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Natural Ventilation is a widely used passive cooling technique in the countries of southern 
Europe. Numerous studies have been devoted to the analysis of the physical phenomena 
related to natural ventilation. These phenomena are very complex and our degree of 
understanding them often leaves a lot to be desired. Research on this topic within the 
framework of PASCOOL included experimental and modeling work aiming to fill 
existing gaps in our knowledge of indoor air conditions in naturally ventilated buildings. 
An extensive experimental program was carried out in full scale buildings and test cell 
facilities during the summer period in Greece, Belgium, Spain, Switzerland and Portugal. 
Existing models were validated and new ones were proposed. This paper gives a brief 
description of the experimental work and summarizes the results from the data analysis 
and model development within PASCOOL. 
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1 INTRODUCTION 

As revealed by the last ZEPHYR competition [I], natural ventilation is 
the first design strategy used by architects or designers to reduce 
building cooling loads and improve indoor comfort in Mediterranean 
countries where air conditioning systems do not represent a realistic 
alternative. 

*Corresponding author. 
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Natural ventilation through large openings is distinguished in cross 
and single sided ventilation. Cross ventilation is strongly influenced by 
the wind characteristics and the flow depends directly on the pressure 
differences at the multiple openings. The difficulty in predicting the 
flow in cross ventilation configurations is mainly due to the uncertai11ty 
in the pressure coefficients at the openings. When all openings are in 
one wall only or there is a single opening (single sided ventilation) , 
thermal buoyancy and wind-induced pressures are the driving forces of 
ventilation. Prediction of the ventilation rates for design assessment 
purposes is a complex problem and various methods and models have 
been proposed. However, very few experimental studies are available 
and the validation of existing models is very limited. 

The research effort in PASCOOL included both experimental and 
modeling activities in the field of natural ventilation. Experimental 
work on single sided and cross ventilation was carried out in full scale 
buildings and test cell facilities. Difficulties in experimental methods 
were reported. Data from the experiments were used in order to vali
date modeling approaches. New models were developed and validated 
using experimental data. In the following sections the research work 
undertaken within the framework of PASCOOL in single sided and 
cross ventilation is presented .. 

2 SL~GLE SIDED NATURAL VENTILATION 
STUDIES IN PASCOOL 

2.1 Modeling Approaches 

Previous studies on single sided natural ventilation configurations can 
be classified in four major groups: (a) simplified empirical models, 
(b) network prediction models, (c) pulsation models and (d) Compu
tational Fluid Dynamics (CFD) modeling. 

2.1.1 Simplified Empirical Models 

Simplified empirical models. offer general correlations to calculate the J 
air flow. These expressions combining the air flow with the temperature Ir 

difference, wind velocity and possibly a fluctuating term are deduced 

I 

I 
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either from theoretical or from specific experimental data and cannot 
be considered of genetal validity; therefore, they should be used within 
the limits of their applicability. 

The British Standards Method [2], proposes formulae for the cal
culation of the air flow in single sided and cross ventilation config
urations. The method assumes two-dimensional flow through a 
building and ignores all internal partitions. The proposed formulae for 
single sided ventilation are: 

(a) Ventilation due to wind: 

Q = 0.025 ·A · V (m3/s), (1) 

where A is the opening surface and Vis· the wind velocity and Q is 
the volumetric air flow rate. 

(b) Due to temperature difference with two openings having a surface 
equal to A 1 and A 2 respectively: 

· C [ c:J2 l J 6.TgH1 
Q = dA (1 + c:)(l + c:2)1 ;2 T (2) 

where Cd is the discharge coefficient and c: =A ii A 2. Also 6. Tis the 
temperature difference between indoor and outdoor, His the ver
tical distance between the two openings and Tis the mean indoor
outdoor temperature. 

(c) Due to temperature difference with one opening: 

(3) 

where A is the surface and His the height of the opening. 

A simplified method for single sided natural ventilation configura
tions is proposed by the University of Athens [3]. The method pro
.poses different formulae for (a) single sided ventila tion with openings at 
the same height and (b) single sided ventila tion wi th openjngs at dif
ferent levels. For both cases the ai r Dow is due to the temperature 
difference between the indoor and the ou tdoor environment, while 
wind phenomena are neglected. 
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For the case of openings at the same height, the proposed expression 
is the following: 

(4) 

where Hand Ware the vertical height and the width of the opening. 
Also !J.T is the temperature difference between indoor and outdoor 
and f is the mean indoor-outdoor absolute temperature. 

For configurations with openings at different heights, the method 
proposes the following expression: 

(5) 

where A 1 and A2 are the areas of the two openings, K is a correction 
factor given as a function of A 1 and A 2 and H is the \1ertical distance 
between the two openings. Also !J.T is the absolute temperature dif
ference between indoor and outdoor and f is the mean indoor-outdoor 
temperature. 

De Gidds and Phaff [4] have proposed an empirical correlation that 
integrates wind and temperature difference phenomena combined with 
the turbulence effects. According to the model, air flow in single sided 
natural ventilation configurations can be predicted by the following 
expression: 

(6) 

where Vis the meteorological wind velocity, A is the effective opening 
area, His the vertical size of the opening, C1 is a dimensionless coef
ficient depending on the wind, C2 is a boundary constant and C3 is a 
turbulence constant. The term C3 is equivalent to an effective turbu
lence pressure that provides ventilation in the absence of stack effect or 
steady wind. Comparison between measured and calculated values 
has led to the following fitting parameters: C1 = 0.00 I, C2 = 0.0035, 

C3 = 0.01. 
As previously mentioned, simplified models cannot be considered of 

general validity and should always be used within the limits of their 
applicability. 
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2.1.2 Pulsation l\1odels 

Experimental studies on single sided ventilation configurations carried 
out either in wind tunnels, on scale models or in real buildings have 
shown that the effects of turbulence are significant in the case of single 
sided ventilation. Malinowski (5) has explained that the mechanism of 
wind-induced single opening ventilation is pulsation and wind pressure 
distribution by Eddy. Pulsation describes this phenomenon as an 
adiabatic compression and expansion of the air inside the investigated 
space. Cockroft and Robertson (6) have assumed an isotropic turbu
lence and a Gaussian probability distribution for wind velocity and 
flow rate and they have proposed a simple theoretical model which 
according to their data gives a good agreement with experimental re
sults . Pulsation models are not appropriate for design purposes due to 
the non-easy availability of input data and the important limitations 
regarding the field of application. 

2.1 .3 Computerized Fluid Dynamics Models 

CFD models are mainly used for steady-state problems to predict the 
temperature and velocity fields inside and the pressure field outside a 
building. This type of modeling is based on the solution of Navier
Stokes equations, namely the mass, momentum and thermal energy 
conservation equations on all points of a two- or three-dimensional 
grid that represents the building under investigation and its sur
roundings. However, for practical design assessment purposes, the use 
of CFD models is not yet appropriate due to the complexity of the 
modeling procedure, the uncertainty of the boundary conditions and 
the difficulty in describing the real conditions. 

