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a b s t r a c t
Air change rates (ACH) through open and tilted windows in rooms of residential buildings driven by atmospheric motions are investigated to evaluate natural ventilation concepts. Model experiments in wind
tunnels, numerical ﬂow simulations (CFD) and thermal building simulations are used. Pressure proﬁles
are measured on the facade of a building model for selected wind directions and velocities. A separated
sample storey and a sample single room in larger scales were used to measure air transport through
window openings under the inﬂuence of the external pressure distribution. The ACH was obtained by
velocity measurements in the window cross sections and by tracer gas measurements using the decay
method.
ACH from CFD computations of the wind tunnel environment agreed well with the experimental values.
Therefore the numerical simulations were extended to real dimensions. The dependency of the ACH on
the position in the external ﬂow ﬁeld and a scaling law for the ACH are presented. The wind-driven
ACH obtained are much larger than the temperature-driven values prescribed in the Austrian standard
Ö-NORM B 8110-3 on the prevention of high room temperatures during summer. A comparison of the
impact of temperature-driven with wind-driven ACH, i.e. natural ventilation concepts, in thermal building
simulations is presented.
© 2014 Elsevier B.V. All rights reserved.

1. Introduction
In the planning process of a building, the heating and cooling
concepts are developed, and both have the ventilation concept as an
integrated part. Mechanical, natural and even hybrid ways of ventilation are nowadays in use. Natural ventilation of buildings, relying
on wind-induced pressure or on differences in temperature, is the
most common form of ventilation. The air is exchanged through
doors, open or tilted windows. For layout purposes it is important
to estimate the magnitude of the air change rates (ACH) correctly.
Ventilation through tilted windows is sparsely represented in the
literature to date.
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The amount of air exchange strongly depends on the wind direction as well as on the position and size of the openings of the
building envelope and, in presence of different temperatures inside
and outside the building, on thermal buoyancy. The methods for
studying natural ventilation are either full-scale experiments in
real conditions [1–4], wind tunnel experiments in full or model
scale [5–8], or computational ﬂuid dynamics (CFD) simulations.
CFD results are compared with analytical results or data from wind
tunnel measurements [2,5–7,9–13]. Furthermore, network models [14,15] which can be used to predict wind-driven ACH quite
accurately, are compared with CFD models in the absence of experimental data [16].
The existing literature reports on various experimental and
numerical studies aimed to estimate air ﬂow rates through openings and the resulting indoor air quality. Allocca et al. [2] and Larsen
and Heiselberg [3] investigated both wind-driven and thermally
induced air exchange. In their studies, a consistent trend to predict the interaction of the two mechanisms was not found. Schulze
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and Eicker [14] investigated three cases under mixed conditions
applying local weather data. For a single-sided situation they found
combined wind and thermally driven natural ventilation to produce
ACH between 1 and 5 h−1 . Nikas et al. [10] and Nikolopoulos et al.
[11] studied numerically the impact of the inner topology of buildings on the ACH and compared the results with measurements of
Larsen [17]. Both simulation and experiment show that the internal
geometry does not alter the overall aerating volume ﬂow rate, but
is an important factor for the refreshing rate of inner regions since
air exchange does not affect all zones of a room. The results from
numerical simulations of Nikolopoulos et al. [11] revealed a highly
unsteady character of the velocity component perpendicular to the
openings for wind directions greater than 60◦ against the opening normal, which is due to the formation of small but intensive
recirculation zones at the openings.
All of the aforementioned studies incorporated experiments or
numerical simulations in full scale for single-sided window conﬁgurations or for windows on opposite walls. The corresponding
literature lacks information on conﬁgurations with openings in
adjacent walls, and especially on the ventilation through tilted windows. The latter is essential to the majority of natural ventilation
scenarios in residential buildings during summer periods.
For ventilation with single-sided tilted windows, shafts and
other special constructions in 1:1 scale under real meteorological conditions, Daler et al. [18] investigated the thermally driven
air exchange and considered only wind velocities below 1.5 m/s.
Furthermore, the structure, availability, costs and maintenance of
such systems were addressed. Maas [19] accounted for the inﬂuence of the window reveal, various rotary and tilting positions, as
well as differences in temperature and in wind conditions. Pivoted sash windows were found to be more efﬁcient than tilted
windows. Since the above approaches for similar boundary conditions yielded signiﬁcantly different ACH, Hall [20] formulated a
modiﬁed model to describe thermally induced ventilation through
bottom hung windows for single-sided ventilation, accounting for
embrasures and heating. A combination of interior embrasures and
heaters reduce the air change potential by approximately 40%. The
aforementioned investigations share the fact that only one ventilation opening was considered. A general overview on natural
ventilation and appropriate guidelines can be found in the study
[21].
The present work investigates natural ventilation concepts for
residential buildings, where the usual ventilation openings are
windows, either fully open or tilted. The driving force is the external wind-induced pressure. Thermal effects are neglected in this
work. The aim is to quantify ﬂow ﬁelds responsible for the air
exchange and to identify the magnitude of ACH in different rooms
of the same storey. The variation of the ACH caused by the relative
position of a room and its window openings to the external ﬂow
ﬁeld around the storey is investigated. This work includes both,
single-sided ventilation and cross-ventilation for open and tilted
windows. Furthermore, in contrast to the aforementioned studies,
the ventilation through tilted windows in adjacent walls is also
studied.
A model of a 10-storey building, in a scale of 1:75, was studied
in a boundary layer wind tunnel to acquire the pressure distribution on its closed facade. Subsequently, the obtained pressure
distribution was reproduced in an aerodynamic wind tunnel on
a single-storey model in a scale of 1:25. Afterwards the provided
windows of the single-storey model were fully opened and the
resulting ﬂow velocities in the window cross sections were measured. In addition, a single-room model on a scale of 1:10 was
applied to determine ﬂow velocities in the gaps of tilted windows.
Furthermore the ACH for tilted windows were determined by measuring the concentration decay of a tracer gas in the room model.
Numerical simulations of the airﬂow through the single storey in
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1:25 model scale were performed and validated with the corresponding experimental results. This comparison supports the CFD
as a tool for predicting realistic ACH values. CFD simulations in real
scale (the single-storey model in the wind tunnel environment upscaled) validate an ACH scaling law. Furthermore, the dependency
of the ACH on the position in the external ﬂow ﬁeld is addressed.
Finally, thermal building simulations for a summer period using
the determined wind-driven ACH as input parameters quantify the
numbers of hours with exceeded temperature limits compared to
using temperature-driven ACH for the different rooms.
In the following section we deﬁne the geometry of the investigated building. Section 3 presents the details of the wind tunnel
experiments and the applied models. In Sections 4 and 5, numerical
simulations of the air ﬂow ﬁelds around and in the building and the
comparison of the computed velocities with experimental data are
presented. The scaling law and ACH in real dimensions based on the
measurement and simulation results in model scales are discussed
in Section 6. Section 7 describes thermal building simulations for
the sample storey over a summer period. The conclusions follow in
Section 8.
2. Building geometry
The building investigated has the dimensions of 14 m × 21 m and
a height of 30 m. Within the building, the storeys under consideration differ in the height above ground only. The representative
storey has a ﬂoor plan comprising typical natural ventilation scenarios for rooms with open and tilted windows. Fig. 1 shows the
ﬂoor plan of the storey, including the window and room numbers.
The investigated wind directions are marked by arrows. Rooms R1
and R5 have the same geometry. Because of the asymmetric array
of windows wind directions perpendicular to three facades seem
reasonable. Yawing conditions are captured by a wind direction
along the building diagonal (33.3◦ ) as a characteristic and representative case. For special investigations of the situation with tilted
windows, a sample single room model with the geometry of room
R1 was developed.
3. Experimental setups and techniques
The experiments of the present study were carried out with the
aim to quantify the ACH of rooms of a residential building model
and provide the data for comparison with numerical simulations.
For this purpose, three different models were developed and investigated in two different wind tunnels to measure (1) the pressure
distribution from the atmospheric boundary layer ﬂow on the full
building facade, (2) the ACH as derived from air velocities in open
window cross sections and in door cross sections in case of tilted
windows, and (3) the air exchange rate with special account for
tilted windows in the single room model. Two different methods
for measuring the ACH were applied. The present section discusses
the various setups and techniques.
3.1. The models
For the purpose of pressure measurements in a boundary layer
wind tunnel, a model of the complete building was established
in 1:75 scale (not shown here). One storey was equipped with
pressure holes at appropriate locations on the closed surface and
mounted at heights from the 2nd to the 10th ﬂoor. However,
this small model scale does not allow for velocity measurements
in tiny openings like windows. These measurements were therefore carried out in a separate sample storey of larger scale (1:25)
implemented in an aerodynamic wind tunnel where the pressure
distribution in different heights above ground in the boundary layer
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Fig. 1. (a) Floor plan and notation of the investigated representative storey [53]. Windows are denoted W1 through W17 , rooms R1 through R5 , doors D1 and D2 , wind
directions 0◦ , 33.3◦ , 90◦ , 180◦ . The north orientation of the storey as used in the thermal building simulations is indicated. (b) Detailed sketch of a tilted window.

