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ABSTRACT
The aim of this study is to check the accuracy of a
nodal model to predict correctly the flow fields
involved inside a building by wind-induced pressure.
The model is confronted to experimental tests
involving a four-storey dwelling at a reduced scale of
1/20 placed in a wind tunnel facility. Different
configurations are tested considering openings of
different sizes for outside openings as well as for
internal doors and the presence or not of a collective
duct connecting the kitchens to the outside at roof
level. For each configuration, various wind
incidences are studied. Internal pressure coefficient
obtained in each room is compared between the
experiment and the model. The effects of the
variation of the windows discharge coefficient as
function of wind incidence is discussed.

INTRODUCTION
Ventilation is an important source of energy
consumption since fresh air comes generally from the
outside environment. The airflow rate needs to be
adjusted so that thermal comfort in summer and the
air quality in winter are ensured. These two
objectives are to be held while reducing the global
energy consumption of the building (French Ministry
of Building, Transport and Environment 2010).
Nowadays, there is a growing interest for the use of
natural ventilation in temperate and tropical climates.
Indeed, in comparison with a classical HVAC
system, a natural or hybrid ventilation system
appears as an appealing mean to reduce the energy
consumption needed to ensure thermal comfort while
preserving air quality (Chang, Kato et Chikamoto
2004).
However, an effective design of natural ventilation
for a given building can be hard to obtain (Allard
1998) (D. W. Etheridge 2002). Natural ventilation is
indeed a complex system composed by some entities
with high variability in their characteristics. One has
of course to take into account the local climate and to
analyze the ratio that can be expected between winddriven and buoyancy–driven ventilation (Faure et Le
Roux 2011). This analyse must be done while
including the direct neighbourhood of the building,
which means the terrain's topology and the typology

of surroundings building (Gandemer 1978). One has
also to consider the activity of the occupants, whose
comfort criteria can have a strong impact on the
operation of the ventilation system, etc. Clearly, the
design process relies upon a huge number of iteration
steps, which may include in situ testing and a postconstruction validation.
Therefore, in the design process of natural ventilation
systems, model tests and nodal models appear to be
complementary tools. While model tests are
necessary to define external pressure coefficients as
functions of wind incidence, external architecture and
direct neighbourhood, nodal models can give detailed
insights on the flow distribution, the thermal comfort
and the air quality inside the building. The simplicity
of use of nodal models and the low resources
required allow one to test easily a large number of
configurations (internal distribution, openings size,
wall materials, usage scenarios, etc.) (Koffi, Allard et
Akoua 2011) (Laverge, et al. 2011). However, there
is a need to validate the ability of nodal models to
reproduce the various physical phenomena involved
(Koffi, Allard et Akoua 2010).
The present paper constitutes a new step towards the
validation of a nodal model, MATHIS, developed at
CSTB for the design of hybrid ventilation systems
and focuses on the ability of the tool in reproducing
the interaction between wind-induced pressure and
internal architecture of buildings (Demouge, Le Roux
et Faure 2011).
In a first step, the main assumptions of the nodal
model used are briefly presented. The model allows
predicting the internal pressure, temperature and
species fields and the openings flow rates depending
on internal heat sources, outside wind and
temperature conditions.
In a second step, the test apparatus used for
confrontation is presented. The apparatus represents a
4 storey building at a reduced length scale of 1/20
and placed in a wind tunnel facility. It is composed of
three dwellings of 84 m2 on three floors and two
dwellings of 42 m2 on one floor. Different
configurations were tested considering openings of
different sizes for outside openings as well as for
internal doors, presence or not of the collective duct
and position of the floor composed of two
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apartments. For each configuration, various wind
incidences were studied.
In a third step, numerical and experimental results are
compared. This comparison is made for the various
configurations tested in terms of pressure field inside
the dwelling. The effect of the discharge coefficient
of external openings and its evolution with wind
incidence is discussed through the example of an
optimization using a genetic algorithm.

(5)

with
the pressure loss associated to the
branch.
For ducts, the pressure loss writes as follows:

NUMERICAL MODELLING
The numerical tool MATHIS (Modélisation de
l'Aéraulique, de la Thermique et de l'Hygrométrie
InstationnaireS d'un bâtiment) is currently under
development at CSTB. The long term aim of the tool
is to unify the different nodal models developed
along the past years in the different departments of
CSTB and dedicated each one to specific studies
(mechanical ventilation design, air quality
assessment, evaluation of the interaction between
heating systems and ventilation systems, fire safety
engineering, etc.)..
MATHIS is a nodal model similar to other tools as
COMIS (Feustel 1992), CONTAM, (Walton et Dols
2005) or AIRNET (Walton 1989). It is based on the
breakdown of the configuration studied into nodes
and branches. Each node represents a room or a
portion of the ventilation network of a building. Each
branch represents the aeraulic components (openings,
ducts…)   between those volumes. Mass and energy
conservations applied in nodes allow one to access to
the pressure, temperature and species mass fractions.
For the ith node, they can be expressed by the
following ordinary differential equations:
(1)