2.1.4 Network Prediction l\f odels 

Network prediction models combine the effect of wind and buoyancy 
to calculate pressure differences. The models are based on the mass 

~- flow balance of a zone: 

--

.im 
~p· Q· -0 L._,_; Im Im- ' (7) 

where Q;'" is the volumetric flow rate through the ith flow path of the 
mth node, and p;

111 
is the density of air flow through the ith flow path of 
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the mth node (kg/m3). For small openings and one way flow, almost all 
tools use the standard orifice equation to predict the air flow, Q: 

(8) 

where Cd is the discharge coefficient of the opening, A the flow area, 
.6.P is the pressure difference across the opening and pis the air density. 
In large openings flow, the discharge coefficient takes values between 

0.6 and 1. An extensive review of the existing methodologies to cal
culate the discharge coefficient of large internal openings is given by 
Santamouris [7]. However, for large external openings, where the im
pact of the wind on the air flow is not negligible, there are no appro

priate methodologies to calculate values of Cd, and this is an important 
source of uncertainty . 

The flow through large openings is considered to be bi-directional. 

The neutral plane height at each opening is found by imposing 6..P = 0. 
The flows above and below it, in m 3 /s, are then given by the following 
relations : 

Qabove = Cd w f H' PM g d.: and 
}NL vp 1NL f!-.6.P 

Qhelow =Cd 1'V - - gd;, 
Hb p 

(9) 

where H1, Hb and NL are the heights of the opening top, bottom and 
neutral level, respectively. 

The pressure difference across an opening connecting two zones. I 
and 2, is calculated by 

.6.P =Pol - Po2 + Pdyn + Pstack (Pa), ( l 0) 

where P01 , P02 are the reference pressures taken at the bottom of each 

zone, Pdyn is the wind-induced pressure and Pstack is the pressure 
difference induced by the stack effect. In the case of internal openings 

P d }·n = 0, while for exterior openings 

Pdyn = 0.5p Cp V 2 (Pa), ( 11 ) 

I 
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where CP is the pressure coefficient and JI is the wind speed at the 
building's height. 

It should be pointed out that these models consider a steady wind 
blowing towards the opening and neglect the turbulent effects and the 
corresponding fluctuating pressures. Therefore, though the inside 
pressure increases as a function of the wind velocity, the ventilation rate 
remains constant. 

PASSPORT-AIR [8] was developed within the framework of 
PASCOOL based on the principles of network modeling. It was com
pared with success to the following well-known network models: 
AIRNET [9], BREEZE [10], COMIS [11], ESP [12] and NORMA [13]. 
Further validation of the tool and improvement of its accuracy was 
carried out using data from the extensive experimental program of 
PASCOOL. 

2.2 Experimental Activities in the Framework of Pascool 

Experimental activities on single sided natural ventilation within the 
frame of PASCOOL program comprise three types of experiments: 

(a) experiments in real buildings using the tracer gas decay technique; 
(b) experiments in test cells using the tracer gas decay technique; 
(c) experiments in PASSYS test cells using constant injection tracer gas 

techniques. 

The general objective of these experiments was to measure the single 
sided ventilation air flow rates under various conditions of wind and 
temperature in order to derive empirical models that could be used in 
simulation tools. 

2.2.1 Experiments in Real Buildings Using the 
Tracer Gas Decay Technique 

Experimental activities in real buildings took place in Athens, Greece 
and in Madrid, Spain. The building in Athens was the Institute of 
Meteorology and Physics of the Atmospheric Environment in the 
National Observatory of Athens (NOA), a three-storey naturally 
ventilated office building. Two rooms on the first floor were selected 
for the experiments (Fig. 1 ). The first (room 1) has a floor area of 
13.59 m2 and an external window (WI) divided into five parts that 
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FIGURE I Location of the injection and measuring points-decay method (National 
Observatory of Athens, NOA building. Greece). 

can open separately, providing the possibility to vary the opening 
area by opening different parts. The opening area of each part is 0.34, 
0.34, 0.60, 0.60 and 0.66 m2

. The second room (room 2) has a floor 
area of 26.41 m2 and has two external windows of the same opening 
area, 3.125 m2

. The door connecting the two rooms was kept closed 
during the experiments. The building in Madrid was a four-room 
apartment, the Mendillorri building. The rooms where the experi
ments took place were isolated from the rest of the building. A total 
of 49 experiments were carried out in the NOA building during the 
summer of 1993 and 1994. Eight experiments were carried out in the 
Mendillorri building. 

Experiments were carried out according to the tracer gas decay 
technique, using N20 as a tracer gas. For the period of the experiments 
indoor and outdoor air temperature data were available as well as wind 
speed and direction measurements at a 10 m height very close to the test 
site. In both cases the same protocol was followed. 

Injection and sampling points were carefully chosen and distributed 
at various heights inside the space in order to supply the tracer gas 
homogeneously and also to monitor its spatial variation with time. 
Figure 1 shows the positions of the injection-sampling points during the 
experiments in one of the rooms of the NOA building. The sampling 
period was 30 s. N 20 was injected in the room, while the exterior 
opening was sealed. Small fans were used, in order to achieve good 
mixing of the gas during the injection period. The gas concentration in 
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the room increased and when the mixing was satisfactory, the fans were 
turned off, the injection stopped and the window/door opened. Then 
concentration at every measuring point was constantly measured 
throughout each experiment. Further details on the setup and pre
vailing climatic conditions for each experiment are given in (14]. 

2.2.1.1 Principles of the tracer gas decay method. According to the 
decay method, the decrease of the tracer gas concentration is given by 
the following equation: 

C(t) = C(to) exp(-nt) , ( 12) 

where C(t) and C(t0) are the tracer gas concentrations at time t and at 
t = 0, respectively. Also, n is the ventilation rate. The air changes per 
hour have been calculated for each sampling point and then the mean 
value for the whole room was calculated as the mean of all sampling 
points. Homogeneity was found to be affected by the infiltration rates, 
which are sensitive to the variations in the wind speed and direction and 
by the buoyancy effect, which gets stronger with increasing opening 
height. When the opening size was small, no significant homogeneity 
problems were encountered. As the opening size got larger, however, 
homogeneity was more difficult to achieve especially in cases of low 
wind speed. Nevertheless , even under the most difficult conditions, 
mixing was satisfactory. 

2.2.2 Experiments in Test Cells Using the 

Tracer Gas Decay Technique 

Experiments in test cell facilities were carried out in a PASSYS test cell 
in Athens, Greece, and in Porto, Portugal. The PASSYS test cell 
(Fig. 2) is a fully equipped, two room, outdoor facility for thermal and 
solar monitoring [15). The experiments were carried out in the "service 
room", a space of 8.6 m2 area with a length of 2.4 m and a height of 
3.29 m. The room has an exterior door opening of 2.02 m2 with a width 
equal to 1.01 m . 

The air temperature in the room was measured by an array of sensors 
placed at different heights. Ambient air temperature data were pro
vided from standard meteo stations very close to the cell as well as from 
protected sensors located out of the openings . Wind speed and wind 
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FIGURE 2 The PASSYS test cell - sectional view - at BBRl Belgium. 

direction measurements were taken at a 10 m height and at a height of 
1.5 and 2 m, respectively, Im away from the cell entrance. Hot wire 
anemometers are used to measure the air velocity at the opening 
surface. Ventilation measurements were done using the single tracer gas 
decay technique. N20 was used as tracer gas. 

The Porto test cell has two large openings: a south oriented window 
with an opening area of 2.3 m2 and a north door with an opening area 
of l.34m2

. A total of 15 single sided ventilation experiments were 
carried out using C02 and SF6 as tracer gasses. 