was reproduced. Additionally, for consideration of the situation
with tilted windows, a sample single room of again larger scale
(1:10) representing the geometry of room R1 (see Fig. 1(a)) was
used. Measurements with a storey separated from the rest of the
building seem appropriate when at least parts of the neighbouring
storeys below and above are attached as in the present case. Since
the wind direction and, therefore, the driving forces of the external
ﬂow ﬁeld around the storey are nearly horizontal, the inﬂuence of
the building parts above and below can be captured by the adoption of smaller dummy sections. This procedure is equivalent to
the use of so-called section models applied in bridge investigations. Photographs of the two larger models in the test section of
the aerodynamic wind tunnel are shown in Fig. 2.

3.2. Simulation of the atmospheric boundary layer
The boundary layer wind tunnel at Graz University of Technology is Göttingen type with an 8.6 m long closed test section and
an adjustable roof plate. The nozzle exit cross section (W × H) is
2.0 m × 1.0 m. The maximum wind speed in the tunnel is about
40 m/s. To simulate the lower part of an atmospheric boundary
layer, a combination of a grid of rods with variable spacing at the
nozzle exit, a trip hazard in the form of a saw tooth tread design
[22–24], and Lego Duplo blocks as surface roughness elements of
various size and spacing on the ﬂoor upstream from the test section
[25,26] are used. A suitable combination of the above mentioned
measures for realizing a desired boundary layer velocity proﬁle is
found experimentally. A turntable allows the model to be rotated
in order to investigate the inﬂuence of varying wind direction.

The velocity distribution U(z) in the atmospheric wind is
described by a logarithmic law in the form
U(z) =

U
z
ln

z0

(1)

where U is the friction velocity,  = 0.41 the von Kármán
constant, z the height above ground and z0 is the aerodynamic
roughness length. Usually velocities are known at 10 m height from
weather data: U(z = 10 m) = U10 . The most common form to represent this mean velocity proﬁle U(z) with height z is the power
law



U(z)/Ug = z/zg

˛



, or rewritten U(z)/U10 = (Ug /U10 ) z/zg

˛

(2)

where the subscript g refers to the geostrophic values. The
power-law proﬁle is a useful approximation of the wind velocity
proﬁle in the atmospheric surface air layer, if conditions are not
extreme. In practice, it is used up to a few hundred metres height,
but with decreasing accuracy, and does not account for rotation due
to the Coriolis force [27,28].
In the present study we focus on areas with uniform vegetation
and suburban development. The velocity proﬁle in the atmospheric
boundary layer above such ground is properly described with the
value z0 = 0.15 m in Eq. (1). In the power law (Eq. (2)), appropriate
parameters are ˛ = 0.22 and zg = 350 m. The present experiments
cover the two wind velocities U10 = 2.8 m/s and 4.7 m/s.
The wind velocity proﬁles realized in the boundary layer wind
tunnel scaled to real dimensions are shown in Fig. 3. The required
agreement with the power-law proﬁle (represented by the expression on the right in Eq. (2)) in the range between 3 m and 40 m
height is seen. A plot in double logarithmic scale (according to

Fig. 2. (a) Scaled storey model (1:25), referring to [53], and (b) scaled single room model (1:10) in the aerodynamic wind tunnel.
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the high quality of the boundary layer velocity proﬁle in the wind
tunnel.
3.3. Pressure measurements on the closed building facade
The pressure distribution on the building facade induces the
forces driving the air exchange in the building. The pressure distribution on the building surface due to the atmospheric boundary
layer ﬂow was measured with low differential pressure sensors of
type LBAS100B (SensorTechnics) with a full range of ±100 Pa. The
17 pressure sensors were positioned in the centre of the closed
rectangular window area of an exchangeable, sensor-equipped
storey. With the adjusted wind proﬁle, the pressure difference on
ﬂoors 2–10 of the building model (scale 1:75) against the ambient
pressure of the undisturbed ﬂow was measured for two different
reference velocities of the boundary layer proﬁle and for four wind
directions.
At 0◦ wind direction, the highest pressure at the windward wall
is formed in the region of the stagnation zone at a height of 0.7
H–0.8 H in accordance with [29–31], whereas at the sidewall of the
building large negative pressures occur as a result of ﬂow separation at the leading edge. The increase of the pressure towards the
rear edge of the building indicates reattachment of the ﬂow. Fig. 4
2 /2) for a wind
displays the pressure coefﬁcient Cp = (p – p∞ )/( U∞
direction of 33.3◦ . The highest pressures can here also be found at
a height of 0.7 H–0.8 H. However, the resulting negative pressures
are not as pronounced as for 0◦ wind direction.

