent variations of the radon decay 
products concentration obtained for a ventilated room must be considered and 
compared with the values obtained for the unventilated control room. 
The analysis of adjacent rooms which are submitted to identical conditions 
influencing the radon progeny concentration and exhibiting a comparable 
diurnal cycle (Figure 1) provides a mean to asses the influence of a controlled 
natural ventilation on the indoor radon daughters concentration. 

4.2 Limitations of the radon decay products detection system 

Time integrating radon progeny monitors have the disadvantage that they fail 
to respond quickly to fast changes in activity concentrations. In addition, 



because of the half-life of the radioisotopes involved, a time-lag of about 45 
minutes between actual and reported radiation level occurs. However, this 
time-lag does not influence long time experimental records in a significant 
way. 

4.3 Influence of the natural ventilation on the concentration of 
radon decay products 

From the 88 responces to the questionnaire on ventilation attitudes, only 51 
were filled in completely. The ventilation attitudes turned out to be highly 
variable for the different rooms of a building as well as for different buildings. 
The mean values obtained for different rooms during winter and summer 
reported in Table 1 give an idea about the extreme variations in different 
climatic periods. This ventilation behaviour during different climatic periods 
may partially explain the reported seasonal variations of the mean indoor 
radon concentrationsg. 

Table 1. Mean window opening time in minutes day-1 & S. D. 
of the mean) for a sample of 5 1 homes 

Season kitchen bathroom living room bedroom 

Winter 30&5) 25(It4) 25 & 3) 130 (4 45) 

Summer 300 (It 60) 400 & 75) 450 & 67) 700 & 90) 

Because the indoor concentration of radon decay products reach maximum 
values during the winter when room ventilation is reduced in order to save 
energy, we decided to perform first experiments with short ventilation periods 
of 10 minutes. Such a period provokes an enhanced ventilation of one air 
exchange for the experimental room compared to the unventilated control 
room as determined by tracer gas decay experiments. 
A typical record of the influence of this controlled natural ventilation on the 
concentration of radon decay products in the experimental room during a 
period of 24 hours is reported in Figure 2. 
The response of the working level monitors to changes in the ventilation rate 
of the experimental room showed to be fast enough to record changes in the 
concentration of the radon decay products even if ventilation occurs during the 
decreasing phase of the diurnal cycle. Therefore a quantitative assessment of 
the influence of the ventilation rate on the radon decay products concentration 
is practicable. The air exchange rates of the unventilated experimental and 
control room determined by tracer gas decay experiments were 0.15 + 0.01 h-1 
and 0.14 + 0.02 h-1, respectively. These results are in good agreement with the 
values of 0.13 h-1 and 0.12 h-1 obtained during a three weeks' experiment 
using the constant tracer gas concentration method in the absence of 
occupants. 



Measurement period: 8.06.-9.06.1988(Start:2.00) 
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Figure 2 Influence of a controlled natural ventilation on the concentration 
of radon decay products. Arrows indicate opening of the 
windows in the experimental room during 10 minutes. 

From the preliminary results of the experiments reported in Table 2 we can 
deduce, that one additional air exchange per day reduces the mean indoor 
radon decay products concentration by about 5 %. The experimental 
equipment is sufficient to permit an estimation of the influence of natural 
ventilation to the indoor concentration of radon decay products. However, for 
a more accurate quantification long term experiments are required. 

Table 2. Influence of a controlled natural ventilation on the indoor 
concentration of radon decay products 

Measurement Room Mean rn-decay Mean air Reduction 
period products [c] exchange (%)** 

(Wm-3) th-1) 

* Room ventilated during four eriods of 10 minutes (ca. 4 P additional air exhanges day- ) 
** In room 1 as compared to the control room 2 



CONCLUSIONS 

The results of our experiments with a matched pair of rooms displaying 
similar diurnal variations and levels of radon decay products have shown, that 
the quantification of the influence of the natural ventilation is indeed possible 
and gives reliable results. In fact, natural ventilation reduces the radon 
progeny concentration indoors. However, short ventilation periods as applied 
here are not a sufficient mean to reduce the indoor concentration of radon 
decay products to an acceptable level in areas with high radon emanation into 
buildings. 
Further experiments involving a representative sample of buildings and 
varying ventilation periods are required in order to generalize our findings. 
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This paper reviews research a c t i v i t i e s  undertaken i n  the frame- 
work of IEA Annex XIV, "Energy and Condensation1'. 
I t  out l ines the objectives and working scheme. The importance of 
vent i lat ion as an influencing factor and a remedial measure i s  
investigated. 

0. Introduction 

The central theme of the IEA workshop, held in Leuven in Septem- 
ber 1985, was the problem of condensation. During the workshop, 
it was proposed that an international programme of research 
should be set up to study the relation between condensation and 
energy saving, and to develop curative and preventive measures 
to combat the problem of moisture. 
The research programme was formally initiated at a meeting in 
Utrecht in April 1987, the participating countries being Belgium, 
Italy, The Netherlands, Germany and Great Britain. Belgium was 
to act as international coordinator. 

1. Brief outline of IEA ANNEX XIV 

Following structure is defined to organize the work to be done 
(fig. 1): 

STEP 1 data 

STEP 2 

STEP 3 

fig.1: structure of IEA ANNEX XIV 

STEP 1: The collection of data, mostly concerning (critical) 
mould growth conditions and hygro-thermal material 
properties 



STEP 2: Models are (further) developed in order to describe heat, 
moisture and air transport in buildings (interroom 
transfer), in rooms, on surfaces and to a lesser extend 
in the building construction, as far as they deal with 
the problem of surface condensation. 
The case studies, one pro country, serve as points of 
reference for the models. They consist of a detailed 
study of the indoor climate (temperature, humidity, air 
movement) in one or more problem dwellings. Curative 
measures would also have to be evaluated. 

STEP 3:  orm mu la ti on of economically acceptable measures. Such 
measures should be either curative or preventive. 

Each participant should do a case study and be involved in step 3, 
solutions. So, models may be verified and solutions may be found, 
adapted to the construction methods and the meterological condi- 
tions in the different countries. 

The development of calculation models is optional. The same 
applies to the collection and deduction of data on the properties 
of building materials and mould growth. 
The success of the annex does not depend on calculation models. 
Nevertheless, these models are of great importance in achieving 
the ob j ectives . 
In figure 2 the time schedule, based upon research steps as 
previously mentioned is shown. 
The bars indicate the international meetings. Light-grey tint 
corresponds with preparation period or period of extension of 
the research step. 

DATA 
................................... 

I MODELS 

1 CASE 

STUDIES ................................... 

fig.2: research steps IEA ANNEX XIV 



Each participant will be responsible for a part of the final 
report. The research steps are for this purpose divided into a 
number of subjects, more or less independent of each other. 
Figure 3 illustrates the allocation of subjects. 

I STEPS 

- MATERIAL PROPERTIES 

MOULD 

MODELS 

DOUNDARY CONDITIONS 

CASE STUDIES 

fig.3: allocation of subjects 

Each participant presents an independent report on the case study 
being undertaken in his own country. 
The final, technical report, to be made by the operating agent, 
will be translated in the various languages, drawing practical 
conclusions, appropriate to the building practice in his country. 
It should be emphasized that figure 3 does not illustrate the 
research activities of the country in question. The aim is to 
allow participants to gain experience in as wide a field as 
possible. 

2. What about "ventilation and condensation"? 

Surface condensation occurs as soon as the dewpoint of the air is 
above the surface temperature. 

The dewpoint of the air is HIGHER, and consequently the risk of 
surface condensation rises if... 

factor ................................................................. 
1 .  The moisture content of the external air is higher: 

inar ine climate 
2. The moisture production inside is higher: more intense 



occupation, specific moisture sources (laundry drying, 
many plants, moist walls due to rising damp ...) 

3. The dwelling is less ventilated: airtight dwellings, bad 
ventilation habits or possibilities ... 

4. The volume of the dwelling is limited 
5. There are less condensing surfaces! (e.g. simple glazing) 

The surface temperature is LOWER, and consequently the risk of 
surface condensation HIGHER if ... 
factor 

6. The inside temperature is lower: not or almost not heated 
rooms 

7. The outside tem~erature is lower: cold weather 
8. The wall is badly insulated 
9. The room has many c o l d s  (limited radiative heat 

exchange) and/or there is not much air movement (limited 
convective heat exchange), e.g. behind wardrobes 

10. There is important thermal bridging 

It is clear that all these factors are influenced either by the 
occupants, the dwelling or the ouside climate. 
Figure 4 gives a review of all the factors according to this 
division. 
Remarks: 1. In non steady state conditions also the thermal 

capacity of the wall plays an important role. 
2. When we are speaking about mould growth, also the 

nature of the finishing material must be taken into 
account. 

Fig.4: influencing factors 



As we see in figure 4, ventilation interferes on many levels 
with surface condensation: 
- through the occupants: ventilation habits: how much and how 
long which windows and which doors are opened, or in other 
words: how efficient do people ventilate 

- through the building: . implantation (terrain characteristics) . efficient ventilation: position of (openable) windows and 
air ducts 

. mechanical ventilation . natural ventilation possibilities . interroom air (and humidity). transfer 
- through the outside climate: temperature/wind speed 
Therefore ventilation is an important tool in combating surface 
condensation; but it is not the only one. Figure 5 overviews the 
possible remedial measures. 

fig.5: remedial measures 

The solution in a specific case will mostly be a combination of 
these measures. 
In case of ventilation for example the dewpoint drops when 
ventilation is increased. However, if heating or the insulation 
of the dwelling is not enhanced, the inside temperature will 
lower and the risk of condensation may remain. 

It is the aim of the Annex to develop models as well as simple 
guidelines to find combinations of these factors that cure or 
prevent moisture problems in the economically mbst acceptable 
way. 
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This work deals with problems of the air humidity in 
inhabited dwellings, A new approach is presented here 
which renders the definite diagnosis of humidity prob- 
lems possible. 

The room air humidity from two buildings with different 
air ventilation systems with eight dwellings each is 
examined, The efficiency of the different ventilation 
systems is presented applying the new value, the so 
called nstandardized room air humidity". 

The results can be summarized as follows: 

1.) The mechanical permanently balanced ventilation has 
essential advantages over the natural exhaust air ven- 
tilation in buildings. 

2 . )  Dwellings with permanently balanced ventilation 
show distinct advantages concerning air humidity. The 
values of absolute air humidity are lower in these 
dwellings than in dwellings with natural exhaust air. 

3 , )  By applying the "standardized room air humidity" 
the problem of humidity can be shown quantitatively. It 
could be proved that the standardized value expresses 
the real situation. 

4. )  In dwellings with permanently balanced ventilation 
there is no danger of humidity problems, The average 
natural exhaust air in dwellings reaches dangerous 
limits, some of them exceed the limit considerably. 

5 . )  A definite correlation between outdoor temperature 
and the standardized room air humidity has been proved. 

2. INTRODUCTION 

Humdity problems have more often occurred during the 
last years. Mostly mould grove is the consequence, 
which does not only look dirty but also smells foul. In 
most of the cases mould grove and its spurs cause di- 
seases such as of allergies, Apart from the inhabi- 
tants, who are worried about hygienie and their health, 
the building sponsors and architects are more and more 
interested in avoiding humidity damages. Mould grove 
reduces the quality of living, The causes for humidity 
damages are numeroes and influence themselves contrari- 
ly, Often the reason cannot be fully confirmed. 
Therefore many cases have to be settled in court. 

In the past few years this topic has often been dis- 



cussed in the media, The reasons are: Allergies are 
frequent, houses become tighter and tighter and the 
awareness for environmental problems is increasing. 