2.2.3 Experiments in PASSYS Test Cells Using 
Constant Injection Tracer Gas Technique 

Contrary to the decay technique, a continuous injection of tracer gas 
allows a continuous measurement of air flow rates. 

Experiments in PASSYS test cells using constant injection tracer gas 
technique were carried out in BBRI, Belgium. Three different single 
sided ventilation experiments were carried out in the PASSYS test cell 
equipped with the Pseudo Adiabatic Shell (PAS). The PAS (Fig. 2) 
consists of a second shell (130 mm) at the inside of the test room walls, 
which allows to evaluate the heat flux leaving the cell through all the 
walls except the south one. The PASSYS Lightweight Reference Wall 
[16] was used as south wall. It consists of three layers: wood (12 mm), 
expanded polystyrene insulation PS30 (100 mm) and wood (12 mm) 
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and has a window of about 1.3 m2 in its center. The glazing was 
removed. This provides a large opening of approximately 1.1 m x 1.1 m. 

- One room with a cold box in front of the large opening, 
- one room without cold box, 
- two rooms with the partition door open and without cold box . 

2.2.3.J Single sided ventilation - 1 zone (with and without cold box). 

An "open cold'' box was placed in front of the south wall. This device 
provides a constant air speed (adjustable between 1 and 8 ms - 1

) along 
the component at the temperature of the outside air. 

The tracer gas that was used for ventilation measurements was sulfur 
hexafluoride (SF 6). It was injected in the test room at a constant in
jection rate of 0.7 ml/s. Measurements were taken every 10 min at three 
different zones in the test room, in the upper and lower parts of the 
opening and in the cold box. 

The experiment lasted 1.5 days (15(20:00)-17(8:00)/11/93). Tem
perature and air velocity measurements were taken in the test room, at 
the upper and lower part of the window and in the cold box. The wind 
velocity in the open cold box varied from 1 to 2 ms - 1

. The test room 
was continuously heated during the experiment (::::::: 1000 W). Further 
details on the setup and prevailing climatic conditions for each ex
periment are given in [17] . 

The second experimental period lasted 3 days (19(18:00)-22(6:00)/ 
11/93). The cold box was removed and the external window of the test 
room was directly exposed to the outdoor conditions. The test room of 
the cell was continuously heated during the experiment (::::::: 2000 W). 
Further details on the setup and prevailing climatic conditions for each 
experiment are given in [17). 

Two approaches were used to calculate the air flow throul?h the 
external opening of the test room: The tracer gas and the heat balance 
2.pproach. 

2.2.3.2 Principles of the tracer gas approach. To calculate the air 
flow entering the test room, Qin and the one leaving, Qout• a system of 
two equations is solved: 

The mass balance equation for the tracer gas: 

dMsF6 S Q Cin Q cout 
dt = SF6 + in SF6 - out SF6 

(rng/s), (13) 
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where MsF~ is the mass of SF 6 contained in the test room (mg), SsF
6 

the SF 6 injection rate (mg/s). Qin the air flow rate leaving the test room 
(m 3/s) , Q0 u1 the air flow rate entering the test room (m 3s), C~f:6 the SF6 

concentracion of the air flow entering the test room (mg/m 3
) and C$f-~ 

is the SF6 concentration of the air flow leaving the test room (mg/m-3). 

The mass balance equation for the air is 

dM 
dt = QinPin - QoutPout (kg/s). ( l 4) 

where Mis the mass of the air in the test room (kg), Pin the density of 
the air entering the cell (kgjm 3

) and Pout is the density of the air leaving 
the cell (kg/m 3). 

Assuming that the mass of air contained in the cell does not vary and 
that the air is an ideal gas, the latest equation yields 

Oin Qout 

Tin Tout 
(m3 /(s K)), ( 15) --=---

where Tin• Tout are the temperatures of the air entering and leaving the 
test room, respectively (K). 

The mass balance equations can then be combined to yield 

dMsF6 I ( in Tin - cou\) 
_d_t_ = SsF6 1 Qout CsF6 Tout SF6 (mg/s). (16) 

The air flow rates can then be calculated using the mean value theorem 
for !::i..T = 10 min. 

2.2.3.3 Principles of the heat balance approach. The heat balance 
equation for the test room is 

dQh dz= <I> PAS + <I> heating + <I> wall - <I> ventilation + <I> sun (W), ( 17) 

where Qh is the heat contained in the air and in the materials present in 
the test room (J), <I>PAS the heat flow entering the test room through the 
PAS (W), <I> heating the heating power provided by electrical con vectors 
in the test room (W), <I>wall the heat flow entering the test rooJll through 
the reference wall (W), <I>ventilation the heat leaving the test room due to 
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ventilation (W) and qisun is the heat flow rate by solar radiation 
through the opening, measured by a pyranometer mounted vertically 
on the south wall (W) . For the experiments using the "cold box" 

qi sun= 0 W. 
The heat flow through the cell envelope can be derived from the 

external and internal surface temperatures of the panels of PAS. The 
PAS is made of 20 panels. The heating power was measured by 
the electrical power measurement system provided in PASSYS cells. 
The variation of heat stored in the cell is given by 

dQh = cdT (J) , ( 18) 

where c is the thermal capacity (20 000 J/K) and T the mean tempera
ture in the test room. The heat flow density ( q, W /m 2) across the re
ference wall was measured by heat flux sensors at two locations. The 
total heat flow rate was 

qi+ q2 
qiwall = A (W), 

2 
(19) 

where A is the reference wall surface (minus the opening surface). 
The ventilation heat flow is related to the air flow by the following 

expression: 

qiventilation = 0.34nV(Tou\ - Tin) (W) , (20) 

where n Vis the air flow rate (m3 /h), Tout the temperature of the air flow 
leaving the test room (K) and Tin is the temperature of the air flow 
entering the test room (K) . 

The difference between the mean indoor and outdoor temperatures 
was smaller than the temperature difference of the air flows entering 
and leaving the test room (measured at the opening), for most of the 
time period of the experiment. 

2.2.3.4 Comparison of the two approaches. A comparative presen
tation of the results from the two approaches is illustrated in Figs. 3 and 
4 for the experiments using the "cold box" and for those without it. The 
confidence bands are overlapping each other during the whole period 
of the experiments. SF6 concentrations were found to fluctuate less 
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FIGURE 3 Comparison of the air flows derived by the tracer gas and the heat 
balance approaches. for the experiment in a PASSYS test cell with PAS and a cold 
box. 
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FIGURE 4 Comparison of the air flows derived by the tracer gas and the heat 
balance approaches, for the experiment in a PASSYS test cell with PAS (2 room, no 
cold box) . 

during the cold box experiments. This was expected since the "artifi
cial wind" provided by the cold box is obviously more stable than the 
"real wind" the large opening was exposed to during these experiments. 
The wind direction, however, was almost constant during the measure
ment period (NNE or 200° from the normal to the opening). 
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In both cases, the heat balance approach provided a Jess fluctuating 
and more accurate flow. 

2.2.4 Single Sided Ventilation - Two Rooms with the 
Partition Door Open (no Cold Box) 

The objective of this experiment was to see whether the single sided 
ventilation of one zone has an impact on the ventilation of an adjacent 
zone, linked to it by a large internal opening. This experiment was 
performed in a PASSYS test cell with the PAS, with the partition door 
between the service room and the test room open. The test room was 
ventilated through the window on the south wall. Heating and cooling 
systems were used in order to get large variations of the temperature 
differences through both openings. Further details on the setup are 
given in [ 17). 