Fig. 3. Experimental proﬁles U(z)/U10 compared to the power-law proﬁle.

Gromke and Ruck [25]) yields ˛ = 0.21, which matches the desired
value of 0.22. A plot in semi-logarithmic scale yields z0 = 0.12 m.
The Reynolds number of the ﬂow around the model formed with
the smallest building dimension is
Re = UH W/

(3)

where UH is the velocity at the building height, W is the smallest
building dimension (0.187 m in the 1:75 model) and  the kinematic
viscosity of the air. The similarity requirement Re > 5 × 104 is satisﬁed [24]. In the measurements, a constant turbulence level with
the height above ground was found. This is another indication for

3.4. Velocity measurements in ventilation openings
The low-speed aerodynamic wind tunnel at Graz University of
Technology was used for measuring the air exchange in rooms of
the building. It is of the Göttingen type with closed return (see
Fig. 5). The tunnel has a rectangular cross section, and the standard
nozzle has an outlet cross section of 2.0 m × 1.46 m, permitting
wind speeds up to 41 m/s. The settling chamber preceding the nozzle is equipped with four screens to provide uniform ﬂow with a
low turbulence intensity of around 0.13%.
According to the ﬂoor plan in Fig. 1(a), the sample storey including the room, window and door geometries in the scale 1:25 was

Fig. 4. Contour plots of the pressure coefﬁcient Cp for an inﬂow velocity of U10 = 4.7 m/s and a wind direction of 33.3◦ for (a) the windward wall and (b) the lateral wall.
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Fig. 5. Schematic illustration of the low-speed aerodynamic wind tunnel at Graz University of Technology.

designed. In order to achieve a realistic ﬂow ﬁeld, dummy storeys
were mounted below and above the sample storey (Fig. 2(a)).
The pressure distribution at the closed surface, measured in the
boundary layer wind tunnel, was closely reproduced by setting
the inﬂow velocities to appropriate values. Experiments at two
different velocities and four wind directions (see Fig. 1(a)) were performed with either fully open or tilted windows. Results from the
velocity measurements close to the open window and door cross
sections in this model scale are given in Section 5 below.
The velocity measurements were performed with air velocity
transducer models 8455 and 8465 (TSI Inc.) with adjustable ranges.
In the present application, the range was set from 0.125 to 10.0 m/s.
The output signals were processed with CompactDAQ components,
and data were acquired using the software package LabView (both
from National Instruments).
For fully open windows, the air velocity transducers were positioned at the height of the diagonal intersection point of the
rectangular window cross sectional area, but inside the room at
a distance of 9 mm from the inner wall. For the measurements in
the doors for the tilted windows cases, the velocity sensors were
mounted in the diagonal intersection point of the rectangular door
cross sectional area at a distance of 8 mm from the inner wall of the
room (see Fig. 6).
In the case of tilted windows, the gap of the opening is 12 cm in
real scale (Fig. 1(b)) which means 4.8 mm in model scale. Velocity
measurements turned out unrealizable at this scale. Nevertheless,
velocity measurements in the open doors were possible for the
cases of tilted windows (for results see Section 5). Velocity measurements were impossible in the rooms of the sample storey
without openings apart from the tilted windows.

The pressure-driven ﬂow through windows in a facade is much
like the ﬂow through a sudden constriction with cross sections
A1 > A causing a contraction of the jet. This needs to be taken into
account when calculating the volumetric ﬂow rate from the pointwise velocity measurements. The jet contraction ratio ε is deﬁned
as follows [32]:
ε = Amin /A = uin /u

(4)

where A, Amin , uin and u are depicted in Fig. 7(a). The contraction
ratio ε in a sudden constriction depends on the ratio A/A1 and the
cross-sectional shape. For the present speciﬁc case with A1 → ∞,
Sockel [32] suggests ε = 0.59. The quantity ε enables the calculation
of the velocity uin in the cross section A from the measured value u.
Due to the positioning of the velocity sensors inside the rooms, jet
contraction is taken into account in calculating the air velocity only
for windows with the ﬂow direction pointing into the room. Since

Fig. 6. Positions of the velocity sensors in the door cross sectional area on scale 1:25.
Dimensions in mm. Location of the rooms see Fig. 1(a).
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both times t1 and t2 . For these measurements, the CO2 /air mixture
in the model room was passed to an infrared Multi Gas Monitor
Innova 1316-2 (LumaSense Technologies) and analysed for its carbon dioxide content. This procedure was repeatedly carried out to
obtain a time proﬁle of the decaying CO2 concentration in the room
air due to the exposure to the external ﬂow ﬁeld. Following [33]
and [38–40], the ACH was calculated from the decay of the carbon
dioxide concentration versus time. According to Refs. [33,40], for
homogeneous mixtures of the tracer gas with the room air, the rate
of change of mass of the tracer gas within a single zone in contact
with the outdoor environment is given by

Fig. 7. Flow through openings [32], referring to [53]. (a) Inﬂow and (b) outﬂow.