INTRODUCTORY REMARKS ABOUT INDOOR AIR XWIDITY 

First it has to be mentioned that humidity damages 
being caused by long-lasting condensation processes on 
surfaces are described in this report. Apart from con- 
densation there are many damages caused by leaks, In 
most of the cases these can be repaired easily. The 
condensation humidity causes damages which are long 
lasting and which can hardly be repaired, 

First it will be shown which factors influence the 
condensation on the wall surface, One has to dif f eren- 
tiate between structural statics and constructive in- 
fluential factors and the user behaviour, 

In Germany the building cover has to be build in accor- 
dance with many rules, For example, DIN 4108 /1/ pre- 
scribes the insulation of a building. By this it is 
made sure that the inner wall surface temperature does 
not lead to condensation under normal circumstances, 
However this is actually much more difficult because 
there are heat bridges, constructive errors and other 
characteristics of the respective building, Critical 
surface temperatures are seldom found on the plane 
wall, but mostly in corners (geometrically caused 
higher k-value) and on window surfaces (higher k-value 
as compared with a plane wall), 

The user also exerts a certain influence on the humdity 
condensation. The daily life in a dwelling causes a lot 
of humidity: Washing, cooking, cleaning, man himself, 
animals and plants are humidity producers.. In a dwel- 
ling humidity would increase continually if natural 
ventilation did not diminish it, A much smaller amount 
is absorbed in the upper wall surface. 

In the past dwellings have often been so untight that 
natural ventilation carried away all humidity. The 
exchange of the old untight windows for new energy 
saving ones with double sealing makes these dwellings 
absolutely airtight. A sufficient ventilation of these 
dwellings is only possible by opening the windows. This 
way of ventilation, however, is "uncontrolled" and 
wastes energy. 

Thus it is reasonable to install ventilation systems in 
modern buildings These sys terns guarantee 'kontrolled" 
exhaust and supply of air. Furthermore it is possib.1e 
to regenerate the high energy of the exhaust air and to 
add it to the fresh air again. 



4. THE RESEARCH PROJECT 

The results presented here were gained during a re- 
search project /4/, in which dwellings with different 
ventilation systems were compared. All dwellings had 
the same groundfloor plan and were inhabited except for 
one research dwelling. The research dwelling was not 
inhabited and served as reference. 

Some dwellings are ventilated and exhausted mechanical- 
ly, some are ventilated conventionally. Figure 1 shows 
the groundfloor plan of each dwelling. 

Fig. 1: Groundfloor plan. On the left hand: mechanical 
ventilation system. On the right hand: balanced 
ventilation 

In Germany rule DIN 18017 /2/ requires that inner rooms 
without windows have to be ventilated. In rented flats 
mostly a simple shaft ventilation is installed, the so- 
called "KBlner Liiftung" / Some of the dwellings of 
the research project are equipped with this system 
(here called conventional or natural ventilation). 

The other dwellings have a mechanical system of venti- 
lation. The air is exhausted in the inner rooms, toi- 
let, bathroom and kitchen, there humidity and smell are 
very prominent. The fresh air is warmed up and led to 
the livingroom, children's room and bedroom. The hall 
serves as the zone of overflowing. 



Fresh and exhausted air are led separately. The central 
unit is equipped with a recuperative heat exchanger 
where the energy of the exhaust air warms up the fresh 
air. Both streams of air are not mixed. The fresh air 
is entirely outdoor air. This system can be made more 
efficient by using an heat pump, but this will not be 
discussed here. 

Temperature and air humidity are continually measured 
and registrated in all rooms, in the exhaust and fresh 
air as well as in weather station outside the building. 
Based on the number of dwellings, one can say that the 
statements made are realistic. 

5. THE STANDARDIZED ROOM AIR HUMIDITY - A NEW VALUE 

The measured results of these dwellings at first did 
not allow definite statements. Therefore the author 
introduced a new value - the so-called standardized 
room air humidity. The until today mainly used value - 
the relative air humidity - only describes the air 
condition based on a certain temperature at a certain 
place, The relative air humidity is a generally used 
value, but it cannot be applied when comparing diffe- 
rent flats. 

The absolute air humidity directly shows the amount of 
humidity in a room, but it does not include the dew- 
point. The standardized air humidity X avoids these 
disadvantages and makes it possible to show the in- 
fluence of outdoor humidity. 

The value is defined as follwos: 

xi absolute indoor air humidity 
xa absolute outdoor air humidity 
X ~ i o  absolute saturation of dew humidity on an 

inner surface 

RESULTS OF THE STUDY 

With the help of the presented definition the standar- 
dized room air humidity can be calculated, if the unfa- 
vourable wall surface is known. For the following exa- 
minations the window surface was chosen for calculating 
the dewpoint humidity because the k-value of the win- 
dows have a lower value as the walls of the research 
building. The results are gained for each dwelling and 



presented in the following graphs as day mean values. 
Two different forms of presentation are chosen. The 
first form shows the results chronologically during the 
year, In a second form the values are presented accor- 
ding to the outdoor temperature. 
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Fig, 2: The standardized air humidity during the year 

Figure 2 shows the typical course of the standardized 
air humidity of an inhabited dwelling with mechanical 
ventilation during the year. By this figure the pos- 
sible values of the standardized air humidity are 
shown. X-values between 0.5 and 0.8 suggest normal use 
of the flat, X-values higher than 1 imply that the dew- 
point on this surface is exceeded. Values lower than 
0.5 indicate that humidity is hardly produced, or, that 
efficient ventilation has exhausted the produced humdi- 
ty 

Figure 3 presents the comparison of the different dwel- 
lings and ventilation systems. The values are plotted 
over the outdoor temperature. The results can be marked 
by straight lines being highly accurate (see /3/). 



Fig. 3: The standardized room air humidity depending on 
the outdoor temperature with different ventila- 
tion systems (Presentation by equalized 
straight lines) 

1 uninhabited research dwelling 
2 mean value of 6 mechanically ventilated dwellings 
3 mean value of 8 naturally ventilated dwellings 
4 maximum value of a naturally ventilated dwellings 

7 .  CONCLUSIONS 

The following statements can be deduced from figure 3: 

1.) In all graphs (including the ones not given here) a 
linear relationship between the standardized air humi- 
dity X and the outdoor temperature can be detected. 

2.) There is no tendency to greater humidity problems 
during the transitional period. This would become ob- 
vious by bending the straight lines at outdoor tempera- 
tures of 4 to 12 O C .  

3. ) The source of all straight lines, i-e. the value X 
= 0 and thus xi = x,, lies at z = 25 O C .  This effect is 
independent from different ventilation systems and an 
indication for window ventilation in summertime. My own 
observations during high outdoor temperatures confirm 



this theory. The opening of windows increases the air 
change ratio considerably, by this inner and outdoor 
air humidity are balanced immediately. 

4.) The maximum values of the standardized air humidity 
are reached during low outdoor temperatures, Primarily 
they depend on the different ventilation systems, than 
on the behaviour of the user. In dwellings with me- 
chanical ventilation systems there are no humidity 
problems to be expected. In all natural ventilated 
dwellings, however, critical values are reached during 
lower temperatures. A few dwellings have X-values over 
1 which means that humidity problems are to be expec- 
ted. When visiting these dwellings, humidity damages 
have been found . 
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SYNOPSIS 

This paper deals with field experience of airborne moisture 
transfer problems in houses. Two types of phenomena are discussed 
in more detail: the infiltration of moist air from crawl spaces 
and the propagation of moist air produced in kitchens. A modified 
depressurisation test is described to determine the air tightness 
of ground floors. A case study is briefly discussed where 
different remedial measures have been tested to evaluate the 
moisture removal effectiveness in kitchens. A multi-channel 
dewpoint measurement system has been used to determine the 
ventilation efficiency experimentally. 

INTRODUCTION 

During the last few years we experienced a growing interest for 
moisture problems in houses. In many cases we were involved in 
investigations requested by building owners. The surveys we 
carried out were very practical and were directed to the 
determination of the cause of the problems and the solution for 
remedial actions. 

The most common type of moisture problem is mould growth on wall 
surfaces and furniture, caused by surface condensation. Although 
the mechanism of surface condensation is fairly well understood, 
it is not easy to establish adequate proposals for cost-effective 
remedial actions. Surface condensation and the associated mould 
growth can be generated by a complex interaction of different 
factors, such as: 
- low thermal quality of the building envelope (e.g. thermal 
bridges) ; 

- insufficient ventilation; 
- excessive moisture sources. 
In addition to these the behaviour of the occupants may play a 
crucial role. 

In a number of field surveys we were able to study the moisture 
balance in houses in more detail. In some cases the special 
interest was directed to airborne moisture transfer. Two distinct 
moisture sources are of particular importance when considering 
airborne moisture transfer: 
- infiltration of moist air from spaces under suspended floors (in 
many countries denoted as crawl spaces) to living areas; 

- moist air originating from water vapour producing activities in 
kitchens. 

In this paper we will present some field experience related to 
these two items. 

MULTI-CHANNEL DEWPOINT MEASUREMENT SYSTEM 

The multi-channel dewpoint measurement system proved to be a very 



powerful instrument to study airborne moisture transfer. The 
principle of the system is outlined in figure 1. The system has 
been developed at our institute and it has been used in several 
case studies. 
An important feature of the dewpoint measurement system is its 
ability to detect accurately small differences of vapour 
concentration between two locations. Because a single sensor is 
used for all measuring locations, an accuracy of 0 . 0 5  g/kg is 
achieved when measuring the instantaneous difference in vapour 
concentrations at different points. In general vapour 
concentration gradients in a single room are very small and can be 
detected only by a system as described above. 

AIRBORNE MOISTURE TRANSFER FROM CRAWL SPACES 

Crawl spaces below the ground floor are very common in the 
Netherlands. In a large part of the country it is also common to 
find the ground water level only a few centimeters below the crawl 
space bottom surface and in some regions an open water surface is 
present during a large period of the year. Hence, it is not 
surprising to find high humidity levels in crawl spaces. A 
relative humidity of RH = 95% is quite normal. Figure 2 shows the 
dynamic behaviour of the vapour concentration in crawl spaces as 
calculated by a computer model. It demonstrates that particularly 
in the winter period the excess vapour concentration will be high. 
It is believed that many mould problems in Dutch houses are 
related to moisture transport from crawl spaces. Field studies 
have shown that infiltration of moist air through air leakages in 
the gound floor construction is the most important mechanism. A 
simple calculation here might demonstrate the potential risks. 
During the winter period the excess water vapour concentration in 
crawl spaces can exceed 5 g/ms (with respect to outdoor air). Due 
to the stack effect the crawl space has always an overpressure 
with respect to the living space. For a typical overpressure of 3 
Pa and a relatively small air leakage area of 5  x 5 cm2 the 
airborne moisture contribution to living area will be about 2.5 kg 
moisture per 24 hours. From field experiences we know, however, 
that air leakages in ground floors very often are larger than the 
25 cma used in the example. 

3.1 Air tiahtness of ground floor constructions 

In the past little attention was paid to the air tightness of 
ground floors. In the near future new,building regulations will be 
established, in which requirements will be stated for a certain 
level of air tightness of ground floor constructions. Hence, test 
methods will be needed to determine the level of air tightness. 
Conventional pressurisation techniques are not applicable for 
ground floors. 
Therefore, we developed a modified depressurisation test that is 
enable to measure the air tightness of ground floors. The 
principle of this test method is outlined in figure 3. The method 



is based on the measurement of the increasing vapour concentration 
due to the infiltration of moist air through the ground floor 
during depressurisation. 

4.  MOISTURE IN KITCHENS 

The household activities in the kitchen lead to the most important 
moisture source in houses. Due to cooking and dish washing an 
amount of 1 to 4 kg moisture per day can be produced. In properly 
ventilated kitchens, which are separated from the rest of the 
house, no problems will occur. However, in practical situations 
kitchen moisture can easily move to other rooms. This is in 
particular true in cases where the kitchen is in open connection 
to other zones. 