Two tracer gasses were used. R22 was continuously injected in the 
service room and SF 6 in the test room. At total of eight injection points 
were distributed in the rooms. 

The obtained air flow rates through the south opening as well as 
through the internal opening are given in Fig. 5. The air flow rate 
through the large external opening was evaluated with an accuracy of 
about 15 % , while the accuracy of the air flow through the internal 
opening was estimated to be about 25% . 
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FIGURE 5 Air flow through external and internal opening of the test cell in m3 h - 1• 
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2.3 Validation of Existing Models Using Experimental Data 

In order to assess the accuracy of the existing models to predict air 

flow in single sided.natural ventilation configurations. the models de
scribed in the previous sections have been used to calculate the air flow 
for some of the experiments and the theoretical results have been 

compared with the corresponding experimental values. Comparisons 
have been performed for the experiments carried out at the NOA 
building as well as in the P ASSYS test cells. 

Two of the modeling approaches described in Section 2.1 were used in 

order to predict the air flow rates for the experiments described in Sec
tion 2.2: the simplified methods and the network models. The theoret
ical results were compared with the corresponding experimental values. 

2.3.J Simplified Methods 

The whole comparison exercise has shown that, in general. simplified 
methods do not predict accurately the air flow for single sided venti
lation configurations in the cases, where the wind forces are dominant. 
The main reason is due to the fact that the impact of the wind is not 
correctly taken into account in combination with the flow due to 
temperature difference. 

SINGLE SIDED VENTILATION EXPERIMENTS IN ATHENS, GREECE 
THE PHAFF METHOD 
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FIGURE 6 Single sided ventilation experiments in Athens, Greece - The Phaff 
method. 



i 
l ' 

i 
I 

~-

-
.}_ 

NATURAL VENTILATION STUDIES 11'\ PASCOOL 

Using the de Gids and Phaff method. the air flow rate for each of the 
previously indicated experiments has been calculated . The values ob
tained are given in Fig. 6 in comparison with the measured ones. As 
shown, the agreement between the calculated and experimental values is 
not satisfactory . The correlation coefficient between the two sets of data 
is calculated equal to 0.37 . The same was found for the British Standards 
Method as well as for the one proposed by the University of Athens. 

2.3.2 Network Models 

Four network models , COMIS [11] , BREEZE (10] , AIRNET [9] and 
PASSPORT-AIR [8] have been used to predict air flow rates for all 
experiments carried out at the NOA building as well as for the PASSYS 
test cell experiments, where the decay method was used. It was found 
that all existing tools predict almost the same values. The correlation 
coefficient for the predictions of the four network tools are between 
0.97 and 0.99 [14]. This result was expected as all tools use almost the 
same algorithms and techniques to predict air flow. However, com
parison with experimental results has shown that there is not a good 
agreement. The calculated as well as the measured values are given in 
Fig. 7. The correlation coefficient between the predictions of network 

COMPARISON BETWEEN PREDICTED AND MEASURED AIRFLOW RATES 
SINGLE SIDED VENTILATION (NOA) 
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FIGURE 7 Comparison of the experimental values with predictions from AIRNET, 
COMIS, BREEZE and PASSPORT-AIR. 
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models and experimental results was found to be close to 0.4. The same 
was proved for the experiments in the BBRI test cells. 

Further analysis of the Greek experiments using Warren plots (14] , 
has shown that the impact of the wind was more important than the 
impact of buoyant forces. Indeed, these experiments were characterized 
by important wind speeds and small indoor-outdoor temperature 
differences. These are common characteristics of naturally ventilated 
buildings in hot climates. However, the theory of network models 
practically neglects the effect of the wind in the case of single sided 
ventilation. In an attempt to improve the accuracy of network models 
in the case of inertia-dominated single sided ventilation, new models 
were developed: the CF model and the multi-term model. 

2.3.2.1 The CF model. The CF model was the product of an attempt 
to study if the observed differences between the experimental and 
predicted values can be correlated with indices describing the relative 
importance of the inertia and gravitational forces . This was achieved by 
the following procedure: 

PASSPORT-Air has been used to predict the air flow for all the 
single sided ventilation experiments carried out in Greece. For all the 
tools a discharge coefficient, Cd, equal to 1 has been used. Then, for 
each experiment, a correction coefficient, CF, is calculated . This 
coefficient is defined as 

CF = Mean Measured Air Flow 
Predicted Air Flow · 

(21) 

The correction coefficient, CF, as calculated for all the experiments is 
correlated with the Archimedes number, ArD: 

Gr gH3~T 
ArD = ReE = TV2D2' (22) 

where Gr= g~T H 3 /(Tv 2), the Grashof number and Ren= VD/11, 
the Reynolds number. The characteristic lengths Hand Din the Gr and 
ReD numbers are the opening height and the room "depth'', respec
tively. The room "depth" is defined as the distance between the wall 
where the opening(s) is (are) and the wall opposite to it in the single 
side ventilated zone. 
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It is found that there is a very satisfactory correlation between both 
parameters, Fig. 8, and therefore the CF coefficient can be calcu
lated, for single sided ventilation configurations, from the following 
expression: 

( 
Gr i-o.38 

CF= 0.08 - 2 
ReD 

(23) 

The r2 of the regression is calculated equal to 0.73. 
Equation (22) predicts with sufficient accuracy the correction coef

ficient CF, especially for experiments which are not characterized by an 
important fluctuation of the wind speed and incidence angle during the 
experiment. 

The above-presented model has been derived from experiments 
where ventilation was dominated by inertia forces. If the correction 
factor takes values under the limit of 0.6, then CF is taken equal to 0.6. 

In order to assess the accuracy of the proposed methodology the 
predictions of PASSPORT-AIR with and without using the correction 
coefficient have been compared with the experimental values. It was 
found that the correlation coefficient between the experimental set of 
data and the predictions of PASSPORT-AIR without using the 
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FIGURE 8 Correction coefficients as a function of Gr/Re~ - (NOA building. 
Greece). 
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Correction Factor is close to 0.4. while the corresponding correlation 
coefficient when CF is used was found equal to 0.75. Figure 9 gives 
the difference between the experimental measurements and the 
PASSPORT predictions with and without the use of the correction 
coefficient. Simulation results for the experiments that were carried out 
in the Mendillori building using PASSPORT-AIR with and without 
Correction Factor were compared with experimental values. The cor
relation coefficient between predicted and measured values was initially 
close to 0.50 and it became 0.82 when the Correction Factor was used. 
The same was observed for the experiment described in Section 2.2.3.1. 
The correlation coefficient between predicted and measured values was 
initially close to 0.72 and it became 0.86 when the Correction Factor 
was used. Use of the Correction Factor improves significantly the 
predictions of PASSPORT-AIR and, in general, of the network models. 

The CF model was based on experiments characterized by small 
temperature difference and medium to high wind speed. The wind 
speed varied from 2 to 10 ms - 1 and temperature differences from 0.5-
80C. The room depth varied from 3 to 7 m. The prevailing wind 
direction during the experiments varied from - 60° to 60° from the 
vertical to the opening. 