the velocity sensors are not directionally sensitive, the ﬂow direction through the windows was determined visually using thread
probes.
By this method, the local angle of the velocity vectors for determining the volumetric ﬂow rate could be estimated. The projected
cross sectional area resulting from these directions was accounted
for in the calculation of the volumetric ﬂow rates. The corresponding ACH are given in Section 6.
As mentioned above, velocity measurements for tilted windows
at the model scale 1:25 were impossible due to the small open cross
sections. Only measurements in the open door cross sections D1 ,
D2 (see Figs. 1(a) and 6) were carried out for selected scenarios.
Measurements in the open cross sections of tilted windows were
realized in the 1:10 scale single room model, with three velocity
transducers mounted in the gaps of the tilted windows as shown
in Fig. 8.
The volumetric ﬂow rates were calculated as products of the
measured velocity with the appropriate either lateral triangular
area or rectangular area overhead (Fig. 8), taking into account the
ﬂow direction (inﬂow or outﬂow) as detected by the thread probes.
The jet contraction, as introduced by Eq. (4) for open windows, was
not taken into account for tilted windows, because the inﬂow is not
normal to the frontal area [32]. The ACH was then calculated as the
ratio of the air ﬂow rate V̇ and the room volume VR ,
ACH = V̇ /VR

dm
= I + Co Qoi − Ci Qio
dt

(6)

Here m is the mass of the tracer gas in the zone, I is the mass
injection rate of tracer gas, C is the tracer gas mass fraction and
Q is the gas mixture mass ﬂow rate. The subscripts represent the
internal or the external environment, e.g. Qio means the gas mixture mass ﬂow rate from indoor to outdoors. Assuming that the
mass ﬂow rates of the gas mixture inwards and outwards are equal,
Qio = Qoi , and using the relation m = Ci M between the tracer mass m
and the mass M of the gaseous mixture in the zone, Eq. (6) becomes
M

dCi
= I + Qio (Co − Ci )
dt

(7)

for constant mass M in the room, which is the case for constant thermodynamic state of the gaseous mixture. After injection
of tracer gas to reach a measureable initial concentration Ci,0 , the
injection is stopped at time t0 = 0, so that I = 0 during the measurement process thereafter. From Eq. (7) the decay of the tracer mass
fraction over time follows to







Ci (t) − Co = Ci,0 − Co exp −Qio t/M



(8)

From Eq. (8) the ACH can be directly deduced as
ACH =

1 M
ln
VR t



C(t)
C(t + t)



(9)

where C(t) = Ci (t) − Co .
4. Numerical simulations

(5)
4.1. The numerical model

The result is the number of room volume exchanges per unit
time, which is chosen as one hour, following the guideline [33].
3.5. ACH measurements based on tracer gas transport
In order to check the data of ACH derived from point-wise
velocity data, the ACH was determined again by tracer gas measurements in the sample single room model in 1:10 scale. For
determining air change processes quantitatively, in particular the
ACH, the tracer gas method is well established [33]. Most commonly
used variants of this method are the constant-injection method,
the constant-concentration method and the concentration-decay
method. In the present experiments, the latter method was used.
A detailed description of all the methods and advice for the
choice of an adequate tracer gas can be found in [33] and in
[35–37].
Using the concentration-decay method, carbon dioxide was
injected into the single room model exposed to the deﬁned external
ﬂow ﬁeld in the wind tunnel with all windows closed. To avoid diffusion of the tracer gas through the wooden walls of the model, the
walls were lacquered. After formation of a homogeneous mixture
of the room air with the CO2 , the windows were tilted hydraulically
for a ﬁxed time interval t = t2 – t1 , so that the air outside interacted
with the room air. The tracer gas concentration was measured at

The closest possible representation of the aerodynamic wind
tunnel experiments in the numerical model was the ﬁrst step and
served for validation of the numerical approach. The CFD results
for the internal ﬂow situation described in this section are, therefore, related to the storey in the 1:25 model scale. The geometry
model was carefully adapted to the experimental setup depicted in
Fig. 2(a).
The computation domain extends 3.2 m in the streamwise, 4.4 m
in the spanwise, and 2.68 m in the vertical direction. The domain
length in the streamwise direction was chosen equal to the test
section length of the aerodynamic wind tunnel. The extensions in
the spanwise and the vertical directions were chosen much larger
for a proper setting of the lateral and upper boundary conditions.
These boundary surfaces need to be far enough from the core air
ﬂow of the wind tunnel test section. For the sake of numerical convergence, the area around the nozzle is assumed to be a solid wall,
which differs from the experimental reality. The bottom wall of the
test section is extended over the whole domain in the CFD model
for similar reasons.
The numerical grid consists of several parts. The ﬁrst part is the
interior of the sample storey, where a hex core mesh was used for
every room. The room meshes are connected to a structured grid
resolving the whole wall opening volume at the locations of the
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Fig. 8. Velocity transducers in the single room model (Fig. 2(b)). (a) Schematic and (b) photograph.

windows. The outside surfaces of these wall openings can either
represent the situation of the closed storey surface, or the one for
fully open windows. Additional surfaces for the representation of
the situation for tilted windows were also provided. As a second
part, a cylinder around the storey model is deﬁned with a coopered
quad pave mesh. Finally, the remaining domain is built up of a hex
map mesh. With the help of the cylinder and its mesh interface, a
rotation of the whole mesh inside is possible. This means that the
geometry can be adjusted to different wind directions by just rotating the cylinder mesh [41]. A geometry adaptation and re-meshing
can, therefore, be avoided. To exclude any artiﬁcial effects of the
cylinder grid interface, a single grid without this construction was
prepared and evaluated.
The mesh cell size increases from the smallest cells in the window wall openings to a coarse grid at the outside surfaces of the
domain. A total number of 22.5 million cells were reached, including the interior of the storey and the whole surrounding test section
of the wind tunnel.

4.2. Boundary conditions and solver settings according to the
wind tunnel experiments
The bottom face of the domain represents the bottom wall of the
test section and its surroundings. The area around the outlet cross
section of the nozzle is deﬁned as a wall. Furthermore, all surfaces
of the storey model are deﬁned as walls. All these walls are assumed
to be smooth.
The inlet proﬁle to the CFD domain is deﬁned at the outlet cross
section of the nozzle. According to the experimental situation in
the aerodynamic wind tunnel, the air velocity is assumed to be
constant over the nozzle exit. Turbulence intensity and turbulent
viscosity ratio were set to 0.13% and 10, respectively. Numerical
simulations were done for 5.7 m/s and for 3.6 m/s inlet air velocity.
The former value corresponds to U10 = 4.7 m/s and the 8th ﬂoor,
while the latter value is representative for U10 = 2.8 m/s and the
3rd ﬂoor.
At the side, top and outlet faces of the domain, a zero static pressure condition (relative to the operating pressure) was imposed.
The temperature and pressure conditions of the wind tunnel experiments over several days and weeks varied. As average values, a
surrounding pressure of 985 mbar and an air temperature of 21 ◦ C
were agreed. This implies a density of 1.16 kg/m3 and a dynamic
viscosity of 1.7894 × 10−5 kg/ms of the air.