4.1 A case study 

We studied airborne moisture in a case study requested by a 
building owner. The measurements were made in an occupied house 
from a stock of 150 single family terraced houses. A high 
percentage of these houses suffered from mould problems. From an 
introductory survey it was concluded that ineffective moisture 
removal from the kitchen was a major point. The kitchen in these 
houses is in open connection with the living room. An exhaust 
opening connected to a mechanical ventilation system was present 
as outlined in figure 4. 
A test house was selected in which several remedial measures were 
tested. With respect to airborne moisture problems the following 
experiments were accomplished (see figure 5 ) :  
1. Replacement of the flueless gas-fired DHW-supply (Domestic Hot 

Water) by a closed system. 
2. Installation of a fume hood exhaust connected to the mechanical 

ventilation system. 
3. Installation of a vapour shield to reduce the moisture transfer 

from the kitchen. 
4. Improvement of the ventilation balance and the fresh air 

SUPP IY 

4.2 Moisture removal effectiveness 

During these tests the moisture removal effectiveness was 
evaluated using the dewpoint measurement system described before. 
A commonly used figure of merit is the coefficient for the 
ventilation efficiency. In the case of moisture control the 
following definition could be used: 



where: 

E = the moisture removal effectiveness; 

cx - the water vapour concentration measured at the ventilation exhaust ; 
Ce = the water vapour concentration measured outdoor; 

'i 
= the water vapour concentration measured indoor at a relevant 
locat ion. 

For the case of a complete mixing of the moisture source with 
indoor air the effectiveness will be E = 1 (because Cx = Ci). 
In unfavourable conditions the coefficient may take value lower 
than E = 1, This occurs for example if "short circuiting" occurs 
between the fresh air supply and the exhaust opening (which will 
result in Cx < Ci). For situations where source ventilation is 
applied (e.g. using a fume hood exhaust) the value for E should be 
larger than 1 (the goal should be Cx >> Ci). 
The definition for the ventilation efficiency as introduced before 
proved not to be very practical for our purpose. Variations in the 
outdoor humidity and moisture storage effects have a strong 
influence when determining the ratio E on the basis of vapour 
concentration measurements. 
For our purpose we found that the effectiveness of moisture 
removal can be better evaluated by a figure of merit expressed by 
the following formula: 

where Cia is long term average (a 24 hour period is recommended) 
of the indoor vapour concentration. From a view point of moisture 
control this proved to be a useful figure of merit for the 

, effectiveness of moisture removal. 

4.3 Results and conclusions 

To illustrate the moisture behaviour in the test house two 24-hour 
records of vapour concentration measurements shown in figure 6. 
These records show that vapour concentration gradients exist only 
during and after moisture producing activities. A surprising 
conclusion is that during nighttime an almost perfect equilibrium 
seems to be settled: all locations show exactly the same vapour 
concentration. Other conclusions from this case study associated 
with airborne moisture transfer problems were: 
- Flueless gas heaters give rise to an important contribution to 
the moisture load (1 to 2 kg moisture per day). 

- A ventilation scheme that uses a single exhaust opening is not 
very effective with respect to moisture removal in kitchens. 
Measurements have shown that complete mixing occurs and as a 
result of this humid air is propagated to other zones in the 
house. 



- The installation of a vapour shield has very little impact on 
the moisture removal effectiveness. The effect is noticeable 
during moisture production peaks but the overall result is not 
significant with respect to the reduction of condensation risks. 

- As expected the installation of a fume hood improves the 
moisture removal effectiveness, but not at a quite sat is£ actory 
level. Only 20% of the moisture produced in the kitchen is 
removed by source ventilation. Inadequate behaviour of the 
occupants with respect to the use of he fume hood and the 
opening of windows was found to be an important reason. 

- By routine the occupants opened a window in the kitchen area 
during the household activities. In contrast to the anticipation 
of the occupants the effect on moisture removal appeared to be 
negative. Suggestions to open a window at the opposite favade 
resulted in air draught complaints. 

DISCUSSION AND CONCLUSIONS 

The paper discusses two types of airborne moisture transfer 
problems : 
1. Infiltration of moist air from crawl space, 
2. Moisture propagation from kitchens to other zones. 
The crawl space problem can be solved by creating a sufficient air 
tight ground floor construction. Test methods are needed to 
evaluate the air tightness of ground floors. A feasible technique 
is described in this paper. 
Moisture control in kitchens seems to be more difficult to handle, 
in particular when kitchens are in open connection with other 
zones. In new built houses balanced ventilation might be a 
satisfactory solution. In existing' houses the moisture removal 
effectiveness from kitchens will highly rely on the use of the 
ventilation provisions by the occupants. 



Fiaure 1: The multi-channel dew point measurement system. 

This system is used in field studies on airborne moisture transfer 
for the monitoring of monitor indoor and outdoor air humidities. 
The operating principle is based on the measurement of the dew 
point temperature in air samples extracted through small air tubes 
from different locations in the house. The air valves in the 
selector box are controlled by a computer programme. The measuring 
locations are scanned within a few minutes, depending on the 
length of the air tubes. The computer also computes the water 
vapour concentration from the dew point temperature data (equiva- 
lent denotations are "air humidity by mass [g/kg]" or ''air humidi- 
ty" by volume Lg/m5] ) . 
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Fiaure 2: Water vapour concnetration in crawl spaces. 

1: Outdoor air. 
2. Air humidity in a crawl space without any insulation in the 

ground floor. 
3. Air humidity in a crawl space where the ground floor is pro- 

vided with a 5 cm insulation layer. 

The curves are computed by TH3DR, a dynamic thermal model based on 
combination of heat and moisture balances. 
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Figure 3: Air tightness of ground floors. 

Depressurisation method to test the air tightness of ground floors 
above humid crawl spaces. In addition to the conventional "blower 
door test" the dew point system from figure 1 is employed to 
detect the infiltration of moist air. The air leakage ratio is 
determined from vapour concentration measurements as shown above. 



Figure 4: Airborne moisture transfer in kitchens. 

View of the kitchen zone in the test house. The locations for the 
vapour concentration measurements are shown: 
1: Outdoor air (Ce). 
2: Ventilation exhaust (Cx). 
3: Kitchen area. 
4: Living room zone at 6 m distance from location 1 (Ci). 

Humidity measurement data from these locations have been used to 
evaluate the moisture removal effectiveness E. 
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Figure 5: Remedial actions. 

Schematic view of the remedial actions to improve the moisture 
removal effectiveness. 
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Finure 6: Airborne moisture propagation from kitchens 

Recorded vapour concentrations in the test house for two cases: 
a. Reference situation (above), b. Fume hood installed (below). 

1 : Outdoor air. 
2: Ventilation exhaust opening. 
3: Kitchen zone. 
4: Living room at 6 m distance from location 1. 
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0. SYNOPSIS 

Experimental investigations concerning energy savings achieved in 
buildings with passive solar components (e.g. large south-front 
windows, sunspaces or Trombe walls) have already been effected 
under test conditions. Since, however, the influence of occu- 
pants' behaviour on energy consumption was generally found to be 
a very strong one, the main purpose of the present project was to 
analyze inhabitants' acceptance and use of various components 
like shading devices, movable heat insulation, manual ventila- 
tion, room temperatures, and heating systems. The study is based 
on extensive measurements performed on 25 occupied single-family 
houses in Germany. Results concerning the influence of occupants' 
behaviour will be given. 

1. OBJECTIVES 

There are still many possibilities to cut down on energy consump- 
tion, both in modernizing old buildings and in constructing new 
ones. In the long run, the heating energy demand for dwellings in 
the Fed. Rep. of Germany could be reduced to less than a third of 
today's consumption by consequently applying all of the advanced 
building concepts and technologies presently available which to 
date have only been applied with hesitation. It was for these 
reasons that the German Federal Ministry for Research and Techno- 
logy decided to give an actual demonstration of the practical im- 
plementation by funding the present pilot project. 

The demonstration project is aimed at: 

- implementing promising solutions for single-family dwellings 
with low heating energy demand 

- proving functionality, efficiency and economical feasibility 
of the new technologies and building concepts 

- pointing out inherent technical problems and contributing to 
their elimination. 

SCOPE OF THE PROJECT 

In Fig. 1 views and locations of the buildings included in the 
study are given. At Landstuhl, eight buildings with the same 
floor plan (namely, that of House no. 8) were measured. In all of 
the 25 buildings various concepts of low-energy construction me- 
thods were realized. Most of the buildings have an excellent 
thermal insulation. 
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A l l  houses were occupied and provided w i th  a sophisticated meas- 
ur ing equipment. Figure 2 gives a survey o f  a1 1 the values tha t  
were continuously recorded f o r  each house. There were also d i s -  
continuous tracer gas measurements. 

Fig. 2 Measured mean outdoor temperatures and d a i l y  t o t a l s  o f  
global solar rad ia t ion  during 1985186 and 1986187 heating 
seasons as compared t o  Test Reference Year (TRY) values 
f o r  average German cl imate conditions. The shaded area 
indicates the range o f  var ia t ion  between the bu i ld ing  
s i tes .  

3. METEOROLOGICAL BOUNDARY CONDITIONS 

As the bui ld ings under survey are located i n  d i f f e r e n t  places a l l  
over West Germany, a deta i led analysis o f  c l imate parameters had 
t o  be conducted i n  order t o  include also climate-induced e f fec ts  
i n  the f i n a l  comparison. Figure 3 presents the mean values o f  
outdoor temperatures and the d a i l y  t o t a l s  o f  hor izonta l  global 
solar rad ia t ion  recorded during the 1985/86 and 1986/87 heating 
cycles. The shaded area indicates the range o f  var ia t ions between 
the locations. For comparison, long-term TRY mean values fo r  
average German cl imate condit ions are given. 

- During both heating cycles, average temperatures f e l l  below 
Test Reference Year values. The f i r s t  heating per iod was the 
colder one. The differences stated between the locations are 
s ign i f i can t .  

- The mean var ia t ion  i n  global solar rad ia t ion  i s  low fo r  d i f -  
fe ren t  locations. On average, i t was found not t o  vary from 
TRY values. 
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Fig. 3 Instrumentation o f  the 25 bui ldings under survey. 

4. RESULTS OF THE MEASUREMENT AND INVESTIGATION PROGRAMME 

4.1 Invest iaat ions concernina occupant behaviour 

Among the  25 bui ldings under survey, 11 bui ld ings were equipped 
wi th  conventional hot water heating systems (radiators, f l o o r  
heating) and 14 wi th  warm a i r  heating systems. A l l  o f  the a i r  
heating systems were operated w i th  a p a r t i a l  supply o f  f resh  a i r ;  
the respective supply rates were a t  variance. I n  the fol lowing, 
user-related c r i t e r i a  w i l l  be examined separately f o r  the bu i l d -  
ings w i th  hot water heating and f o r  those wi th  a i r  heating 
systems. 

4.2 Indoor a i r  temperatures 

During the  en t i re  monitoring period, a l l  indoor a i r  temperatures 
were recorded hourly. I n  Fig. 4 the measured indoor a i r  tempera- 
tures are contrasted w i th  the corresponding outdoor a i r  tempera- 
tures. The measured values are indicated i n  the hatched areas. It 
becomes evident t ha t  indoor a i r  temperatures decrease w i th  de- 
creasing outdoor a i r  temperatures. Obviously, there i s  a tendency 
f o r  the occupants t o  accept lower indoor a i r  temperatures more 



read i ly  when outside temperatures are low, too, which seems t o  be 
a deviat ion from user patterns during interseasonal heating pe- 
r iods. This tendency proved t o  be independent o f  the selected 
type o f  heating system. The f l uc tua t i on  o f  indoor a i r  tempera- 
tures i s  about the same f o r  a l l  heating systems under study which 
allows the conclusion tha t  the type o f  heating system has no par t  
i n  the  user's se lect ion o f  temperature. User-specif ied var ia t ions 
i n  indoor a i r  temperatures are ranging between 4 and 5 K. 
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Fig. 4 Measured indoor a i r  temperatures versus outdoor a i r  
temperatures f o r  the surveyed bui ld ings w i th  hot  water 
and a i r  heating systems. The range o f  measured values i s  
hatched. 