DIFFERENCE BETWEEN PREDICTED AND MEASURED AIR FLOW RATES 
SINGLE SIDED VENTILATION EXPERIMENTS IN ATHENS, GREECE 
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2.3.] .2 The multi-term model. This model was derived from the ex
periments carried out in the BBRI PASSYS test cell. According to the 
model. the air flow rate, Q through a single external opening is 

where Q is the air flow rate through the external opening (m3 /h). 
Qnetwork is the air flow rate calculated by network models (m 3/h) with a 
discharge coefficient of0.66, A the surface of the· opening (m2

) and Vis 
the wind speed at a l 0 m height (m/s) . The network model term, 
Qnetwork· takes into account the thermal effect. It depends on opening 
characteristics (coefficient of discharge, height. width), on the air 
temperature difference with the outside and on the vertical air tem
perature gradient in the room. The constant term /3A is due to turbulent 
air movements which are present, even when there is no wind and no 
temperature difference. The term o:A V takes into account the effect of 
the wind on the single sided ventilation. Table I shows the 95% con
fidence intervals obtained for O'., /3 and Cd coefficients after identifi
cation on experimental data. The correlation coefficient between 
experimental and simulated values is also given. 

Figure l 0 shows a comparison between the measured values of air 
flow rates and those calculated by the empirical model using measured 
temperatures and wind velocities. The average relative difference be
tween the predicted and the measured values is 13 % (for both mea
surement periods). As the thermal part is quite well simulated by 
network models, it is interesting to look at the difference between 
predictions and measurements for periods with wind. Taking into ac
count periods with wind stronger than 0.1 m/s provides an average 
relative difference of 17%. 

It must be stressed that the values given for model parameters are 
valid for the particular experiment carried out and they are related to 

TABLE I Results for the fitting coefficients of model 
2.46 (95% confidence intervals) 

Cd (discharge coefficient) 
/3 (turbulent term) 
a (wind term) 
r (correlation coefficient) 

[0.63-0.69] 
[70-99] 
[80-86] 

[0.91-0.93] 
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FIGURE 10 Comparison between measured and predicted air flow rates for the 
multi-term model (second measurement period) . 

the particular environment of . the investigated test cell. Different 
environments certainly need different values. The model was derived 
from particular experimental conditions (prevailing wind direction: 
200° off the normal to the opening) and this is certainly a limitation to 
its applicability . 

3 CROSS VENTILATION STUDIES IN PASCOOL 

In most of natural ventilation applications, a real improvement of air 
motion can be observed when a cross ventilation can be induced . This is 
the reason why most of the scientists dealing with natural ventilation 
focus on this particular aspect. Various approaches have been pro
posed in the literature in order to predict cross ventilation flow rates 
through buildings. Mainly based on empirical models, they are usually 
difficult to extend to general configuration. Cross ventilation experi
ments in PASCOOL can be divided into two categories. First of all 
experiments were carried out in real buildings in order to check ex
perimental protocols and qualify the results obtained by PASSPORT
AIR when simulating these experiments. Then, a specific experiment 
has been carried out in Lausanne in order to study the cross natural 
ventilation due to temperature differences between indoor and outdoor 
during the night. 
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3.1 ReYiew of Cross Ventilation Models 

Cross ventilation models are divided into two categories: global air 
flow prediction models and velocity coefficient approaches. The first 
give results on the impact of cross ventilation on the subjects of energy 
conservation and cooling. The second category deals with the impact 
on occupants comfort. 

A first simple model to predict cross ventilation has been proposed 
by Aynsley [17). Assuming two main openings on the two facades of a 
building (Fig. 11 ). Aynsley uses the definition of the pressure coeffi
cients Cp, and Cp2 on each facade to calculate the flow rate of air 
through the building. Assuming a mass flow conservation between the 
two large openings leads to the flow expression 

Q= (25) 

Cd1 and Cd~ are discharge coefficients given as functions of the opening 
configuration. A 1 and A 2 are the respective areas of openings l and 2 
and V= the reference wind velocity used for the pressure coefficient 
definition. This approach has been generalized by Aynsley LO n open
ings in series: 

Q= (26) 

The main interest of this method is its simplicity and efficiency to 
predict very quickly the order of magnitude of the global air flow rate 

v 
z(ref) 

FJGURE I l Basic model for cross ventilation [18) . 
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through a building in a cross ventilation configuration. It is clear that 
this model can only give a rough estimate of the ventilation rates. 

Based on the similarity of cross ventilation to air flow through ducts, 
proved by wind tunnel experiments. Murakami er al. [19] proposed a 
simplified model based on the general concept of the energy presenta
tion law (Power Balance Law), as suggested by Guffey and Fraser [20] 
for duct junctions. 

The necessity of predicting indoor air velocities has Jed to empirical 
models that focus on a comfort global approach. 

Givoni [21] reports various experiments with different configura
tions. He remarks that in the case .of cross ventilation, he obtains a 
higher ventilation rate when the larger opening is located on the 
downwind facade and proposes a general correlation when the upwind 
opening and downwind opening are identical. The average velocity 
inside the room is given by 

V; = 0.45( 1 - e- 3·84-' )V; , (27) 

where V; is the average indoor air velocity, x the area ratio between 
the opening and the facade and V; is the reference external wind veloc
ity . This correlation is limited to a cubic room in cross ventilation 
conditions. 

Aynsley [ 18] derives the average air velocity by dividing the flow rate 
by the section of the air flow tube: 

(28) 

where Q is the air flow rate and A is the section of the air flow tube 
normal to the direction of the flow . 

In his Ph.D . Thesis, Gouin [22] defines a set of simple coefficients in 
order to characterize the natural ventilation of a building. This study 
uses wind tunnel experiments for different building configurations . In 
each model, the velocity is measured in eight different locations and a 
statistical evaluation is proposed using the four coefficients 

l 8 v 
Cr = - I:-- the global ventilation coefficient, (29 ) 

8 i=I Vref, 
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J 8 a 
C = - 2=- the global standard deviation of velocities, (30) 

8 i=l Clref; 

Crmax = ( V; ) 
Vref; max 

the mean maximum velocity coefficient, (3 J) 

aC-;:; = a · ( r~; ) the spatial standard deviation of mean velocity, 
~ ref; 

(32) 

where Vrcf, represents the reference velocity of wind. Using this set of 
coefficients. a qualitative estimation of natural ventilation can be 
proposed. Thirty-six different configurations of single family models 
have been tested varying the slope of the roof, the repartition of 
openings on the two facades or on lateral walls changing the partition 
location inside the model. and varying the wind incidence. General 
results have been obLained by Gouin (22] , and general guidelines have 
been defined in order to improve natural ventilation efficiency in 
buildings. 

The empirical model developed by Ernest et al. (23] is based on a 
comfort global approach and focusses on defining correlations between 
outdoor and indoor environments. Even if his results are restricted to 
the limits imposed by the configuration studied by Ernest et al. [23], the 
way of connecting the velocity coefficients to pressure coefficients is of 
special interest because of the numerous studies already existing on Cp 
coefficients in very different configu1rations. 

The main problem is that the limits of each of the approaches 
described so far are not well defined. Even the physical conditions 
necessary are not given and finally it is very difficult to apply one or 
the other of these methods with a certain confidence. To check the 
validity of existing models cross ventilation experiments were carried 
out within the framework of PASCOOL project. 

3.2 Experimental Program of Cross Ventilation in PASCOOL 

Within the framework of PASCOOL CEC Research Program, ex
periments wer.e carried out in order to study the efficiency of cross 
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ventilation, in test cell facility (PASSYS test at BBRI) or at the 
National Observatory of Athens, and in real various scale buildings 
(MENDILLORI building in Spain, LESO Building at Lausanne) 
during the summer period. 