With ANSYS Fluent [42], release 14.0, the steady Reynoldsaveraged Navier–Stokes (RANS) equations were solved using the
k–ε realizable turbulence model with standard wall functions [43].
Using the pressure-based solver, for the pressure–velocity coupling
the SIMPLE algorithm was chosen. Second order discretisation and
interpolation schemes were used.
The convergence of the solution was judged by the residuals and
by the average values of pressure and velocity at the window surfaces which were recorded as functions of the number of iterations.
Special attention had to be paid to the shear layer of the air stream.
Figs. 9 and 10(a) give an overview of the ﬂow situation, exemplarily for 5.7 m/s inlet velocity and the wind direction of 33.3◦ . In
Fig. 9(a) and (b) the shear layer of the free stream out of the inlet
cross section, the stagnation of the velocity in front of the storey
model, the acceleration of the ﬂow over and around the model, and
the leeward recirculation zones can be clearly seen.
Additionally, the horse shoe vortex in front and around the
storey model and the overall ﬂow situation is indicated in Fig. 10(a)
by a streamline plot. A sketch of the typical vortex structures around
a wall mounted cuboid for 0◦ wind direction can be found in [44]
for comparison. Because of the sharp edge at the front of the conﬁguration for the wind direction of 33.3◦ , the horse shoe vortex is
not that strongly developed at the front side.

5. Comparison of experimental and numerical results
5.1. Pressure distribution on the closed storey
The ﬁrst step of the comparison was the investigation of the
pressure distribution on the closed storey. As shown in Fig. 2(a), the
storey model included dummy storeys above and beneath, which
are also parts of the numerical representation.
The pressure sensors were positioned in the centre of the closed
rectangular window area which smoothly ﬁts into the model surface. Results for the inlet velocity 5.7 m/s and the wind direction
33.3◦ are shown in Figs. 10(b) and 11. Because of the orientation of
the model, the stagnation zone is asymmetric and located close to
the windward edge of the model. The pressure variation on the
windward surfaces depicted in the contour plot of Fig. 10(b) is
evaluated along the white lines and shown in Fig. 11(a) and (b).
The values measured and simulated along the white lines differ
windward up to 3 Pa, which is 25% of the corresponding measured
pressure value. The comparison for the leeward lines is not shown
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Fig. 9. (a) Velocity magnitude in m/s in the mid cut plane for the inlet velocity 5.7 m/s and the wind direction 33.3◦ . (b) Velocity magnitude in m/s in a z-cut plane at the
height of the window centres with the parameters as in (a). The ﬁgure refers to [53]. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred
to the web version of this article.)

Fig. 10. (a) Streamlines for the conﬁguration of Fig. 9 showing the horse shoe vortex in front of and around the model. The colour scale shows the velocity magnitude in m/s.
(b) Pressure distribution in Pa on the whole storey model surface and on the bottom plate of the wind tunnel test section, wind direction 33.3◦ and inlet velocity 5.7 m/s. The
white lines in (b) indicate the locations where simulation and measurement results are compared in Section 5. The ﬁgure refers to [53]. (For interpretation of the references
to colour in this ﬁgure legend, the reader is referred to the web version of this article.)

here. The pressure values are more uniform there, and a maximum
deviation of 50% between simulation and measurement occurred.
5.2. Velocities and pressures for fully open windows
As an example, the case of fully open windows and door D2 open
for an inlet velocity of 3.6 m/s and 0◦ wind direction is presented.
The locations of the measurement points are shown in Fig. 12(a)

additionally to the velocity contours. Only the measuring point
close to door D2 is in a different z-plane and, therefore, not included.
With the wind direction 0◦ , rooms R1 and R5 are frontally
exposed to the air stream. In this conﬁguration, air enters both
rooms through the windows W14 –W17 . The ﬂow around the model
causes under-pressure near the side walls leading to outﬂow from
rooms R1 and R5 through the windows W12 , W13 and W1 , W2 ,
respectively.

Fig. 11. Comparison of measured and simulated pressures (parameters see caption of Fig. 10), referring to [53]. (a) For windows W14 –W17 and (b) for windows W1 –W6 .
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Fig. 12. (a) Velocity magnitude in m/s in the cut plane through the window centres, (b) pressure distribution in Pa in the same cut plane, both for 0◦ wind direction, open
windows and door D2 open. The ﬁgure refers to [53]. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this
article.)

Measured and simulated values of the velocity magnitude in
the monitor points are compared in Table 1. The results are very
similar, deviations are also speciﬁed in the table. The corresponding
pressure distribution inﬂuenced by the inﬂow and outﬂow is shown
in Fig. 12(b). The white passages in Fig. 12(a) and (b) are closed and
were not included in the simulations. The simulation results for W5 ,
W6 and W8 , W9 in Table 1 are not symmetric as for the windows
in R1 , R2 and R4 , R5 since the passage window W7 and door D2 are
open and cause a slight ﬂow asymmetry.
Finally it has to be mentioned that, for most of the window cross
sections, inﬂow and outﬂow velocity components were detected.
For the numerical calculations of the ACH of the rooms, the integral net ﬂow rate of the steady-state simulations was used. In the
experiments thread probes were used to identify the ﬂow direction.
Fig. 13 shows the velocity vectors of the steady-state simulation.
The thread probe orientation generally agreed with the vector orientations in the window cross sections.

The rooms R1 , R2 and R3b are frontally exposed to the air stream
for this wind direction. The open door D1 connects the rooms R3b
and R3c . Since window W7 is tilted, a noteworthy ﬂow through
this window caused by the pressure difference between stagnation
and separation area can be observed in Fig. 14(a). A comparison
of interior velocities from Figs. 12(a) and 14(a) especially for room
R1 clearly exhibits completely different magnitudes for open and
tilted windows.
The two pressure distributions in Figs. 12(b) and 14(b) are also
interesting to compare. Room R1 has side windows opened in
Fig. 12(b) and tilted in Fig. 14(b) to the under-pressure area. Therefore almost the same pressure situation occurs in R1 for those two
cases. Fig. 14(b) also shows that in the room R2 in the middle,
the pressure is at the level of the stagnation pressure and therefore hardly any ﬂow can be detected. Furthermore, the pressure