4.3 Inhabitants' behaviour wi th  reaard t o  openina windows 

User patterns tha t  bear relevance t o  a bui ld ing 's  energy perform- 
ance may not only be described by recording indoor a i r  tempera- 
tures but  also by examining the occupants' habi ts and preferences 
wi th  regard t o  vent i la t ion.  I n  res ident ia l  bui ld ings, the occu- 
pants' ven t i l a t i on  strategies are characterized by the duration 
o f  leaving windows open. I n  Fig. 5 the measured durat ion o f  win- 
dow ven t i l a t i on  versus outdoor a i r  temperatures i s  given separa- 
t e l y  f o r  the bui ld ings wi th  hot water heating and f o r  those w i th  
a i r  heating systems. Obviously, the windows were opened s i g n i f i -  
cant ly less frequently i n  low outdoor a i r  temperatures than i n  
milder outside a i r  temperatures. While the windows were opened on 
average f o r  only 2 minutes per hour i n  low outdoor a i r  tempera- 
tures, they were kept open f o r  about 10 minutes on average per 
hour i n  milder weather. 
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Fig. 5 Measured duration of window ventilation versus outdoor 
air temperatures for the surveyed buildings with hot 
water and air heating systems. The range of measured 
values is hatched. 

Considering the duration of window ventilation, pronounced varia- 
tions are to be observed which are associated with different 
types of heating systems. In the buildings equipped with hot wa- 
ter heating systems, windows were on average kept open longer 
than in air-heated buildings, particularly in mild weather. Ac- 
tually, this tendency was to be expected, since all of the air 
heating systems were operated with a partial fresh-air supply, 
i.e. the required air change was already provided via the heating 
system. 

In air-heated dwellings, too, there is a tendency to be observed 
towards opening windows when outdoor temperatures are rising 
which may be attributed to psychological rather than physical 
reasons. In future, this finding which has already been estab- 
lished in C11 for multi-family housing must not be disregarded 
when planning buildings and installations. As a general rule, 
windows in residential buildings should be openable and have de- 
fined degrees of airtightness when closed. When calculating rates 
of efficiency and potentials for saving energy by using mechani- 
cal ventilation systems in the housing sector, the user-specified 
Hbasal air changeH resulting from opening windows should always 
be borne in mind. 

When comparing these user habits to those already stated in Cll 
for multi-family dwellings, occupants of multi-family dwellings 
are found to open their windows more frequently than occupants of 
single-family houses (see Fig. 6). This is probably not so much a 
matter of distinct ventilation strategies characteristic of 
multi-storey buildings but rather due to the varied number and 
size of windows depending on the type of construction. This is 



why a d i r e c t  comparison o f  resu l ts  i s  not possible. 
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Fig. 6 Measured duration o f  window ven t i l a t i on  versus outdoor 
a i r  temperatures f o r  s ing le- fami ly  and mul t i - fami ly  
bui ld ings acc. t o  111, without mechanical vent i la t ion .  
The range o f  measured values i s  hatched. 

5. CONCLUSIONS 

The study on the energetic performance o f  occupied s ing le- fami ly  
houses included monitoring o f  occupants' behaviour. It was found 
tha t  there i s  no s ign i f i can t  d i s t i n c t i o n  between bui ld ings w i th  
d i f f e r e n t  heating and ven t i l a t i ng  systems as regards temperatu- 
res. I n  a l l  o f  the bui ld ings under survey indoor a i r  temperatures 
were found t o  decrease wi th  decreasing outdoor temperatures. 

As f o r  ven t i l a t i on  patterns, a d i rec t  cor re la t ion  between the 
respective type o f  heating and ven t i l a t i ng  system was confirmed. 
I n  bui ld ings wi th  a i r  heating systems ( a l l  o f  which were operated 
wi th  var ied port ions o f  f resh a i r )  windows were opened f o r  a s i g -  
n i f i c a n t l y  shorter period than i n  bui ld ings w i th  hot water heat- 
ing and i n  those without mechanical vent i la t ion.  Though, i n  
bui ld ings equipped wi th  mechanical ven t i l a t i on  windows were never 
found t o  be absolutely locked. The present f ind ings suggest t h a t  
a minimum a i r  change v ia  window ven t i l a t i on  i s  a basic need i r r e -  
spective o f  the actual indoor a i r  qua l i t y  i n  res ident ia l  bu i l d -  
ings. I n  fu ture planning, t h i s  f a c t  w i l l  have t o  be duly con- 
sidered. 
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SYNOPSIS 

The ventilation of a test room (LxWxH = 5 . 4 x 3 . 6 x 2 . 4  m) 
with a wall mounted heat source is investigated for two 
different air terminal devices. 

The properties of each air terminal device are described 
by measuring the velocity decay of the primary wall jet 
below the ceiling. 

The velocity distribution in the plume above the heat 
source has been measured at different heat loads as a 
function of the distance to the wall and the distance to 
the heat source. 

The measurements have led to an estimate of the maximum 
velocity in the plume and of the volume flow rate as a 
function of the heat load and the distance to the heat 
source. 

In order to find the influence of the convective heat 
source on the flow conditions in the room, the velocity 
distribution in the occupied zone and the normalized 
concentration distribution along a vertical line through 
the middle of the room has been determined as a function 
of the specific flow rate and the heat load. 

The convective heat source is found to have significant 
influence on the flow conditions in the room. This paper 
shows lower velocities in the occupied zone and a more 
uniform concentration distribution in the room. 

1. INTRODUCTION 

In many buildings mechanical ventilation is combined 
with convective heating and/or cooling. The purpose of 
the ventilation system is therefore only to supply the 
building with fresh air (outdoor air). 

When designing the system, it is normally assumed that 
the room temperature is constant, that the convective 
source does not affect the flow conditions in the room 
and that the air supply is isothermal. 

This paper deals with the flow conditions in a mechan- 
ically ventilated room with a convective heat source. 
The mean room temperature is kept constant in the ex- 
periments with ventilation and thermal load and at the 
same level as in the experiments without ventilation. 
The heat loss by ventilation is therefore always zero 
and not dependent on volumetric flow rate and heat load. 



The paper is a continuation of the isothermal measure- 
ments given earlier by Heiselberg and ~ielsenl. 

The room is placed in a laboratory hall and has the di- 
mensions LxWxH = 5.4~3.6~2.4 m. Experiments are made 
with two different supply openings and both of them are 
placed close to the ceiling at one of the end walls. 
TWO return openings are located at the other end wall 
0.7 m above the floor. The heater is placed at the same 
wall as the supply openings with the top 0.7 m above the 
floor. The situation is illustrated in figure 1. 

nozzle 

diffuser 

heat source 

Figure 1. Location of supply-, return open- 
ings and convective heat source in the test 
room. 

The two different supply openings are a nozzle (A) with 
a diameter of 132 rnm and a diffuser PVD-10 (D) from 
STIFAB . 
The convective heat source is an electrically heated 
radiator consisting of a heating element with fins built 
into a metal cabinet as shown in figure 1. 

The heater is mounted on the wall. The main flow goes 
through the heater and leaves it horizontally from the 
front. 



2. VELOCITY MEASUREMENTS 

The velocity decay of the primary jet is measured for 
both air terminal devices. The result gives a good de- 
scription of the properties of the air terminal devices 
and makes it possible to determine the maximum permis- 
sible supply velocities and volumetric flow rates based 
on the throw of the jets. 

The velocity distribution in the middle of the hot 
plume is measured to find the maximum velocity and vol- 
ume flow as a function of the power supplied and the 
distance to the heat source. 

The maximum velocity of the recirculating flow is 
measured as a function of the volumetric flow rate and 
the power supply to the heat source. Applying these re- 
sults and the comfort requirements by Fanger and Chris- 
tensen2 to the air velocity in the occupied zone, it is 
possible to find the maximum supply velocity or vol- 
umetric flow rate based on comfort requirements. 

2.1 Wall jet conditions 

For a three-dimensional wall jet the expression for the 
maximum velocity of the primary jet as a function of 
the distance to the supply opening is given by 

vx JG - = K  - 
a x+xo (1) 

vo 

The K,-value, the effective supply area, a,, and the 
distance to virtual origin, xO, are found for both air 
terminal devices (A) and (D). The result is shown in 
figure 2. 

AIR TERMINAL DISTANCE TO 
DEVICE CEILING (m) 

Ka 
- 
0.55 

D 0.300 1.9 7.3 0.14 

Figure 2. Ka-value, effective supply area, a,, 
and distance to virtual origin, xo, are given 
for both air terminal devices. 



Figure 2 shows that the Ka-values differ with the fac- 
tor 5. As expected, the nozzle has the highest value 
and the diffuser the lowest. The Ka-value for diffuser 
D is a typical value for a cornrnerclal diffuser design. 

2.2 Air exchanqe at constant throw 

The maximum permissible supply velocity V is found for 
each air terminal device for a throw whicg is equal to 
the room length, L, and the corresponding terminal vel- 
ocity equal to 0.25 m/s. The result is shown in figure 
3 together with the air supply flow rate and the speci- 
fic flow rate. 

The specific flow rate is defined as 

qo n = -  
LWH 

where qo is the air supply flow rate. 

Figure 3. Maximum permissible supply velocity, 
air supply flow rate and specific flow rate 
for each air terminal device for a throw which 
is equal to the room length. 

AIR TERMINAL 
DEVICE 

A 

D 

Figure 3 shows a significant difference between the 
maximum permissible volumetric flow rates for the two 
air terminal devices. 

Convective flow above the heat source 

vo 
m/s 

1.3 

8.1 

The air velocities in the convective plume above the 
heat source are measured as functions of the distance 
from the top ef the source, the distance to the wall and 
of the power supplied. Four distances from the heat 
source have been measured, namely 0.11 m, 0.70 m, 1.28 m 
and 1.55 m, and the power supplied to the source was 
256 ~ / m ,  513 W/m, 769 W/m and 1026 W/m, respectively. 

qo 
m3/h 

67 

213 

n 
h'l 

1.4 

4.6 



In figure 4 the velocities are shown as functions of the 
distance to the wall for 4 distances from the top of the 
heat source and a power supply of 256 W/m. 

Distance from radiator 
@ 0.111 m 

0.4 
0 1.281 m 
a 1. 551 m 

0.3 

0.2 

0.1 

0.0 
0.0 0.1 0.2 0.3 0.4 0.5 0.6 

y(m) 

Figure 4. Air velocities in the convective 
plume above the heat source as functions of 
the distance to the wall. The measurements 
have been made at 4 distances from the top 
of the source and at a power supply of 256 
W/m . 

Near the heat source the velocities are low close to the 
wall and high over a small range about 0.15 m from the 
wall. This is due to the design and the mounting of the 
heater. The heater is placed 0.05 m from the wall and 
the main plume leaves the heat source horizontally at 
the front. Bouyance changes the flow to a vertical plume 
and the plume turns into a wall plume at some distance 
from the heat source. 