(2)

(3)

(6)
with f a friction coefficient depending on the rugosity
of the duct and Reynolds number.
For branch with small length, we can use the steady
state form of equation ( 5 ) (which means neglecting
the branch inertia). The mass flux through the branch
is then deduced as:

(7)
with:
(8)

and:
(9)
The numerical algorithm used to solve this set of
differential equations is derived from (Woloszin
1999).
Given the aim of the modeling, different optional
models can be linked to this aeraulic model (heat
diffusion through walls, thermal radiation,
combustion, sources and sinks of heat and species,
etc.).

TEST APPARATUS
Density is deduced using the perfect gas law:

(4)
Mechanical energy conservation applied in branches
gives the flow rates for each aeraulic component. It
takes the form of the generalized Bernoulli equation.
For a branch connecting the node i at height zi to
node j at height zj, it is expressed as follows:

The experiment used for the confrontation of the
numerical tool has been done in the framework of
studying the potential of wind-driven ventilation for
dwellings. We give herein a short description.
The apparatus represents a 4 storey building at a
reduced length scale of 1/20. It is composed of three
dwellings of 84 m2 on three floors and two dwellings
of 42 m2 on one floor. Figure 1 and Figure 2 below
present the internal architecture of the dwellings.
Each volume communicates with others via the
corridor through internal doors and with the outside
environment through windows (external openings).
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Internal doors and windows are simulated by
calibrated holes of 1 cm diameter. The number of
holes depends on the configuration tested. These
holes have been chosen because of the similarity of
their power law with full-scale opening laws and also
because of the possibility to simulate numerous
porosity ratios.

at the level of the kitchen. It has a section of
20cmx40cm. The kitchen vent diameter is 20cm. The
link between an apartment and the collective duct is
done at one storey upper. The last floor is not
connected to the collective duct but has its own
chimney up to the static extractor on the roof.
Figure 3 presents a view of the model setup inside
the wind tunnel. Figure 4 gives a closer view of the
collective duct.

Figure 1: scheme of the internal architecture of the
84 m2 dwellings
Figure 4: detailed view of the collective duct and
static extractor

WC

bathroom

kitchen

room 3

room 2

room 1

living

Figure 2: scheme of the internal architecture of the
two 42 m2 dwellings

Different configurations were tested considering
openings of different sizes for outside openings as
well as for internal doors, presence or not of the
collective duct and position of the floor composed of
two apartments. 12 configurations have been tested.
For each one, four different sizes of windows are set
up. Table 2 gives the details of the 6 first
configurations. The 6 other configurations are
identical except that the floor with the two dwellings
switch from the 4th floor to the 3rd floor. For each
configuration, wind incidences from 0° to 360° were
studied with a step of 20°. This leads to 864 different
situations and gives a wide database for the
validation of a numerical tool.
Table 1: maximum windows section (m2)

0.54 0.35 0.35 0.35 0.29 0.29 0.24

Figure 3: view of the building inside the wind tunnel
The height of the rooms is 3m. The roof is flat. A
collective ventilation duct connects all the dwellings
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COMPARISON BETWEEN
EXPERIMENT AND PREDICTION

Table 2 : details of the configurations studied

conf.
N°
1

Door section (cm2)
windows section
(% of maximum colllective
kitchen,
living and
section, see
duct
bathroom and
rooms
table 1)
WC
1178
1178
10, 25, 50 and 75
yes

2

1178

1178

10, 25, 50 and 75

3

471

471

10, 25, 50 and 75

no
no

4

471

471

10, 25, 50 and 75

yes

5

235

157

10, 25, 50 and 75

yes

6

235

157

10, 25, 50 and 75

no

The model tests are simulated with MATHIS at full
scale. The openings are modelled through the orifice
equation, based on the Bernoulli's assumption of
steady incompressible flow. Thus, the characteristics
of the orifice might be included in equation ( 7 ) as :

( 10 )

The different internal and external pressure
coefficients are measured through mean values of
four pressure taps positioned around each opening
(internal and external). Before calculating the mean
value, each pressure taps have been compared to the
three others of each element in order to ensure
homogeneity or absence of default within taps.
Nearly 250 pressure taps were recorded by PSI
sensor at 200 Hz. The wind velocity was recorded
with a Pitot tube at 50 cm of the ceiling of the wind
tunnel. Several wind speed (10, 15 and 20 m/s) were
tested in order to ensure the pressure coefficients
(pressure divided by the dynamic pressure) were
constant (no Reynolds effect on the pressure field
around the building). All the measurements were
then done at 20 m/s.
The uncertainty associated to measurement comes
from the PSI sensor calibration and the
reproducibility of the tests. The PSI sensor
calibration error is estimated to be ± 1 Pa. The error
of reproducibility is quantified for each wind
incidence from the different measurements of
external pressure obtained from each test, which are
assumed to be independent of the model porosity.
The global uncertainty associated to internal pressure
coefficients measurement on a two sigma (95%)
interval confidence is thus plotted as function of
wind incidence on Figure 5 below.