5.3. Velocities and pressures for tilted windows
For the conﬁguration with tilted windows, results are presented
for the wind direction of 90◦ , door D1 open, and for the same inlet
velocity 3.6 m/s as with the fully open windows.
Table 1
Velocities at the measurement points for the inlet velocity 3.6 m/s and wind direction 0◦ , all windows and door D2 open. Deviations are given relative to the data from
the velocity measurements. The table refers to [53].
Room/window

Velocity from
experiment (m/s)

Velocity from
simulation (m/s)

 (%)

R1 /W16
R1 /W17
R1 /W1
R1 /W2
R2 /W3
R2 /W4
R3b /W5
R3b /W6
R3c /W7
R3c /D2
R3a /W8
R3a /W9
R4 /W10
R4 /W11
R5 /W12
R5 /W13
R5 /W14
R5 /W15

3.365
3.384
3.744
1.730
0.410
0.601
–
–
0.532
0.605
0.503
0.554
0.718
0.427
1.661
3.851
3.463
3.449

3.52
3.68
4.07
1.60
0.27
0.55
0.28
0.53
0.58
0.64
0.28
0.49
0.55
0.27
1.68
4.11
3.68
3.52

4.6
8.75
8.7
−7.5
−34
−8.5
–
–
9
5.8
−44
−11.5
−23.4
−36.8
1.14
6.7
6.3
2.1

Fig. 13. Velocity vectors of the velocity ﬁeld in Fig. 12(a). The ﬁgure refers to [53].

R. Teppner et al. / Energy and Buildings 80 (2014) 570–583

579

Fig. 14. (a) Velocity magnitude in m/s in the cut plane through the window centres, (b) pressure distribution in Pa in the same cut plane, both for 90◦ wind direction and
tilted windows, door D1 open. The ﬁgure refers to [53]. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this
article.)

values in the windward window embrasures differ in Figs. 12(b)
and 14(b) because of the stagnation values in front of the tilted
window sashes.
Since for tilted windows velocity measurements were possible
only in the door cross sections, the single value in Table 2 is available
for comparison in the described conﬁguration.

converting the ACH from model into real dimensions. For ﬂows in
real dimensions with the same inﬂow velocity as in the model, the
ACH in real dimensions can therefore be calculated by multiplying
the ACH in the model with the scaling factor. E.g., for the situation
in real dimensions the ACH is to be expected as 1/25 times the value
of the ACH determined in a 1:25 model.

6. Scaling law, ACH values, and comparison with the oriﬁce
equation

6.2. ACH values and the position dependency in the external ﬂow
ﬁeld

6.1. Scaling law

The ACH values up-scaled to real dimensions for an example
scenario with all windows open are presented in Table 3. The results
were derived for each room from the measured velocity data in
Table 1, applying the procedure described in Section 3.4, and from
CFD simulations evaluating the integral net ﬂow rate through the
window cross sections.
The determination of the ACH for tilted windows from velocity
measurements in the 1:25 model was only possible in open door
cross sections between the rooms (see results in Table 4). The sample single room model in 1:10 scale (Fig. 2(b)) served for velocity

In a further step the numerical simulation approach described
in Section 4 was applied to an analogous geometrical conﬁguration containing the storey model in full scale. This leads to virtual
dimensions for the CFD domain boundaries, especially the cross
section of the velocity inlet, which is the up-scaled wind tunnel
nozzle exit. The scaling law for the derived air exchange rates
from model to real scale was investigated by re-simulating representative scenarios using the same air velocities at the up-scaled
wind tunnel nozzle exit as in the simulations whose results were
described in Section 5.
Apart from small differences resulting from the numerical iteration process and the up-scaled numerical grid, the pressure and
velocity ﬁelds in the up-scaled simulations turned out to be the
same as in the 1:25 model scale for both fully open and tilted windows. Since all lengths are scaled, different volumetric ﬂow rates
in the window cross sections were achieved. E.g., for inlet velocity 5.7 m/s and wind direction 0◦ , the volumetric ﬂow rate through
window W16 of room R1 , frontally exposed to the air stream, is
0.0116 m3 /s in model scale through the window of 0.0029 m2 , and
7.33 m3 /s in full scale through the window of 1.82 m2 . The following
scaling law was derived.
The length scales enter to the second power into the window
area and the corresponding volumetric ﬂow rate, but to the third
power into the volume. Therefore, the length scale is the factor
Table 2
Velocities at the measurement point in the door cross section of D1 for the inlet
velocity 3.6 m/s and the wind direction 90◦ , all windows tilted. Deviations are given
relative to the data from the velocity measurements. The table refers to [53].
Room/window

Velocity from
experiment (m/s)

Velocity from
simulation (m/s)

 (%)

R3c /D1

0.352

0.44

25

Table 3
ACH values in real dimensions (up-scaled). Inlet velocity 3.6 m/s, wind direction
0◦ , all windows and door D2 open. See Fig. 12 for the ﬂow and pressure situation.
Deviations are given relative to the data from the experiment.
Room/window

ACH from
experiment (h−1 )

ACH from
simulation (h−1 )

 (%)

R1 /W16
R1 /W17
R1 /W1
R1 /W2

246.36

330

33.9

R2 /W3
R2 /W4

26.50

27

1.9

R3b /W5
R3b /W6

–

27

–

R3c /W7
R3c /D2

116.58

88.8

−23.8

R3a /W8
R3a /W9

39.88

42.7

7.1

R4 /W10
R4 /W11

29.43

26.7

−9.3

R5 /W12
R5 /W13
R5 /W14
R5 /W15

249.25

329

32.0

580
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Table 4
Up-scaled ACH values from velocity measurements in the door cross sections and from CFD simulations. All windows tilted except W7 , wind directions 90◦ and 180◦ , inlet
velocity 3.6 m/s. Deviations are given relative to the data from the experiment.
Room/window

Wind direction (◦ )

ACH from experiment (h−1 )

ACH from simulation (h−1 )

 (%)

R3b |R3c |R3a
D1 , D2 open, W7 closed

90
180

39.93|116.72|39.93
–

56|168|56
3.91|0.37|3.99

40.2|43.9|40.2
–

Table 5
Up-scaled ACH values from velocity and tracer gas measurements for the sample single room. All windows tilted, wind directions 0◦ and 90◦ , inlet velocity 3.6 m/s. Deviations
are given relative to the data from the velocity measurements.
Room/window

Wind direction (◦ )

ACH from velocity (h−1 )

ACH from tracer gas (h−1 )

 (%)