The relation between the maximum velocity in the convec- 
tive plume, the distance from the top of the heater and 
the heat load may be expressed by 



where 

Q~ is the convective heat load per length (W/m) 

y is the distance from the top of the heater (m) 

The volume flow in the convective plume can be calcu- 
lated from the measured velocity distribution in the 
plume by integrating from the wall to 6, the distance 
where the velocity is zero. The volume flow is calcu- 
lated as: 

q~ = R J: U ~ X  (m3/s) (4) 

where 

qy 
is the volume flow in the convective plume 

R is the length of the heater 

6 is the width of the plume 

U is the measured velocity 

The volume flow in the plume depends on heat load and 
distance from the heater 

The supply openings are located 1.5 m above the heater 
and at this height the volume flow varies between 0.14 
m3/s and 0.24 m3/s corresponding to a specific flow rate 
of 11 - 19 h". This volume flow is very large compared 
to the volume flow of fresh air (1 - 5 h"). 

2.4 Room air velocities 

The air velocities in the occupied zone are measured at 
5 different specific flow rates and at 5 different heat 
loads for both air terminal devices. In figure 5 the 
velocity 0.1 m above the floor is shown for the nozzle 
(A) under isothermal conditions and with a heat load of 
800 W. 

The result of the velocity measurements in the occupied 
zone contains several characteristics. 

~t isothermal conditions and at specific flow rates ex- 
ceeding 2 - 3 hm1there is a linear correlation between 
air velocity and specific flow rate. This means that the 
flow has a fully developed turbulent level in the room 
and that the normalized values are independent of the 
velocity, see Nielsen3. 

The same correlation does not appear with heat load in 
the room. The velocities are considerably lower with heat 



load in the room than under isothermal conditions. The 
supply air is mixed with air from the hot plume above 
the heat source. Totally this gives a plume or jet which 
is warmer than the room air. Due to bouyancy the veloc- 
ity in the downward flow at .the opposite wall will de- 
crease more rapidly than under isothermal conditions 
giving lower velocies in the occupied zone. 

Figure 5. Air velocities in the ocupied zone 
at 5 different specific flow rates for the 
nozzle (A) measured 0.1 m above the floor 
under: a) isothermal conditions, and b) with 
a heat load of 800 W in the room. 
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Figure 6. The maximum air velocity in the 
occupied zone as a function of the specific 
flow rate and the heat load for air terminal 
devices (A) and (D). 



The maximum air velocity in the occupied zone cannot be 
completely determined from the measurements. However, it 
is estimated from the measured velocities at 18 points 
that the correct value is not considerably higher than 
the measured value. Therefore, in the following the 
maximum air velocity in the occupied zone is assumed to 
be equal to the maximum measured air velocity. 

In figure 6 the maximum measured air velocity is shown 
as a function of the specific flow rate and the heat 
load for both air terminal devices. 

As expected figure 6 shows that the maximum velocity in 
the occupied zone is much higher for ventilation with 
the nozzle than for ventilation with the diffuser at 
the same specific flow rate. This means that the dif- 
fuser (D) allows the highest specific flow rate in the 
room at the same velocity level in the occupied zone. 

Figure 6 also shows, especially for the nozzle (A), that 
the maximum velocity in the occupied zone is much lower 
with heat load in the room than under isothermal condi- 
tions, The difference in velocity decreases at increas- 
ing specific flow rate and decreasing heat load, 

2.5 Comfort demands 

Determination of the comfort limit for air velocity in 
the occupied zone in a room depends on the acceptable 
level of discomfort. In an ordinary office a dissatis- 
faction rate of 10% is acceptable. According to Fanger 
and christensen2 the comfort limit for air velocity 
should in this case be Vrm = 0.1 m/s, This value is ad- 
equate within the normal temperature range in ventilated 
work rooms. 

The maximum specific flow rate can be found from the 
comfort limit and figure 6. The results are shown for 
both air terminal devices in figure 7. 

Figure 7. Maximum specific flow rate and air 
supply flow rate for air terminal devices (A) 
and (D) for Vrm = 0.1 m/s. 
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The result from figure 3 is included in figure 6 to- 
gether with the comfort requirements. Apparently a de- 
sign with a throw equal to the room length functions 
satisfactorily for the nozzle under isothermal condi- 
tions, It is further shown that the non-isothermal con- 
conditions (at the given location of heat source and 
supply temperature equal to return temperature) allows 
a specific flow rate from the nozzle (A) which is high 
compared to the value found for the throw equal to room 
length. 

Diffuser D and a throw equal to the room length gives a 
maximum air velocity of 0.23 m/s in the occupied zone. 
This corresponds to a dissatisfaction rate of 40% which 
is clearly unacceptable. The reason for the failure of 
the simple design method may be that the wall jet from 
the diffuser spreads quickly and occupies a large area 
of the room which increases the velocity level in the 
return flow. 

The need for fresh air in the room depends on its use. 
If the room is used as a conference room with space 
enough for 6 - 8 persons, the necessary specific flow 
rate of fresh air to the room will be either 5.4 h'l 
or 3.7 h'l dependent on whether or not smoking is 
allowed4. It will not be possible to supply the room 
with fresh air through the nozzle in this case, if the 
comfort demands are to be fulfilled. 

3. CONCENTRATION MEASUREMENTS 

The concentration measurements were performed to deter- 
mine the distribution of contamination in the room under 
different circumstances. The measurements are performed 
under stationary contaminant, air and temperature dis- 
tribution conditions. The measuring points are evenly 
distributed along a vertical line through the middle of 
the room. The tracer gas is supplied through a point 
source (diameter 30 mm) placed 1.1 m above the floor in 
the middle of the room. For both air terminal devices 
the room has been ventilated with specific flow rates of 
1 h-l, 2 h'l and 3 h'l, respectively. The heat load has 
been varied between 0 W, 400 W and 800 W, respectively. 

Normalized concentration distribution 

The concentration measurements are normalized in rela- 
tion to the concentration mR in the return opening, A 
concentration of m/mR of e.g. 2.0 will indicate that 
the local concentration is twice as high as the con- 
centration in the return opening 



Figure 8. Normalized concentration distribution 
along a vertical line through the middle of the 
room for air terminal device (D) under isothermal 
conditio~s. Specific flow rates of 1 h-', 2 h-' 
and 3 h' and a tracer gas densities of 1.0 kg/m3, 
1,2 kg/m3 and 1.84 kg/m3. 



Figure 9. Normalized concentration distribution 
along a vertical line through the middle of the 
room for air terminal device (D). Heat load equal 
to 800 W. Specific flow rates of 1 h", 2 h" and 
3 h-' and a tracer gas densities of 1.0 kg/m3, 
1.2 kg/m3 and 1.84 kg/m3. 



The result in figure 8 shows a concentration distribu- 
tion in the wall jet created by entrainment of the con- 
taminated room air into the primary air. The concentra- 
tion is highest around and directly below the source. 
The source is placed in an area of the occupied zone 
where the air velocity is very low, and the tracer gas 
will reach a high concentration level before it is en- 
trained and discharged with the other air in the room. 
Measurements by Opp15 show a similar effect when the 
source is placed in an area with a low velocity. 

With increasing specific flow rate it is seen that the 
contaminant distribution m/mR i_s_ approximating the dis- 
tribution under high turbulent flow conditions in the 
room. It is characteristic of this distribution that it 
is independent of the specific flow rate, see Nielsen6. 
It is seen that the tracer gas density affects the dis- 
tribution. Above the source level the highest concentra- 
tions were measured by using tracer gas of low density, 
and the lowest concentrations were measured by using 
tracer gas af high density. The reverse condition ap- 
plies below source level. However, the influence de- 
creases at increasing specific flow rate. 

The resu1t.h figure 9 shows a concentration distribu- 
tion which is rather independent of specific flow rate 
and tracer gas density. As under isothermal conditions 
the concentration is highest around and just below the 
source. In the rest of the room the concentration level 
is the same as in the return opening. The distribution 
may be explained by the large amount of air which is 
circulated by the convective heat source, and it may al- 
so be explained by a slightly increased velocity around 
the source which is measured in the case of heat load in 
the room. 

4. CONCLUSION 

The design of air terminal devices in ventilated rooms 
with a throw equal to the room length does not always 
ensure thermal comfort. The air velocity in the occupied 
zone does not only depend on the proportions of the 
supply opening but also on the flow conditions in the 
room. 

A convection heat source in the room gives rise to a 
large internal volume flow in the room and this means 
an equally distributed concentration m/mR in the room 
independent of the specific flow rate. 
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Introduction 
The National Institute of Standards and Technology (formerly the National Bureau of 

Standards) has through an interagency agreement with the Public Building Service of the 
General Services Administration performed an evaluation of the thermal and environmental 
performance of a new Federal office building in Portland OR. The building was constructed 
during the 1986 and 1987 and occupancy began in August of 1987. 

This evaluation is part of a research effort by the Center for Building Technology of 
NIST to develop methods for evaluating advanced technology buildings. The procedure used 
for this evaluation was to install in the new office building a diagnostic center capable of 
monitoring important environmental parameters of the building. The measurements made 
consisted of 1.) air infiltration and ventilation rates, building envelope tightness, interzone air 
movement, detection of envelope thermal deficiencies, envelope thermal resistance and the 
levels of indoor contaminants. The indoor contaminants measured include carbon dioxide, 
carbon monoxide, respirable particulates in the 0.3 to 10 micron range, formaldehyde, radon 
and volatile organic compounds which could be emitted either by the new building materials 
and furnishings or the activities of the building occupants. Much of the measurements were 
made in real time. There are over 100 monitoring points in the building installed both in the 
interior space of the building, the building HVAC systems and the underground parking garage. 

Description of the Building 
The new Federal office building is a seven-story office building with a one-story 

basement and a two and one-half story underground garage (see figures 1 to 7). Attached to the 
building are a dining room and kitchen (figures 3 and 4). The penthouse of the building houses 
a mechanical equipment room which serves the first through seventh floors. There are three 
main HVAC systems which serve respectively the east, center and west cores of the building 
These three systems have a total capacity of approximately 140 m3/s (about 3 air changes per 
hour). Each HVAC systems has one return fan, two cold supply fans and a hot supply fan. 
These three HVAC systems are variable-air-volume systems (VAV). On the B1 level (occupied 
basement level-figure 5) there are four air handling systems which serve various sections of the 
basement. The B 1 level also contains the loading dock. Above and to the north of the loading 
dock is an air handler system for the dining room. In the underground garages there are four 
exhaust fans which are activated when the carbon monoxide levels in the garage reach 50 ppm. 
The occupied area of the building is approximately 46,000 m2 and has a volume of 180,000 m3. 
The garage is connected to the occupied space by several stair and elevator shafts. The general 
interior plan of the building (figures 6,7) is that of an open architecture which each occupant 
having a space enclosed by 5 ft. partitions. On most floors there are enclosed offices for 
supervisors and enclosed conference rooms that do not have separate air handling systems. The 
second floor of the building contains a computer facility. 



Description of Measurement Methods 
A diagnostic center was installed in the building during the later stages of construction. A 

schematic of this diagnostic center is shown in figure 8. The instrumentation [I] of the 
diagnostic center was designed to measure automatically the air infiltration and ventilation rates 
of various parts of the building, internal temperatures and humidity, exterior temperature, wind 
speed and direction, the indoor and outdoor levels of carbon dioxide and carbon monoxide and 
the indoor levels of respirable particles in six size ranges (0.3-0.5,0.5-0.7,0.7-1.0, 1-5,5-10 
and >10 microns). Figure 9 shows a view of the instrumentation systems installed in the 
diagnostic center. In addition check measurements were made of the concentrations of 
formaldehyde, radon and volatile organic compounds. 