For sharp-edge orifices, high aspect ratios and
normal wind incidence, the discharge coefficient Cz
is generally taken to 0.6 (Etheridge et Sandberg
1996), which is the value we retain as a first estimate.
External pressure coefficients measured in the wind
tunnel are applied to the outside openings of each
room. The internal pressure coefficients predicted
inside each room are then compared to the measured
ones.
Figure 6 presents the correlation obtained between
predicted and measured internal pressure coefficient
for all the cases, rooms and wind incidence. The
coefficient of determination r2, defined as the square
of the linear correlation coefficient between
prediction and experiment, is 0.987. However, it is
obvious that the general trend of the numerical model
is to give higher CP than the experiment. Moreover,
discrepancy is higher for small values of CP.

Figure 6: correlation between predicted and
measured internal pressure coefficient CP for all the
rooms and configurations with a constant value of
Cz=0.6

Figure 5: Pressure coefficient measurement
uncertainty on a 95% interval confidence plotted as
function of wind incidence

The observed discrepancy between experiment and
prediction can be partly explained by measurement
uncertainties, in particular for wind incidences near
90° and 270°. However, the general trend, that is an
over prediction of the internal pressure, led us to
have a closer look at the discharge coefficient and his
effect on the model's results.
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For those previous simulations, we used a constant
value of the windows discharge coefficient Cz=0.6.
However, many studies have focused on the
discharge coefficient and values that should be given
to it depending on wind characteristics (turbulence
and incidence), geometrical aspect ratio, wall
porosity (Chiu et Etheridge 2007), (Chu, et al. 2009).
The discharge coefficient has a great influence on the
calculated airflow rate (linear dependency) and using
a constant value for every wind incidence could lead
to important errors while designing natural
ventilation strategies. However, the review made by
(Karava, Stathopoulos et Athienetis 2004) indicates
that differences have been observed between various
study and no general rules exist for choosing the
value of the discharge coefficient in a given situation.
A previous study at CSTB has also shown a great
influence of the relative wind incidence on the
discharge coefficient (Faure et Le Roux 2011). From
those results we can expect that the interaction
between the opening flow and the crosswind flow
can be different given the position of the openings on
the building and the direction of the opening flow
(inflow or outflow), and thus leading to different
discharge coefficients.
In the framework of the present study, we tried to see
if an optimization of the discharge coefficient CZ
could lead to an enhancement of the global results.
We used a SCILAB implemented genetic algorithm.
For each wind incidence, the discharge coefficient of
the windows is optimized in order to minimize the
error between the measured internal pressure and the
predicted ones in the rooms of floor 2 for the
configuration 2. The discharge coefficient of internal
door remains constant and equals 0.6.
Configuration 2 has been chosen because it involves
low values of the rooms openings ratios (defined as
the ratio between the window section and the door
section). Indeed, a sensitivity analysis showed us that
it is for low openings ratios that the discharge
coefficient has the higher influence on the model
results (Faure et Demouge 2013). Moreover, there is
no collective duct in this configuration, which allows
us to model only the floor 2, thus saving calculation
time.
The genetic algorithm is run 50 times for each 18
wind incidence, with a population of 50 individuals
and 100 successive generations. For a given wind
direction, an individual is defined by the 7 values of
the discharge coefficient of the 7 windows.
In order to illustrate the effect of the optimization of
the discharge coefficient, Figure 7 presents the
evolution of the internal pressure of the living room
of floor 2, obtained with a constant CZ or an
optimized one, and compared with the measurement.

Figure 7 : evolution as function of wind incidence of
the internal pressure coefficient Cp in the living
room of floor 2 with and without optimisation of Cz
Figure 8 and Figure 9 present the results of 50 runs of
the genetic algorithm optimization. For each room
and wind incidence, the mean values of CZ as well as
the first and third quartiles are plotted as error bars.