R1

0
90

77.19
75.9

65.4
71.3

−15.3
−6.1

measurements in the open cross sections of tilted windows (Fig. 8),
and the corresponding results are given in Table 5 together with
results from tracer gas measurements.
The velocity measurements at only three locations of the opening of a tilted window may provide a plausible estimate of the ACH,
but may not yield exact data. In comparison to that, the tracer gas
method is known to be much more accurate. On the other hand,
the difference of no more than 15.3% between the two experimental results clearly shows that the velocity measurements may be a
valuable alternative in complex geometries, where the tracer gas
method is not applicable. The tracer gas measurements for the single room model (1:10) can only represent one room of the sample
storey model (1:25). This single room is separated from the conﬁguration of the storey. The ﬂow ﬁeld around the single room therefore
differs from the corresponding ﬁeld around the whole storey, so
that comparisons of the ACH are reasonable only for the wind directions of 0◦ and 90◦ . The up-scaled simulation results for room R1
in the storey model, tilted windows, inlet velocity 3.6 m/s, show
ACH = 67 h−1 for wind direction 0◦ and ACH = 65.6 h−1 for 90◦ . This
agreement with the tracer gas experiments in 1:10 scale proves
again the validity of the scaling law.
Fig. 15 depicts the ACH values derived from the simulations,
for rooms with tilted windows in the leeward region, for different
wind directions, and for the situation with doors D1 , D2 open, W7
closed. This conﬁguration leads to equal ACH values in the rooms
R3a and R3b when cross ﬂow through both rooms occurs (Fig. 15(b)
and (c)). In case of 0◦ and 180◦ wind direction, the air in R3a and
R3b is mainly exchanged via the tilted windows in the sidewall of
each room. Hardly any air exchange via the two open doors was
detected in these cases.
6.3. Comparison with the oriﬁce equation
The equation for the volume ﬂow rate through an opening with
a cross section AG in a structure is called the oriﬁce equation in many
textbooks and given as
V̇ = CD AG



2p/

(10)

This expression represents the ﬂow rate as a cross section multiplied by a velocity derived from a pressure difference p across
the opening, times a factor CD called the discharge coefﬁcient. In Eq.
(10),  is the air density. The discharge coefﬁcient CD and its speciﬁc numerical value for different applications were determined
for various conﬁgurations in [4,45–50]. The ﬂow across fully open
windows as sketched in Fig. 7 is captured by a discharge coefﬁcient
CD ≈ 1 (cf. [32]). In the case of partially blocked openings like tilted
windows the losses can be taken into account by a loss coefﬁcient
. The corresponding discharge coefﬁcient can be calculated as



CD = 1/

1+



2

AG /A

(11)

where A is the whole cross section of the window and AG is the
cross section of the free gaps. The ACH, which is the air volume ﬂow
rate divided by the room volume, can therefore be expressed as
AG
ACH =
VR



2p
 1 + (AG /A)

2

(12)

Using values from the pressure distributions in Fig. 15 we now
compare ACH results for tilted windows of Section 6.2 with values from Eq. (12). The loss coefﬁcient was determined to  = 28.9
after Idelchik [34] for an opening blocked by a movable ﬂap. Hence,
with A = 1.82 m2 and AG = 0.377 m2 for the actual conﬁguration, the
discharge coefﬁcient was calculated after Eq. (11) to CD = 0.67, in
accordance to Heiselberg et al. [4], who showed that CD > 0.6 for
small opening areas, and to Iqbal et al. [45], who found an increase
of the discharge coefﬁcient from 0.6 up to 0.71 for a decreasing tilt
angle of the window in an angular range between 15◦ and 40◦ .
Eq. (12) is exemplarily applied to room R1 for 0◦ wind direction and tilted windows. The minimal inlet cross section of the two
tilted windows is 0.754 m2 . From the pressure differences across
the openings depicted in Fig. 15(a) with p = 6.6 Pa and CD = 0.67,
Eq. (10) yields an air ﬂow rate of 1.671 m3 /s. With the room volume
of 93.75 m3 this leads for Eq. (12) to ACH = 64.2 h−1 , which agrees
with the result in Table 5 within a deviation of 17% relative to the
value from the velocity measurement.
Using Cv , the effectiveness of openings, the expression for the
wind induced air ﬂow rate into a room with a free inlet area A can
be formulated as [21]
V̇ = Cv AU

(13)

where A denotes the window cross section and U is the wind
speed. Cv is assumed to be 0.5 to 0.6 for perpendicular winds and
corresponds to the contraction ratio ε = 0.59 after Sockel [32] (cf.
Eq. (4)).
Evaluating Eq. (13) with Cv = 0.5 in our case for room R1 , 0◦ wind
direction, fully open windows and 3.6 m/s wind speed, we obtain
an air ﬂow rate of 6.55 m3 /s for two windows with cross sections of
1.48 m × 1.23 m each. With a room volume of 93.75 m3 this leads to
ACH = 251 h−1 which agrees with the result for R1 in Table 3 within
a deviation of 1.9% relative to the value from experiment.
7. Impact of the wind driven ACH values in thermal
building simulations of the sample storey
The wind-driven ACH values discussed in Section 6.2 are much
higher than the temperature-driven values (assumed daily average
T = 5 ◦ C) prescribed in the applicable Austrian standard Ö-NORM
B 8110-3 Versions 1999 [51] and 2012 [52]. In [51] very small ﬁxed,
temperature independent ACH values between 1 h−1 and 3 h−1 are
given only depending on the window locations on (different) façade
surfaces.
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Fig. 15. Pressure distributions in Pa in the cut plane through the window centres and up-scaled, roomwise ACH for the wind directions (a) 0◦ , (b) 33.3◦ , (c) 90◦ and (d) 180◦ .
Inlet velocity 3.6 m/s, doors D1 , D2 open, windows tilted but W7 closed. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web
version of this article.)

7.1. Methodology
Since ACH values are input parameters in thermal building simulations representing the mapped ventilation concept, they have
an impact on the planning process of a building. Either inﬁltrations, which can only be estimated, or the ventilation power of a
mechanical HVAC System or the air volume exchange of a natural ventilation concept using deﬁned openings like windows, are
expressed via the ACH values. From a practical and energy saving
point of view, natural ventilation concepts for residential buildings in Austria using windows as ventilation openings are only
reasonable for the summer period. For comparison of the impact
of the different ACH values, an artiﬁcial scenario was deﬁned, for
which thermal building simulations of the representative sample storey with the cross section shown in Fig. 1(a) were carried
out.