The air exchange rate measurements were made using the tracer gas decay technique with 
an automated measuring system. This system has been used previously to provide continuous 
measurements of building air exchange rates in office buildings [2]. For these measurements 
the system injects sulfur hexafluoride (SF,) into the building supply fans every two or three 
hours, allows the tracer gas to mix, and then monitors the decay in tracer concentration at 
several locations within the building. The tracer gas decay procedure is based on the sample on 
the assumption that the tracer gas is well-mixed with the interior air, and sampling of the SF, 
concentration at several locations enables the the verification of this assumption. The rate of 
decay of the tracer gas concentration provides an estimate of the whole building air exchange 
rate under the conditions that exist during the measurement. This estimate includes both air 
exchange due to the internal intake of outside air through the air handlers and uncontrolled, 
unintentional air exchange through leaks in the building envelope. 

The automated system is controlled by a microcomputer that controls the tracer gas 
injection and air sampling, records the SF,concentrations, and monitors and records the outdoor 
weather, indoor temperatures and fan operation. Two such systems were employed in the new 
office buildings enabling sampling of tracer concentrations at twenty locations. These systems 
operate unattended for long periods of time (approximately one month). 

The sampling locations in the building were placed both in the interior space and in the 
air handling systems. In general each air handling system had three air sampling locations: one 
down-stream of the intake fans, one up-stream of the intake fan and one in the return fan. 
These sampling points were connected directly to the diagnostic center through 518 inch OD 
nylon or polyethylene tubing. Each air handling system had two injection points for injecting 
tracer gas (one up-stream and one down-stream of the supply air fans). These points were 
collected to injection manifolds with 118 inch nylon tubing. On each floor there were between 8 
to 12 interior space sampling location at a height of approximately 5 ft. above the floor (figures 
10,ll). In addition the were sampling points in the exhaust stream of each air handling system. 
Typical locations of these sampling points can be seen in figures 4 - 6. These floor sampling 
locations were collected to floor panel boxes by either nylon or polyethylene 518 inch tubing 
for runs under the raise floor or 518 copper tubing (a fwe requirement) for runs through the 
ceiling return air plenum. Each floor panel had six 5/8 inch polyethylene tubes which ran to the 
diagnostic center on the B 1 level. These six tubes were patched to the desired floor sample 
locations. This permitted easy changing of sampling locations and also through the use of tees 



and jumpers the creation of a large variety of average sampling strategies. (One particularly 
useful strategy was to tee together one central location from each floor to obtain a average 
interior space concentration.) Similar sampling locations were installed on each level of the 
underground garages. In addition sampling location were placed in the exhaust air of the 
garage's four exhaust fans. Sampling points were also installed at two locations outdoors on 
the roof and at two locations outdoors at street level. 

The levels of pollutants were measured using a variety of techniques. Carbon monoxide 
(CO) and carbon dioxide (COJ were measured with an automated system employing infrared 
absorption analyzers for determining concentrations and a microcomputer to switch among the 
sampling locations and to record data. This system automatically monitored the CO and CO, 
concentrations at ten locations in the building, each location being monitored once every ten 
minutes. Particle concentrations were monitored with a light-scattering particle counter that 
determines particle concentrations in six different size ranges (0.3-0.5,0.5-0.7,0.7-1.0, 1-5, 
5-10 and >10 microns). Cumulative particle counts were recorded on a disk by a microcomput- 
er based data acquisition system. Formaldehyde concentrations were measured with a passive 
monitor based on absorption onto a sodium-bisulfite treated filter and analysis by the 
chromotropic acid colorimetric method. These passive samplers yield average formaldehyde 
concentrations for periods from 5 to 7 days. Radon concentrations were measured with 
charcoal canisters for periods of about 3 days, and a working level monitor was used to obtain 
hourly measurements of radon progeny levels. 

Volatile organic compounds were measured using active sampling on Tenax and/or 
charcoal with analysis by a gs/Ms. Air samples were collected on multisorbent samplers 
containing three sorbent materials in series: Tenax-TA, Ambersorb XE-340, and activated 
carbon. Samples were analyzed using a thermal desorption and sample concentrating device 
(Model 8 10, Envirochem, Inc.) a capillary gas chromagraph (Model 5790A, Hewlett-Packard, 
Inc.) equipped with an on-column cryogenic focusing device, and a mass-selective detector 
(Model 5970B, Hewlett-Packard, Inc.). Following thermal desorption, a portion of the sample 
was split off to a flame-ionization detector for a measurement of total organic carbon. The 
mass-selective detector was operated in scan mode for qualitative analyses and in selected ion 
mode for quantitative analyses. 

Results of the First Year Evaluation 
The building ventilation and air infiltration rates are shown in figure 12 as a function of 

inside-outside temperature difference. Building ventilation rates (open diamonds) are between 
0.4 to 2.2 air changes per hour during periods when the building is occupied with the most 
typical values being about 1.0 to 1.2 air changes per hour. The extreme of 0.4 occurs during 
extremely hot summer conditions or extremely cold (for Portland, OR) winter conditions. For 
comparison, the new ASHRAE ventilation standard requires 20 cfm per person for office 
buildings. This is equivalent to 0.8 to 0.9 air changes per hour if the building is occupied at a 
density of one person per 135 ft.2. 



The building air leakage (uncontrolled air exchange when the HVAC fans are off during 
unoccupied hours - solid squares) is between 0.2 and 0.4 air changes per hour. This is a 
building designed to be energy efficient and these values indicate that the exterior walls of the 
building are not tight by what we would consider typical of US office buildings. (Note: The 
surface to volume ratio of an office building is about 116 th that of a home. Therefore the walls 
of this building are equivalent to the walls of a house with an air leakage of about 1.2 to 2.4 air 
changes per hour - very loose). 

The maximum daily carbon dioxide levels for the months of January through April are 
shown in figure 14. Figure 15 shown the maximum daily CO, level as a function of air exhange 
rate. Carbon dioxide levels are seldom over 600 pprn on a building average and only a couple 
of times ever over 1000 pprn at any location in the building. (The new ASHRAE standard 
proposes a maximum level of 1000 ppm, complaints from building occupants begin to occur 
when levels excess 600 pprn). A closer examination of the hourly CO, levels in the building 
shows that the obtain levels are never at steady state and usualy have two daily peaks - one 
around 11 am and the other around 3 pm. It is also shown by the values of the constants of the 
fitted curve in figure 15. The value of 100 is approximately 1/3 the expected equilibrium value 
based on the occupancy of the building. 

A detailed examination of the SF, and CO, data shows that the air handling system can 
easily control the amount of air required for the building. The outside air is well distributed 
and there is little or no evidence of short circuiting of the outside supply air or poor mixing due 
to the operation of the variable volume air handling system. In the summer and warmer periods 
of the fall and spring the typical operational mode of this air handling system runs the system 
at 100 percent outside from early morning to a point in the day when the outside temperature 
researches about 26 degrees C at which point the point the system is run at between 10 to 20 
percent outside air. In the winter a economizer mode of operation was used last winter in 
which the amount of outside air was determined by the cooling requirements of the building. 

The levels of carbon monoxide in various parts of the building are shown in figures 15 
through 20. Figure 15 gives the daily maximum carbon monoxide levels in the interior space 
for the months of February through May. Figure 16 shows the high levels of CO occurring in 
the elevator level of the sixth floor. Figure 17 shows the daily peaks of CO on the B2 garage 
level. Figure 18 gives the peak reading in CO for the elevator lobby on the B1 level. Figure 19 
shows similar maxima for the B1 level loading dock. An examination of the data in these 
figures and the more detailed hourly data shows that during the fall and early winter months, 
there were occasional incidents of excessive carbon monoxide levels (greater than 10 ppm) in 
the upper building (figure 16) due to the flow of air from the under ground parking garage 
toward the elevator shafts and stairwells. (Note the ASHRAE required level is 10 ppm, 
complaints begin to occur at 5 pprn.) It seems that the automated sensors in the garage, though 
functioning as designed (to activate the garage's exhaust fans when the level in the garage 
exceeds 50 pprn (see figure 17)), will not prevent the transport of CO up the elevator shafts 
(figure 16) and stairwells in extreme weather conditions when the stack effort is strongest. 
Once the garage exhaust fans (at least two of the four) were operated continuously during 
occupied hours, the CO level in the office space never exceeded 5 ppm. 



Figures 21 and 22 shows the results of the radon testing in the building. The measured 
radon levels in the building are below 0.007 working levels (the ASHRAE level is 0.01 
working levels, the EPA action level is 0.02 working levels) as measured in terms of the 
equivalent radiation impact of the ,radon daughters and less than 1.2 pCi/l (the ASHRAE 
recommended level is 2 pCi/l, the EPA action level is 4 pCi )  in terms of the amount of radon 
gas. The radon levels in the low garage levels are higher than those those of the upper floors. It 
is interesting to note that the upper floors of the occupied space are consistently higher in radon 
level than the lower above ground levels. This can to attributed to the fact the air flows into the 
elevator shafts and stairwells on the lower levels and out of these shafts on the upper levels. 

Figure 23 shows the maximum daily concentrations of respirable particles in the six size 
ranges of 0.3-0.5,0.5-0.7,0.7-1.0, 1-5,5-10 and greater than 10 microns. The levels of the fine 
particles in the 0.3 to 0.5 remain fairly constant and show little hourly or daily variation. The 
three size range of 0.5-0.7, 0.7-1.0 and 1.0 -5.0 have much more pronounced variations. The 
two size range greater than 5 microns are not considered respirable. The high levels of particles 
in the ranges 0.7-1.0 and 1.0-5.0 micron for the period around October 15 were caused by the 
sweeping of the parking garage with street-type sweeping machines. The building maintence 
staff reported that all filters in the air handlers had to be replaced after the sweeping of the 
garages. In general the levels of respirable particle levels in the building (particles of a size less 
than 3 microns) are in the 10 to 15 million particles per cubic meter range, typical for office 
buildings without smoking which we have measured (data from a limited number of buildings). 
It is difficult to compared the measured particle levels with established standards since the 
standards are given in micrograms per cubic meter and there is great uncertainty in converting 
from particle counts per cubic meter to micrograms per cubic meter without more detailed 
analysis of the composition of the particles present in the building. 

The level of formaldehyde in the building was. measured in August 1986 during the 
period when the new furniture was being installed and the occupants were moving into the 
building. The carpeting (a removable type of carpet squares with a pressure sensitive adhesive) 
was installed during the months of April through July in most parts of the building. The results 
of these measurements are shown in figure 24. The measured formaldehyde levels are less than 
0.056 ppm (the ASHRAE level is 0.1 ppm, complaints begin at 0.06 ppm, outside levels are 
typically 0.04 ppm). There is is little or no outgassing of formaldehyde from the building's 
furnishing and carpets. 

The last class of pollutants measured was the volatile organics. The results are given in 
Table 1. The measurements were made on three different occasions: August 4, 1987 when the 
occupants were moving into the building, October 14, 1987 and January 13, 1988. On each of 
these dates the building was being operated with three distinct air exhange rates (0.5, 1.36 and 
0.24 changes per hour) due to the prevaling exterior weather conditions. Figure 25 shows the 
effect of building ventilation rate on the total VOC concentration. The curve in figure 25 
represents the predicted level in the building using the source strengths in table 1. The source 
strength of total VOC is remarkably constant over the five month period between the first and 
last measurements. We have measured and identified 37 volatile organic compounds in the 
interior building space. There are 5 oxygenated compounds, 6 halogenated compounds, 16 
alkanes, 6 cycloaklanes and aklenes, and 5 aromatic hydrocarbons. All are at levels less than 
1/1000 th of the OSHA standard environmental levels of industrial work spaces. (Note: The 



ASHRAE standard recommends that for indoor air quality the level be not more than 1/10 of 
OSHA SELYs.) The largest amount of the mass of the VOC's is concentrated in the aklane class 
(C,, to C,, branched decanes and undecanes). These are not particularly irritating compounds 
and there are no OSHA recommended levels for these substances. However very limited 
studies done in Denmark by Dr. Molhave [3] indicated that many complaints will occur when 
the total levels of VOC's exceeds 5 mg/m3 and it has been recommended by researchers [4] at 
EPA Research Triangle Park that a prudent target level for total VOC's be 1 mg/m3. All three 
measurements sets that were made in the building were greater than 1 mg/m3 and the building 
exceeded 5 mg/m3 when the ventilation rate was below 0.5 air changes per hour. The sources 
of these compounds have not yet been identified; however we have tested the major building 
components and furnishings for outgasing and these are not the sources. We suspect that they 
are activity related and we are making an effort at identifying these activities. Though 
operating the ventilation system always at 100 percent outside air would keep the levels near 
the target of 1 mgIm3, identification and limitation of the sources is a better strategy. 