3.2.1 Experiments in Athens and BBRI: Aynsle_r 
and Givoni !vfodels Evaluation 

Cross ventilation experiments were carried out in rooms 1 and 2 of the 
NOA building that have been described in Fig. 12 which shows the two 
openings in room 2. Cross ventilation in one zone was studied in 
room 2. To study cross ventilation in 2-zones room 1 and 2 were 
interconnected by opening the door that links them. The door has an 
opening area of 2 m2

. The tracer gas decay technique was followed 
using N 20 as a tracer gas. 

Uniform gas concentration was achieved by using small fans dis
persed at various heights all over the two zones. Five injection and 
seven measurement points were used. Three of the injection points were 
in room 2 and two in room 1. Four measurement points were in room 2 
and three in room 1. The thermal performance of both rooms, where 
the ventilation experiments took place, was constantly monitored. 
Surface temperature on all internal and external surfaces of each room 
was monitored by PTlOO sensors. Ambient temperature measurements 
were provided by the meteo station of the National Observatory. Wind 
speed and direction measurements were taken at a height of 18 m. 

In Table II, the average air changes per hour (ACH). as well as 
the average indoor-outdoor temperature difference (flT) for cross 

Sl 52 El E2 

s E 

FIGURE l :2 Details of the east and south window of zone B. 
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TABLE II Experimental data (National Observatory of Athens) 

Description ACH !::.T= T;n - Toui WS (mis) WD (degrees 
from north) 

S2+El 12.76 1.34 3.76 251. 78 
S2+EI 11.79 0.32 4.07 242.27 
S2+EI 16.50 0.96 4.41 254.57 

ventilation in zone 1 are given. In single zone configuration, the dis
charge coefficients (Eq . . (25)) are identical. Using Aynsley model [18] 
(Eq. (25)) we are able to identify the discharge coefficients of the 
openings in this configuration. Figure 15 shows the obtained results. 
The discharge coefficient is around 0.22 and does not seem to be in
fluenced by the temperature difference between outdoor and indoor 
air. 

For the 2-zones configuration, we obtained T2 = 1540 s (Tis a time 
constant) for room 2 (volume VR2 = 11 885 m3

) and T1 = 1200 s for 
room 1 (volume VRl = 11 885 m3). We observe on Figs. 13 and 14 that 
T does not vary with the altitude. This result shows that the homo
geneity of the tracer gas is very good, and stratification is not signifi
cant in this case. This result is not in agreement with those obtained by 
Murakami et al. [19] in wind tunnel experiments which show an inertial 
flow within the cell. 

The PASSYS test cell facility of BBRI has been used for a second 
kind of experiment. For this experiment the glazing of the reference 
wall of the PASSYS test cell was removed. The internal door was open 
as well as the external one. During this cross ventilation measurement 
sulfur hexafluoride was injected in the test room and nitrous oxide in 
the service room. The B&K tracer gas equipment allows to take a set 
of measurements (six locations) more or less every 9 min. All the 
instrumentation of the PASSYS test cell is at 1 min intervals (scanned) 
by the SADAT acquisition system. A common time step of 10 min was 
chosen. In order to analyze the data it is then necessary to interpolate 
concentrations at each location at the same time [2] . 

Figure 16 shows the evolution of concentration (SF 6 and N 20) in 
sampling point 2. The fluctuation is important, and the time step value 
is 10 min. In these conditions, it is very difficult to appreciate the tracer 
gas evolution in the test cell. But measurement of data from wind velocity 
(a proximity of the window, and at 18 m), gives a good correlation 
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between the outdoor wind and the velocity of air flowing through the 
window (Fig. 17). The Givoni's model [21] gives Vi = f( VJ. Figure 18 
shows a heavy cloud of points around Givoni's correlation. This figure 
enables us to propose a correlation (Vi= 0.45(1 - exp(-3 .84X))V:) 
where Vi is the average indoor air velocity, Xis the area ratio between 
the opening and the facade , and V= is the reference external wind ve
locity , even if the fluctuations for I 0 min time step lead to a noisy 
signal. 

3.2.2 Night Natural Cross Ventilation Studies in the LESO Building 

Three measurement campaigns on the LESO building (Fig. 19) have 
been perforrri.ed with the objective to test the validity of simple air flow 
models based on the Bernoulli equation. The LESO building is well 
suited for this type of experiments. The staircase acts as a 12 m high 
chimney giving the opportunity to work with openings at different 
levels above ground. The building comprises three levels with offices. 
The staircase extends from level - I (basement) to level +3 (sunspace 
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FIGURE 17 V; = F(time) and V: = F(time) (BBRI data, Belgium). 
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FIGURE 18 V; = f(V:) Givoni's model (BBRI data, Belgium). 

at roof level). The experiments are performed in the six central offices 
(003, 004, 103, 104, 203, 204). The exhaust opening (roof door facing 
east, 0.90 m x 1.98 m) is the same for all experiments. There are three 
types of experiments: 

(A) Leakage and permeability of the envelope (three experiments with 
different inside-outside temperature differences). 

(B) One top opening and one bottom opening (several experiments 
with various temperature differences, opening levels, or opening 
areas). 

(C) One top opening and several bottom openings in parallel or in 
sen es. 

Experiment A: building leakage. All doors and windows were closed 
except the top opening which stayed wide open. The measurement of 
the outside and inside air temperatures and the height of the NPL 
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FIGURE 19 The LESO building (Florentzos and Van der Maas. 1994) . 

(Neutral Pressure Level) allows to calculate the leakage usmg for

mula (34) : 

1 [(Zn)3
/
2 

(Pi)l/
2 

( Zn)3
/
2
] / _ mN - - - 1 - - +ms - 0, 

H Po H 
(33) 

where Zn is the vertical position of the neutral plane (m), Pi the air 

density (kg/m3
) for zone i, and p0 is the air density reference (kg/m

3
) 

(Fig. 20) . The temperatures are measured at I m from the bottom 
and far away (several meters) from the opening. The temperature dif

ferences between inside and outside were different for the three tests, 
being typically 9°C, l0°C and l4°C. The various experiments have 
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FIGURE 20 The neutral pressure level (Zn) in the openings (Florentzos and Van 
der Maas, 1994). 

been performed early in the morning (6-9 h) to m1111m1ze the wind 
inf1uence (the wind velocity was in the range 20-40 cm/s, wind direc
tion N-NW). The offices are south-oriented and therefore all inlet 
openings are south-oriented apart from the exhaust which is facing 
east. The velocity measurements were made using a DANTEC anemo
meter (± 2.5%) and an ultrasonic anemometer of Gill Instruments 
(± 3%). Temperature measurements in the staircase were made at 
each level with ventilated PtlOO probes (± 0.3 K). The NPL in the 
openings is detected with "Drager" smoke puffers [24]. 