7.2. Artiﬁcial simulation scenario
The summer season (beginning of April to the end of September,
i.e. 6 months) was chosen as the simulation period. Both fully open
and tilted windows were represented by the corresponding ACH,
which were either taken from the standards [51,52] or from the
results of Section 6.2. In the deﬁned artiﬁcial simulation scenario, a
constant wind with velocity U10 = 2.8 m/s according to Section 4.2
was assumed as external weather condition for the whole period of
6 months. This is the meteorologically most probable wind velocity in Vienna in a 10-year average over all wind directions. The
wind-driven ACH values of Section 6.2 are due to an inlet velocity
of 3.6 m/s which corresponds to a sample storey in the 3rd ﬂoor
exposed to U10 = 2.8 m/s. Furthermore the air temperatures and
the solar radiation of the very hot summer of 2003 (test reference
year 2003) from April until September were used. The simulations
were done with the software package Design Builder Version
3.0.0.105, utilizing Energy Plus Version 7.0.0.036 for computations.

Table 6 lists additional assumptions on the storey used in the
simulations. According to Refs. [51,52], the maximum room temperatures during the day between 6 am and 10 pm of 27 ◦ C and
during the night between 10 pm and 6 am of 25 ◦ C should not be
exceeded.
7.3. Results
Simulations were carried out for (1) ACH values taken for open
windows without temperature differences according to Ref. [51],
(2a) ACH values calculated with temperature differences for fully
open windows according to Ref. [52], (2b) ACH values calculated
with temperature differences for tilted windows according to Ref.
Table 6
Assumptions for the thermal building simulations of the representative storey.
No heat ﬂux over ﬂoor or ceiling (i.e., adiabatic boundary condition for
these surfaces)
No ﬂow obstructions (i.e., insect screens) in the window cross sections
Optimal sun protection system (i.e., no direct irradiation over the windows
into the room)
Ventilation proﬁle: windows of a room are open or tilted as long as the
outside air temperature is below the inside room temperature
Proﬁle of internal loads for residential buildings prescribed in [51,52]
U values derived for default material data, wall thicknesses and the ﬁxed
convective heat transfer coefﬁcients:
Outside walls of the storey: 0.35 W/m2 K
Interior walls between rooms: 0.9 W/m2 K
Floor: 0.9 W/m2 K
Ceiling: 0.9 W/m2 K
Window with its frame: 1.4 W/m2 K
Window total energy transmittance: 0.56
According to Refs. [51,52] prescribed, ﬁxed convective heat transfer
coefﬁcients:
Outside walls of the storey: exterior 25 W/m2 K, interior 7.7 W/m2 K
Interior walls between rooms: at every side 7.7 W/m2 K
Floor: at every side 10 W/m2 K
Ceiling: at every side 10 W/m2 K
Window with its frame: exterior 25 W/m2 K, interior 7.7 W/m2 K
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Fig. 16. (a) ACH assumed for each room in the thermal simulations of the sample storey, (b) number of hours per room in which the temperature limits were exceeded and
(c) the amount of ventilated energy.

[52], (3a) ACH values for fully open windows of Section 6.2, (3b)
ACH values for tilted windows of Section 6.2. In Fig. 16(a) the ACH
values used in the simulations of the artiﬁcial scenario are graphically shown. There, (3a) and (3b) are depicted in magenta and rose.
Scenario (3a) maps a situation with open windows and the smallest
ACH for each room over all examined wind directions. In contrast,
for the situation with tilted windows in (3b), it was chosen to use
the ACH values of 180◦ wind direction (Fig. 15(d)) in each room of
the storey. This means that in this conﬁguration the windward and
leeward dependencies of the ACH values are taken into account and
examined in their impact in the thermal simulations of the storey.
For (3a), it has to be noted that the software package Design Builder
restricts the ACH value to a maximum of 100 h−1 . For higher ACH, as
obtained from the experiments and CFD, therefore, this maximum
value was used in the simulations.
The simulation results in Fig. 16(b) show the number of hours
during the summer period, in which for the chosen artiﬁcial scenario the given maximum room temperatures were exceeded. In
Fig. 16(c) the amount of ventilated energy according to Qt =
cp · ACH · VR (Ti − To ) t, for the simulation period of t equal 6
months, is depicted.
In the framework of the assumed artiﬁcial scenario, the
results quantify the impact of assuming different (wind-driven,
temperature-driven) ACH values in thermal building simulations.
In Fig. 16 the rose symbols stand for results with the ACH values
depicted in Fig. 15(d). Since room R3a and R3b show the lowest
ACH values, they have the highest number of hours with exceeded
temperature limits. For the conﬁguration with open windows
(green symbols) this effect is not seen, since for each room the
lowest ACH value out of all wind directions was chosen in the
simulations. The difference between using ACH values according

to the applicable standards and using wind driven values is clearly
depicted. This implies that an enhanced estimation of ACH values,
taking the local external wind situation of a residential building
into account, could enhance the prediction quality concerning the
overheating during the summer period.
8. Summary and conclusions
Wind induced ACH in the rooms of a representative storey of
a residential building were investigated in model and in full scale
by wind tunnel experiments, numerical ﬂow simulations and thermal building simulations. Fully open or tilted windows were the
predeﬁned openings. Varied parameters were the speed and direction of the wind. Three different cross ﬂow variants were taken into
account. The ﬁndings are as follows:
• The maximal deviation between measured and simulated pressure distributions on the closed windward window surface is
25%.
• In the case of fully open windows, the difference between simulated and measured ﬂow velocities is in general less than 10%,
except some extreme cases (e.g. rooms R3a and R4 ).
• In the investigated case of the single room with tilted windows, the two employed experimental methods yield ACH values
matching within 16%.
• For ﬂows in real dimensions with the same upstream velocity as
in a model, the scaling law determines the ACH in real dimensions
as the ACH in the model multiplied with the geometrical scaling
factor. This scaling law proved in experiments of different scale
and, independently, in numerical ﬂow simulations of different
scale.
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• Further to the wind velocity magnitude, the ACH values depend
on the location of the openings of a room in relation to the local
external ﬂow and pressure situations.
• During the design of natural ventilation concepts for the prevention of high room temperatures during summer, the proper
estimation of ACH values depending on the environmental conditions (wind-driven, temperature-driven) is of crucial importance.
For cross ventilation through tilted windows the wind-driven
ACH was found to be 3–6 times the temperature-driven ACH prescribed in the Austrian standard Ö-NORM B 8110-3 version 2012.
The impact on the predicted overheating during a summer period
was clearly shown by thermal building simulations.
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