Summary 

The new office building studied is being investigated in order to establish a long-term 
record of a modern office building's thermal and environmental performance and to document 
what parameters in the design, construction and operation of a new office building will effect 
this performance. Other than initial problems associated with "debugging" the HVAC system 
and controls, the building has adequate ventilation under most operating conditions. The 
envelope of the building is not tight for a new office building and infiltration is a significant 
source of building air exchange. The levels of CO,, HCHO, radon and respirable particles are 
well within the established guidelines. An area of concern is the airflow from the garage into 
the occupied space. This airflow can cause high levels of CO in the vicinity of elevator shafts 
and stairwells on the upper levels and near the loading dock. The garage exhaust fans are 
adequate to reverse this flow, but in the automatic mode they currently do not operate for a 
sufficient amount of time to do so. A change in their controls, or an attempt to isolate the 
vertical shafts (stairs and elevators) from the garage, would alleviate these problems. There is 
no evidence of any significant outgassing of pollutants from the building's materials and 
furnishings. There is however a total of at least 37 volatile organic compounds in the building 
air which seem to be related to the activities occurring in the building. The levels of all these 
compounds are of at least two orders of magnitude below established limits ( l/lOth of the 
TLVYs). However the vast amount of VOC's found in the building are compounds for which 
no extensive amount of research has been done to establish irritant levels and therefore these 
compounds could be a source of complaints from the building's occupants at low ventilation 
rates. 
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Figure 3. Schematic of the New Federal Office Building 
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Figure 7. View of Building Interior 

Figure 8. Schematic of Diagnositc Center 



Figure 9. View of Diagnostic Center 



Figure 10. Space Air Sampling Location 

Figure 1 1. Elevator Lobby Air Sampling Location 
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Table 1. Total Volatile Organics 
Concentration 

(c~glm') 
8/4/87 10/14/87 1/13/88 

0.5 1.36 0.24 

Source Strength 
(pg/m3-h) 

8 /4/87 10/14/87 111 3/88 
0.5 1.36 0.24 

Date 
Air Exchange Rate 

Oxygenated 
2-Propanol 
2-Propanone 
2-Butanone 

Halogenated 
Trichlorofluoromethane 
Dichloromethane 
1 , 1 , 1 -Trichloroethane 
Trichloroethane 

Alkane + Cycloakane 
2-Methylbutane 
n-Hexane 
Cyclohexane 
n-Heptane 
3-Methylheme 
Methylcyclohexane 
2,2,4-Trimethylpentane 
1,4-Dimethylcycohexane 
n-Nonane 
2,2,5-Trimethylhexane 
n-Decane 
n-Undecane 
n-Dodecane 
n-Tridecane 
n - T e t r a w e  

Aromatic 
Toluene 
Ethylbenzene 
1,2-Dimethylbenzene 
1,3-,1,4-Dimethylbenzene 
1,3,5-Trimethylbenzene 

Totals 
Sum of individual compounds 
Total volatile carbon 



EFFECTIVE VENTILATION 

9th AIVC Conference, Gent, Belgium 
12-15 September, 1988 

Poster 21 

APPLICATION OF MATHEMATICAL MODELING TO THE 
EVALUATION OF BUILDING VENTILATION SYSTEMS 

J.B. FANG, R.A. GROT'kAND T. KURABUCHIO 

*Centre for Building Technology 
National Institute of Standards and Technology 
Gaithersburg, MD 20899 
U.S.A. 

ODepartment of Architecture 
University of Tokyo 
Tokyo 
Japan 



ABSTRACT 

Numerical modeling is performed for three-dimensional turbulent buoyant flows emerging from 
an air diffuser in an air-conditioned, ventilated room. The velocity and temperature distributions 
of air in the room are calculated, and the calculated results are found to be in reasonable 
agreement with published experimental observations. Calculations of Air Diffusion Performance 
Index (ADPI) for a sidewall grille are carried out for different flow rates of air supply. The 
predicted ADPI values are found generally to be consistent with the corresponding experimental 
values. It is reasonable to apply the numerical modeling technique for practical use in the 
prediction of various air-conditioned room environments and the design of building ventilation 
systems. 

Keywords: air diffusion performance,K-E turbulence models, mathematical modeling, numerical 
simulation, room air movement ,ventilation systems. 



1 Introduction 
The velocity and temperature characteristics of air within the occupied zones of a building are 
important factors in determining the comfort level and indoor air quality experienced by the 
spaces's occupants. Most heating, ventilation and air-conditioning systems can provide a certain 
level of air motion and maintain the desired average of temperature and humidity in conditioned 
spaces. However, there can be areas of excessive air drafts and excessive room air temperature 
variation, which can be discomforting for the building occupants. Similarly, parts of the space 
which experience low air flows may have locally high pollutant levels and low ventilation 
effectiveness. For the design and selection of suitable and effective building ventilation systems, 
information on the distributions of air flow velocities and temperatures as well as the heating and 
cooling loads for a given room geometry is needed. 

Due to increasing computing speed and decreasing costs with rapid progress in computer 
technology, numerical simulations of physical systems are potentially a valuable tool for solving 
fluid flow and heat transfer problems. It can be noted that various experimental techniques such 
as field tests for measuring local air velocities and temperatures are expensive and time 
consuming. Mathematical modeling can provide a relatively cheap and rapid means for 
evaluating the performance of the building ventilation systems and assessing the effects of 
various system variables such as air supply rate and temperature, and the sizes and locations of 
air diffusers. In addition to these, numerical modeling can provide the bases for prediction of 
thermal comfort and air contaminant dispersion. 

The performance of air ventilation systems is dependent on the type of air diffuser used as an air 
inlet, the space heating or cooling load, and the flow rate of air supply to the conditioned spaces. 
A properly designed, wall or ceiling mounted air diffuser system can not only meet the required 
heating and cooling loads but also provide comfort thermal conditions and satisfactory air 
movement environments in the occupied zones. 

A comprehensive study of room air distribution performance was conducted by Miller and 
Nevins [I-41. They performed extensive laboratory testing of various types of air distributing 
devices such as sidewall grilles and ceiling diffusers, and evaluated their performances based on 
the measured air velocities and temperatures in the occupied zone of the test room. Hart and 
Int-Hout [S] carried out a series of laboratory tests to determine the performance of continuous 
linear air diffusers in the perimeter zones of both open and closed office configurations. The 
results of their tests suggest that ceiling mounted linear diffusers can give acceptable thermal 
environments for a variety of heat loads without the use of convective heaters. Recently, 
Yamazaki, et al. [6] applied numerical modeling technique to simulate the air-heating environ- 
ments for both a console type of air heater installed in a residential room and an air diffuser 
installed on the ceiling, and compared the predicted results with some experimental data. 

In this paper, an attempt is made to estimate the air-conditioned environments using mathemati- 
cal modeling technique for a sidewall grille mounted on a wall and directly above the return air 
outlet in a room of an office building. The predicted results on the air distribution performance 
of this air diffuser are compared with the published test results [I-51. 

2 Calculation Procedure 
A finite difference computer program called EXACT3 [7], which stands for U l i c i t  Alporithm 
for 3-dimensional continuous Turbulent fluid flow, was modified with addition of a source term 
to the energy equation and used for predicting indoor air distribution. This computer code was 



used for numerical simulation of indoor air movement and local air contaminant dispersion 
processes under conditions of with and without use of a mechanical ventilation device in a 
chemical laboratory for isothermal flow situation [8]. 
The basic equations describing the indoor air flows include the continuity, Navier-Stokes, and 
energy equations fm a turbulent, incompressible fluid, along with two additional transport 
equations for the turbuleflce kinetic energy and its dissipation rate, and are expressed by: 

where 

1 vt a =-+- 
dr RePr 0;8 

eddy viscosity 

effective eddy viscosity 

effective thermal diffusivity 



U, are mean velocity components in xi direction, respectively, xi are Cartesian coordinates, t is 
time, p is the fluid density, p is the pressure, P is the volumetric coefficient of expansion of the 
fluid, gi is gravitational acceleration in xj direction, 8 is the temperature difference between the 
average indoor temperature and local temperature, S, is the volumetric rate of heat generation, K 
is turbulence kinetic energy, E is the dissipation rate of turbulence kinetic energy, Re=LoUb, 
Reynolds number, in which Lo. is the inlet width of air diffuser and Uo is the inlet air velocity; Pr= 
v/a, in which v is the kinematic viscosity and is the thermal diffusivity of the fluid, and c,, c,, c,, 
o,, oK and o, are empirical constants in K-E turbulence model. 
These equations are converted into a series of finite difference equations and solved simultane- 
ously by using the MAC method [9]. A staggered grid system is used where the velocity 
components are defined at the center of grid surface and scalar quantities such as pressure and 
turbulence kinetic energy are defined at the center of grid volume. The computer code uses a 
hybrid scheme, which utilizes either centered differencing or upwind differencing scheme 
depending on the local value of cell Peclet number, for the partial derivatives in space, and an 
explicit scheme for the partial derivative with respect to time. It also uses the pressure relaxation 
technique to correct the pressure and velocity components simultaneously in order to obtain 
solutions which satisfy the continuity equation. Using the following values for empirical 
constants appearing in Equations 1 to 5: 

and following the MAC method, iterative solving and numerical time integration of these 
equations were made to obtain the converged solution. 
The test room modeled numerically had overall dimensions of 6.10 m wide x 3.66 m long x 2.74 
m high simulating an interior room of a multi-story office building [I-41. The energy input to 
the room consisted of uniform heating loads from finstrip heaters located around the center of the 
room floor and having a total heat output of 22.07 W/m2 over a 3.66 x 1.52 m floor area, and a 
concentrated load composed of a 0.97 x 0.91 x 0.3 1 m angle iron framework installed 0.20 m 
from the south wall, and having a heat output rate of 40.98 W/m* of floor area. A sidewall grille 
measuring 0.61 m wide by 0.15 m high was located in the center of the 3.66 m long north wall, 
with its horizontal center line 0.15 m below the ceiling. A 0.76 m x 0.42 m high return air grille 
was situated directly beneath the supply air grille, 0.7 1 m above the floor. Local air temperatures 
and velocities within the occupied zone of the test room were measured at 216 locations using 
anemometers and thermocouples. The air supply grilles had two rows of 19 rnm wide adjustable 
vanes and both sets of vanes were straight for all tests performed. For all tests, the test room was 
maintained at an average temperature of 23.33 + 0.39 C during the course of the test. Under a 
total heating load of 63.05 W/m2 of floor area, the flow rates of air supply to the room varied 
from 10.97 to 91 -44 m3/h - m2 of floor area. 