Figure 8: CZ coefficient as function of wind incidence
for openings facing the direction 0° at floor 2

Figure 9: CZ coefficient as function of wind incidence
for openings facing the direction 180° at floor 2
The variations are similar between the different
rooms, with CZ≈0.45 to 0.55 for relative wind
incidence near 0° and CZ≈0.65 to 0.75 for relative
wind incidence near 180°.
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Strong variations of CZ coefficient are observed for
wind incidences near 90° and 270°, which is also
where we expect to have the greater measurement
uncertainty.
Those CZ variation laws as function of wind direction
have been optimized for the rooms of one floor and
one configuration. The simulations of all the
configurations have then been done using those laws
for all the floors. The results in terms of internal
pressure coefficients are presented in Figure 10
below.
The results are obviously better than previously
where we used a constant value of Cz=0.6. This time,
the coefficient of determination r2 equals 0.996.

Figure 10: correlation between predicted and
measured internal pressure coefficient CP for all the
rooms and configurations with optimized CZ
variation laws

DISCUSSION
The above comparison has shown a good behaviour
of the nodal model as compared with the experiment.
The use of a constant discharge coefficient for
windows leads, from an engineer point of view, to an
acceptable margin of error in terms of internal
pressure estimation.
However, the observed discrepancy between the
experiment and the model can have a non-negligible
impact on the predicted ventilation flow rates. In the
framework of low energy building and more and
more severe requirements in terms of buildings
performances, the error made by the model could be
unacceptable in a process of global optimization.
In this context, one has to keep in mind the
uncertainty attached to the experiment. For example,
even though great care has been taken to seal the
model, a small porosity can have a significant effect
on the measured internal pressures. Moreover, for
sharp angles between wind direction and windows
orientation, buffeting eddies are expected to occur
and thus, the meaning of a mean pressure can be
questioned. Clearly, the present work should be
pursued with a comparison of the pressures time
evolutions and check if the model is able to
reproduce the dynamics of the pressure variations

due to the turbulence of the wind, in particular for
those critical incidences.
The present paper has focused on the effect of the
windows discharge coefficient with an optimization
using a genetic algorithm. The 50 runs of the genetic
algorithm are definitely not sufficient and have been
chosen due to calculation time constraints. The
number of runs should be increased at least up to 500
in order to have a good representation of the
discharge coefficient repartition.
Even if the optimised variation laws of the discharge
coefficient as function of wind incidence present
some similarities between rooms, the present work
should be completed with an evaluation of the effect
of the windows elevation on the discharge coefficient
behaviour (only the windows of floor 2 have been
considered in the optimisation).
Nevertheless, this work does not give a general rule
for the choice of the discharge coefficient. It neither
gives many clues on the physical phenomena
involved. It seems clear from literature that a
correction of the classical orifice equation should be
applied on external openings in order to take into
account the wind characteristics but the way that this
correction should be applied is still an active research
subject. For example, one could want to apply a
correction on the external pressure coefficient rather
than on the discharge coefficient. We plan to pursue
such kind of investigations as a future work.
Finally, while some ways of improving the model
can be considered, one has also to keep in mind that
some physical phenomena will never be represented
by nodal models, due to their very nature. For
example, in a small room, a strong interaction
between inflow and outflow dynamics might exists
but will not be considered because each openings is
modelled independently, whatever the behaviour of
the flow inside the room.

CONCLUSION
The present study allows validating the use of a nodal
model like MATHIS for the design of wind-driven
ventilation systems. In the design process, while
wind tunnel tests or thoroughly validated CFD
modelling are still needed to obtain the external
pressure coefficients to apply on the different façades
of a given building, a nodal model can be used to test
the effect of various configurations of internal
architecture and openings sizes.
This work has also allowed us to propose ways of
improving the model, in focusing on the discharge
coefficient of external openings and its evolution
with wind incidence. However, researches are still
needed in order to propose a general correction of the
orifice equation able to reproduce correctly the
interaction between the flow at the opening and the
wind crossflow.
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NOMENCLATURE
A
CP
CsP
CsV
Cz
C0
D
f
K
k
L
n
P
R
T
U
V
W
Y
z
Za
ρ
ρ*

branch section (m2)
pressure coefficient
specific heat at constant pressure (J.kg-1.K-1)
specific heat at constant volume (J.kg-1.K-1)
discharge coefficient
singular pressure loss coefficient
branch diameter (m)
net heat flux (W)
friction coefficient
aeraulic resistance (kgn.m-3(n-1).Pa-n)
kth specie
branch length (m)
net mass flux (kg.s-1)
flow equation exponent
total pressure at the ground of a node (Pa)
velocity ratio
temperature (K)
wind velocity (m.s-1)
volume (m3)
opening velocity (m.s-1)
mass fraction (kg/kg)
heigth from the ground (m)
height from reference altitude (m)
density (kg.m-3)
density of the gas through a branch (kg.m-3)
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