With the measurement of two velocities in the opening (one above 
and one below the NPL) an estimate of the flow rate can be made 
assuming a parabolic velocity profile. This flow rate is compared with 
the flow rate obtained from detailed velocity profile measurements and 
the difference in the results was Jess than 25 % (Table III). Existing 
leakage data of the LESO obtained by the fan pressurization technique 
over the pressure interval 20-50 Pa, were fitted to 

Q = (740 ± 250)t:i.P 0·6 (m3 h- 1 ) . (34) 

Extrapolation to low pressures would give an equivalent leakage area 
of 0.24 rn 2 which is close to the value obtained with the NPL method. 
The model is sensitive for the measurement of the position of the NPL 
which, when the air flow is stable, can be determined up to a few cm 
precision. The temperature measurement has Jess influence on the re
sult . In order to have stable air flow and to be able to calculate the flow 
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TABLE lll Experimental results for experiment A: equivalent leakage areas 
determined with the neutral pressure level (NPL) method 

Experiment=:;:. Al A2 A3 A4 AS 

T, ±0.5 ["CJ 22.1 20 20.5 20.5 26.2 
T. ± 0.5 [0 C) 13 .5 10.3 5.1 12 19 . I 
Hn=0 .05 [m] 0.78 0.8 0.82 0.8 0.8 
m' ±0.06 [kg!s] 0.18 0.17 0.19 0.16 0.15 
DRmax (Z = 0) [Pa) 0.34 0.38 0.63 0.33 0.26 
A equiv . at Z = 0 [m) 0.20 0.18 0.16 0.18 0.19 

'Formula (33). 

driving pressure from the stack effect, the experiment was done under 
no-wind conditions. It is worth noting, however, that the NPL method 
can also be used to determine net flow rates through open door ways 
when driven by mechanical ventilation or stable wind. 

Experiment B: ventilation with two openings. The experiment is rea
lized with different height, openings and inside-outside temperature 
differences. The reference height is the center of the bottom opening. 

(36) 

(3 7) 

where k is the index of the opening. 
The experimental results (Table IV) give a velocity coefficient of 

Ci. = 0. 7. An exception is the last case where the limits of the model are 
reached because the stack height is too small compared to the vertical 
opening size. 

For the case where the openings are at the top and bottom of the 
building (cases 1-5) the mass balance is good. For the case where the 
bottom opening is on the first or second floor, the flow in the exhaust 
opening is different from what was calculated. The difference is of the 
order of the leakages measured in the first experiment. 
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TABLE IV Experimental results for experiment B: single flow path with two 
openings 

Experiment=? Bl B2 B3 . B4 BS B6 B7 

Htotal 9.5 9.2 9.2 9.2 9.2 6.45 2.76 
Si [m2

] 1.88 1.43 1.43 0.68 0.3 0.7 1.68 
S-:_ [m2) 1.78 1.78 1.78 1.78 1.78 1.78 1.78 
c,., 0.7 0.7 0.7 0 .7 0.7 0.7 0.55 
c,., 0.7 0.7 0.7 0.7 0.7 0.7 0.7 
Ti [0 C) 16.2 22.I 18.9 22.I 22.J 18.9 18.5 
T. [oq 6.0 13 .0 9.1 13 .0 13.5 9.1 10.0 
zn; [m) 4.41 5.51 5.54 8.01 8.94 5.56 1.76 
Zi [m] 0.0 0.0 0.0 0.0 0.0 -0.2 0.0 
Vii measured [m1s] 1.3 1.31 1.39 1.58 1.63 1.32 0.64 
Vi calculated [mis) 1.34 1.31 1.36 1.57 1.61 1.39 0.66 
Difference 3% 0% -2% -1% -1% 5% 3% 
Z2[m) 9.5 9.2 9.9 9.2 9.2 7.15 2.76 
V21 measured [0 C) 1.4 1.0 1.08 0.59 0.72 0.8 
V2 calculated [0 C] 1.4 1.05 1.19 0.59 0.86 0.69 
Difference 0% 4% 9% 1% 16% -16% 
m1 o; [kg/s] 2.53 1.87 2.03 1.08 1.10 1.39 
m2"i [kg/s) 2.49 1.74 1.90 1.03 1.27 1.41 
m" - m1 (flow balance) -0.04 - 0.13 -0.12 -0.05 0.17 0.02 

t Formula 135). 
I Formula (36). 
~Formula (37) . 

Experiment C: openings in series or in parallel. The experiments 
were done in a first floor office. In the first experiment the window 
and the door are opened in serjes. In the second and thi rd experi
ments a wood board is partly obstructi ng the door opening and the 
openings in series have areas 0.7 and 0.9 m2

, respectively. The fourth 
experiment is with two windows opened in parallel 0.7 + 0.7 m2 with 
the wide open door in series. 

The velocity coefficients used in the calculation (Table V) have been 
chosen as follows: for the openings connecting to the outside the 
situation is like that in experiment B. The coefficient Cv;; is determined 
so that the effective surface given by formula (28) corresponds to the 
experiment. For the case of the wide open door its coefficient is close to 
1. The flow contraction in the openings was visualized with smoke 
giving a justification for tills choice of the velocity coefficients. 

Experiment CI confirms that the effect of the door plays a minor role 
when the opening in series is relatively small. Experiments C2 and C3 
are consistent with formula (30). In experiment C4 the areas in parallel 
are added and the door in series is of the same size as the sum of the two 
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TABLE v Experimental results for experiment C: two openings in series or in 
parallel 

Experimenl:::;, Cl C2 C3 C4 

S;t (m2] 0.7 0.7 0.7 0.7+0.7 
c,. 0.7 0.7 0.7 0.7 
sjj

11
[m2] 1.90 0.9 0.72 1.90 

C,, I 0.7 0.7 I 
S2[m2] 1.78 1.78 1.78 1.78 
C.., 0.7 0.7 0.7 0.7 
H-total [m] 6.45 6.45 6.45 6.45 
Z1 [m] -0.2 - 0.2 - 0.2 -0.2 
Z2 [m] 7.15 7.15 7.15 6.45 
Ti [0C] 18.9 19.2 19.2 19.2 
T. (OC] 9.1 9.1 9.1 9.1 
Zn1 [m] 5.56 5.87 5.96 4.39 
Vi measured [m/s] 1.32 I. I I.OJ 0.98 
Vi calculated 'i [m/s] 1.39 1.14 1.04 1.08 
Difference 5% 3% 3% 9" ' l o 

V2 measured [m/s] 0.72 0.64 0.64 1.0 
J/2 calculated "i [m/s] 0.86 0.81 0.79 0.96 
Difference 16% 21% 19% -4% 
mi§ [kgjs] LIO 1.00 1,01 1.64 
m1§ mes [kg/s] 1.27 1.13 1.13 1.76 
m 2 - mi (flow balance) 0.17 0.12 0.11 0.12 

t Formula (35). 
I Formula (36) . 
~Formula (37) . 
§Calculation of S effective with formula (33) . 

windows. In conclusion, formula (30) is found valid for two openings 
in series, although the uncertainty in the discharge coefficients is still 
large. 

4 CONCLUSION 

Single sided ventilation has been investigated by several teams in dif
ferent series of experiments using tracer gas techniques. One series of 
experiments used a short time tracer gas decay measurements in real 
buildings and in a test cell. Another series of longer experiments was 
carried out in a test cell using at the same time the constant tracer gas 
injection technique and a new heat ·balance approach. The latter 
method proved to be more accurate than the constant tracer gas 
injection. 
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Comparison of the experimentally derived air flows with theoretical 
predictions has verified that existing theoretical models are of limited 
applicability. New correlations have been derived from these experi
ments. From the first series of experiments, a Correction Factor is 
proposed to take account of the wind effect in configurations with 
single sided ventilation through large openings. The correlation was 
based on experiments characterized by strong and relatively steady 
wind and small temperature differences. It has been validated against 
experimental data with satisfactory results . 