Mathematical modeling was performed to simulate six air distribution tests on the sidewall grille 
installed in a ventilated room. A numerical grid with the room being subdivided non-uniformly 
into 29 x 27 x 20 rectangular parallelepiped cells was used with six different air flow rates 
including 10.97, 18.29,36.58,54.86,73.15 and 91.44 m3/h-m2 of floor area. In order to deal with 
boundary conditions, one or two dummy cells with the same cell intervals as that of the terminal 
real cell were added to outside of the boundary. The temperature difference between the supply 
air and the room air for each flow rate was calculated based on an overall energy balance around 
the whole room. The calculated values of temperature difference between the supply air and the 



room air, 0,, for different rates of air inflow are tabulated in Table 1 along with the Reynolds 
number and the Archimedes number, which determines the effect of buoyancy on the flow field 
and is defined as Ar=PgjL,B6V,2. 
The incoming air was colder than the bulk air in the room to compensate for the input of the 
room heating load, simulating a ventilation situation in summer. Numerical modeling cone- 
sponding to the test conditions was made with a nonuniform mesh layout for a symmetric half 
portion of the flow domain including the concentrated and uniform heating loads, and an inlet 
and an outlet opening. Fine grid spacing was used in the vicinity of the walls, the heating loads, 
and the inlet and outlet openings. 

The sidewall grille used for air distribution was assumed to be a 50% free area air diffuser. The 
boundary conditions for the velocity and turbulence properties included zero gradients in the exit 
plane and logarithmic wall functions to describe the near-wall or solid surface regions. All 
surfaces were assumed to be adiabatic except a portion of floor around the room center and the 
top face of the concentrated load, where constant heat input rates were prescribed. Heat was 
supplied at a rate of 88.3 W/m2 from uniform load at the center of room floor, and at 3279 W/m2 
from the concentrated load in the vicinity of wall opposite to the inlet. As illustrated in Table 1, 
the inlet temperatures for six air inflow rates varying from 10.97 to 91.44 m3/h-m2 were 
respectively 17.3, 10.4,5.2,3.5,2.6 and 2.1 OC lower than the average temperature of the room 
of 23.3 OC. The calculations of air velocity and temperature distributions for three-dimensional 
turbulent buoyant flows in a ventilated room were performed using the Cyber 205 supercomputer 
at the National Institute of Standards. and Technology 

3 Calculated Results 
Figures 1 to 6 show the calculated velocity distribution in the vertical center plane of the test 
room for different air inflow rates. As shown in Figure 1, the cold air coming from the inlet 
travelled down towards the floor due to the downward directed buoyancy force. A portion of 
flows circulated around the lower left corner of the room and exited through the return air grille. 
The remaining portions of flows proceeded along the floor surface, turned upward after 
impinging onto the concentrated load and being accelerated by merging with the hot gas stream 
rising from the concentrated load, spread radially along the ceiling and entrained into the main 
flows from the inlet. One small recirculating zone was observed in the top right corner of the 
room. The air distribution patterns on the vertical center plane of the room obtained with smoke 
filaments for different flow rates [3,4] are given in Figure 7 for comparison with the predictions. 
As shown in Figures 1 and 7.a, the predicted general flow structure agrees quite well with the 
corresponding experimental observations. In Figure 2, the inflows following the ceiling spread 
radially toward the floor and the wall opposite to the entrance because of increased inlet velocity 
and decreased downward directed buoyancy effects. The flows are then curved along the wall 
and floor, and entrained into the jet stream or depart from the test room. It can be seen that a 
secondary recirculation is created in the vicinity of the floor and the concentrated heat source. 
There are some discrepancies between prediction and experimental observations on flow patterns 
by comparison of Figures 2 and 7.b. This may be due to relatively low value for Archimedes 
number used in the calculations causing the temperature difference between the room air and the 
supply air to be underestimated compared to actual value of the test. 



Figures 3 through 6 show that a turbulent buoyant wall jet issuing from the inlet grille, spreading 
along the ceiling and turning downward and horizontally toward the outlet after impinging onto 
the opposite wall. A recirculating flow structure appeared in the whole flow domain with its 
center located near the concentrated load. The predicted flow patterns shown in Figures 3 to 6 
are generally consistent with the corresponding experimental observations illustrated in Figure 7. 
The Air Diffusion Performance Index (ADPI) is commonly used to specify the performance of 
an air diffuser system, and defined as the percentage of the locations in the occupied zone, which 
meet acceptable limits of effective draft temperatures between - 1.7 C and +1.1 C, and local air 
velocity of less than 0.35 m/s [lo]. The effective draft temperature, $, can be calculated from the 
equation below: 

$ = (T, - T,) - ~.O(V, - 0.15) 

where Tx is the local air temperature, in OC, T is the room average temperature, in OC and v, is 
the local air velocity, in m/s. 
The air diffusion performance indexes for the sidewall grille are calculated for different flow 
rates of supply air and listed in Table 2 along with the corresponding experimentally determined 
values. The ADPI calculations were based on predicted air temperatures and velocities at 96 
locations, which were uniformly distributed throughout the occupied space in the one-half 
portion of the flow domain. The occupied zone was situated at 0.28 m from the wall of the inlet, 
0.3 1 m from side walls, 0.79 m from the wall opposite to the inlet, and 0.17 m from the floor 
extending up to 1.87 m above the floor. 

With the exception of the two highest air inflow rates, the predicted ADPI and drafty percentage 
values are generally in good agreement with the experimental ADPI and drafty percentage 
values. It can be noted that the experimental values were derived based on 216 measurement 
locations distributed evenly in a room space situated 0.92 m from the wall opposite to the inlet, 
0.31 m from side walls and the wall of air inlet, 0.10 m from the floor, and 0.81 m from the 
ceiling or 1.93 m above the floor. At the highest two air inflow rates, there are noticeable 
discrepancies between the predicted and experimental ADPI results. This may be attributed to 
over-predicting the spread of the air wall jet after impinging onto the opposite wall and 
deflecting and reversing direction of flows as local air velocities decreased so rapidly as shown 
in Figures 5 and 6. There are significant inconsistencies between the predicted and experimental 
results on the percentages of stagnant cold and stagnant hot locations in the occupied zone. The 
use of lower values for temperature differential between the room air and the inlet air in 
calculations, for instance, 17.2 OC versus 19.4 OC [I], which was actually used to make up the 
63.05 Wlm2 heating load for the test with a flow rate of 10.97 m3/h-m2, undoubtedly contribute to 
a part of this discrepancy. It was also noted that at higher flow rates, the results of the simulation 
were greatly influenced by the assumed inlet flow velocity even through the volumetric flow 
remained constant (that is, by increasing or decreasing the assumed effective area of the grille). 

As illustrated in Table 2, the predicted ADPI values have a maximum at air inflow rate of 36.58 
m3/h-m2. At low rates of air injection, the jet of cool air fell downward due to strong buoyancy 
effect and did not fill the room. Under these conditions, there were thus numerous locations 
within the room at which the local temperatures were far below and above the control 
temperature causing the effective draft temperature to be outside the comfort limits and therefore 
leading to low ADPI values. With an increase in the supply of air, the ADPI values were 



increased to reach a maximum because of better mixing occurring within the room. However, a 
further increase in the volume of air supply resulted in decrease in ADPI value since the number 
of locations with local air velocities greater than the 0.35 m/s limit was increased. 

4 Conclusions 

Prediction of buoyancy-affected air flows emerging from an air diffuser in a ventilated room has 
been demonstrated in a wide range of air inflow rates with constant heating loads using the 
numerical technique presented in this paper. The three-dimensional distributions of air velocity 
and temperature in an air conditioned room are calculated, and the calculated velocity 
distributions are generally in reasonably good agreement with experimental observations 
obtained with smoke filaments. 
The Air Diffusion Performance Indexes (ADPI) for a sidewall grille are calculated for six air 
flow rates and the calculated results are compared with the corresponding published experimen- 
tal values. A good agreement is obtained for flow rates ranging between 10.97 and 54.86 
m3/h-mz of floor area, and a fair agreement is found for flow rates greater than 73.15 m3/h-m2 
which is probably due to use of smaller values for the heating loads and temperature differential 
between the room air and the inlet air in numerical simulations compared to experimental values. 
The ADPI value is found to be a function of air inflow rate and room heating load as would be 
expected. The procedure for calculating three velocity components and temperature in a 
ventilated room involves the solution of three-dimensional transient equations for conservation 
of mass, momentum, energy, and turbulence kinetic energy and its dissipation rate. The 
calculation procedure is practically useful in the design of building ventilation systems and 
prediction of various air-conditioned room environments. 

5 References 
1. Miller, P. L. and R. 6. Nevins, 'An Analysis of the Performance of Room Air Distribution 

Systems; ASHRAE Transactions, 78, Part I, 191-198, (1972). 

2. Miller, P. L., 'Room Air Distribution Performance of Four Selected Outlets', ASHRAE 
Transactions, 77, Part II, 194-204, (1971). 

3. Miller, P. L. and R. T. Nash, 'A Further Analysis of Room Air Distribution Performance; 
ASHRAE Transactions, 77, Part 11,205-212, (1971). 

4. Nevins, R. G., 'Air Diffusion Dynamics--Theory, Design and Application', Business News 
Publishing Co., Birmingham, Michigan, 1976. 

5. Hart, G. H. and D. Int-Hout, 'Thermal Performance of a Continuous Linear Air Diffuser in 
the Perimeter Zone of an Office Environment', ASHRAE Transactions, 86, Part 2, 
107- 124, (1980). 

6. Yamazaki, K., M. Komatsu and M. Otsubo, 'Application of Numerical Simulation for 
Residential Room Air Conditioning', ASHRAE Transactions, 93, Part 1,210-225, (1987). 

7. Kurabuchi, T., 'Numerical Calculation Method of Indoor Air Flow by Means of k-E 
Turbulence Model, NBSIR Report (In Process). 

8. Kurabuchi, T. and T. Kusuda, 'Numerical Prediction for Indoor Air Movement', ASHRAE 
Journal, December 1987, pp 26-30. 



9. Harlow, F. H. and J. E. Welch, 'Numerical Calculation of Time Dependent Viscous 
Incompressible Flow of Fluid with Free Surface', Physics of Fluids, 8,2182-2189 (1965). 

10. American Society of Heating, Refrigerating and Air-Conditioning Engineers, 'ASHRAE 
Handbook - 1985 Fundamentals', Atlanta, GAY 1985. 



Table 1. The Calculated Values of Temperature Difference between the Supple Air and the 
Room 



Table 2. Calculated ADPI Values for Different Flow Rates of Air Supply 
and the Corresponding Experimentally Determined Values 

Note: The values in parentheses are the experimentally 
determined values. 



INLET VELOCITY 

Figure 1. Distribution of Calculated Velocity Vectors in the Center Plane for Inflow Rate of 
10.97 m3/h-m2 

INLET VELOCITY 

Figure 2. Distribution of Calculated Velocity Vectors in the Center Plane for Inflow Rate of 
18.29 m3/h-m2 
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Figure 3. Distribution of Calculated Velocity Vectors in the Center Plane for Inflow Rate of 
36.58 m3/h-m2 

INLET VELOCITY 

Figure 4. Distribution of Calculated Velocity Vectors in the Center Plane for Inflow Rate of 
54.86 m3/h-mz 



INLET VELOCITY 

Figure 5. Distribution of Calculated Velocity Vectors in the Center Plane for Inflow Rate of 
73.15 m3h-rn2 

INLET VELOCITY 

Figure 6. Distribution of Calculated Velocity Vectors in the Center Plane for Inflow Rate of 
9 1.44 rn3h-mz 



a. Inflow rate = 10.97 m3/h-rnz b. Inflow rate = 18.29 m3/h-m2 

c. Inflow rate = 36.58 m3h-mz d. Inflow rate = 54.86 m3/h-m2 

e. Inflow rate = 73.15 m3/h-m2 f. Inflow rate = 91.44 m3/h-mz 

Figure 7. Measured Air Flow Patterns for Different Air Flow Rates 