From the second series of experiments a physical multi-term model 
was derived, which accounts for both the thermal effect and the wind. 
A simple correlation model could be found in the case of constant wind, 
flowing parallel to the opening. The multi-term model improves con
siderably the agreement between the simulated air flow rates and the 
measured ones. It must be stressed, however, that the model is derived 
from a particular experimental condition and that e.g. the wind di
rection was dominantly 200° off the normal to the ope_ning; this is 
certainly a limitation to the use of the model. 

This remark also points towards the needs for further investigation: 
the limits of applicability of the presented models should be further 
explored and verified against other ranges of environmental conditions 
(wind speeds and directions, temperature differences), opening con
figurations and dimensions , as well as room layout. 

Analysis of the data and comparison with simulation results has 
shown that existing air flow network simulation tools fail to predict the 
air flow accurately, in the case of single sided natural ventilation under 
conditions of medium and high temperature differences. This is due to 
the fact that network models do not account for the wind effect in the 
case of single sided ventilation. However, medium to high wind speeds 
and small indoor/outdoor temperature differences are a common 
characteristic in the case of naturally ventilated buildings in hot 
climates . 

For cross ventilation the short review of models predicting air mo
tion in naturally ventilated buildings shows very clearly the two dif
ferent ways developed until now to solve this problem. Most of the 
studies have been devoted to the prediction of air flow rates. It is clear 
that this orientation has been given by a general energy conservation 
poin.t of view, but as pointed out by Murakami [20], the fluid dynamics 
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inside a cross ventilated building is very different from the one existing 
in an air infiltrated building and the models used to predict the air flow 
rates in this last case have to be carefully tested before using them in 
natural ventilation. 

For the LESO building in Lausanne, the goal of the PASCOOL 
experiments was to verify whether, during summer ventilation, the air 
flow resistances formed by open doors in series can be predicted with a 
simple Bernoulli model and usual discharge coefficients. 

The experiments carried out during the PASCOOL programme in 
different sites and with different experimental facilities confirm this 
theoretical analysis, and show how difficult it is to get a real in
formation by classical measurement techniques in cross ventilation. 
There is a real need of specific research and specific experiments to 
solve this problem. 

Future work is required to predict indoor air motion: effects of room 
geometry, partitioning, effects of external architecture of the building 
have to be studied carefully. In an other field, in order to increase 
indoor comfort conditions, the influence of turbulence intensity on 
human comfort in naturally ventilated environment has to be precised. 

Acknowledgements 

The present study was carried out within the framework of PASCOOL 
CEC Research Programme, which was partly financed by the Commis
sion of the European Union, DG XII for Science, Research and 
Development. 

References 

[I] Lewis , J .O. and E. Fitzgerald (1994). Innovative Cooling Ideas for Buildings - the 
ZEPHYR European Architecture Ideas Competition, European Conference on En
ergy Performance and Indoor Climate in Buildings, Lyon, 24-26 November 1994. 

[2] BS 5925 (1980). Code of practice for design of buildings. Ventilation principles and 
designing for natural ventilation, British Standards Institution, London. 

[3] Santamouris, M. and D .N . Asimakopoulos (Eds.) (1994) . Passive Cooling of 
Buildings, SA VE Program, Directorate General for Energy, European Commission, 
Available from CIENE, University of Athens. 

[4) De Gids. W. and H. Phaff ( 1982). Ventilation rates and energy consumption due to 
open windows, Air Infiltration Review, 4(1 ), 4-5. 

[5] Malinowski, H.K. (1971) . Wind effect on the air movement inside buildings, Proc. 
3rd Int . Conj. on Wind Effects on Buildings and Structures, Tokyo, pp. 125-134. 



I 

I 
i -
\ 

I 
i ·~ 

I -

! . 

I 

NATURAL VENTILATION STUDIES IN PASCOOL 119 

[6] Cockroft, J.P. and P. Robertson (1976). Ventilation of an enclosure through a single 
opening, Buildings and Environment, 111, 29-35. 

[7] Santamouris, M. (1992). Air Flow through Large openings, PASCOOL Report, 
EEC, DG 12, Lyon. Available through the author. 

[8] Dascalaki, E. and M. Santamouris (1994). Manual of PASSPORT-Air. PASCOOL 
Research Program. European Commission, DG 12. 

[9] Walton, G. (1988). AIRNET, A computer program for building airflow network 
modelling, NISTR, 89-4072, National Institute of Standards and Technology. 

[!OJ B.R.E. (1992). Manual of Breeze, Building Research Establishment, Garston, 
Watford. UK. 

[11] Feustel, H.E .. F. Allard. V.B. Dorer, E. Garcia Rodriguez, M.K. Herrlin. 
L. Mingsheng, H.C. Phaff, Y. Utsumi. H. Yoshino (1990). Fundamentals of the 
Multizone Air Flow Model - COMIS, International Energy Agency - Air Infil
tration and Ventilation Centre, Technical Note AIVC 29, Coventry, UK. 

[12] Clarke, J. (1993). Manual of ESP, University of Strathclyde, Glasgow, UK. 
[13] Santamouris, M. (1994). NORMA, a simplified model for passive cooling, Manual 

written by Kelly, P., Zephyr Architectural Competition, University College Dublin. 
[14] Dascalaki, E., M. Santamouris, A. Argiriou, C. Helmis, D.N. Asimakopoulos, 

K. Papadopoulos and A. Soilemes (1995). Predicting Single sided natural ventilation 
rates in buildings, Solar Energy, 55(5), 327-341. 

[15] Vandaele, L. and P. Wouters (1994). The PASSYS Services, Summary report of the 
PASSYS Projects, Belgian Building Research Institute, EC DG XII, Brussels. 

[16] Guy, A. (Ed.) (1993). PASSYS test components descriptions, European Commis
sion, DG XII, Brussels, EUR 15121 EN. 

[17] Dascalaki, E. and M. Santamouris (1995). Single Sided Ventilation, PASCOOL 
Research Project, MDS/VTL Final Report, Ch. 2, EC DG XII, Brussels. 

[18] Aynsley, R.M. (1988). A resistance approach to estimate air flow through buildings 
with large openings due to wind, ASHRAE Transactions, 94, 1661-1669. 

[19] Murakami, S. et. al. (1991). Wind tunnel test on velocity-pressure field of cross 
ventilation with open windows, ASHRAE Transactions, 525-538. 

[20] Guffey, S.E. and D.A. Fraser (1989). A power balance model for converging and 
diverging flow junctions, ASURE Transactions, 95, Part 2, 2-9. 

[21] Givoni, B. (1978). L'Homme, I' Architecture et le Climat, EYROLLES, Paris 
[French edition]. 

[22] Gouin, G. (1984). Contribution aerodynamique a I'etude de la ventilation naturelle 
de !'habitat en climat tropical humide, These de Doctoral de 3eme Cycle, Universite 
de Nantes. 

[23] Ernest, D.R. et. al. (1991 ). The prediction of indoor air motion for occupant cooling 
in naturally ventilated buildings, ASHRAE Transactions, 539-552. 

[24] Limam, K. and M. Santamouris (1995). Cross Ventilation, PASCOOL Research 
Project, MDS/VTL Final Report, Ch. 3, EC DG XII, Brussels. 


