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Air exchange caused by wind effects through (window) openings
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Abstract

A theoretical approach is presented to describe the air exchange through (window) openings located at
positions with the same external pressure. Next, 'we measured the air exchange through a series of
window openings distributed on a quasi-infinite surface. The results of these full-scale measurements are
in agreement with the predictions based on the given representation. The presented approach is applied,
in combination with an empirical model describing the flow characteristics of one-side-mounted windows,
to discuss the measured air exchange through open windows with different geometries.

1. Introduction

In the energy budget of an enclosure, the energy
transfer due to the air exchange between the interior
and the outside air plays an important role. Physical
properties of the inside air such as temperature,
relative humidity and composition are directly af-
fected by the ventilation. Though mechanical ven-
tilation systems are frequently installed for air-
conditioning, for economical reasons natural ven-
tilation is still an important (or in many cases the
only) tool of ventilation used for control of the
indoor climate. Consequently, the process of natural
ventilation is a topic of engineering interest for the
thermal design and climate control of buildings such
as greenhouses, schools, offices, storage depots.

The driving force for natural ventilation is the
pressure difference across the ventilation openings
caused by wind effects or by thermal effects. When
the air exchange of the building or structure only
depends on natural ventilation, the ventilation due
to both the wind and the thermal effects should
provide a sufficient air exchange. The mechanisms
behind both types of ventilation are mutually in-
dependent and can be investigated separately. The
present paper is concerned with air exchange due
to wind effects.
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When the wind blows over and around a building,
the wind field generates different pressures at dif-
ferent locations, which results in a pressure dis-
tribution over the building [1]. In order to simplify
the approach, in many procedures it is assumed
that a static time-averaged pressure P, (with respect
to barometric pressure as a reference) is generated
at the different locations, related to the volumetric
kinetic energy of the averaged wind field at a ref-
erence level, 1/2 p,u?%, according to:

Pu = Cp X % ps(ﬁ')z (l)

where 7% =average wind speed at reference level,
p.=density of the air, C,=dimensionless pressure
coefficient, from which the spatial distribution has
to be determined empirically.

When the ventilation openings are located at
positions with different pressure (i.e., at zones with
different pressure coefficients), the averaged static
pressure difference between the openings can often
be considered as the main driving force for a flow
through the enclosure from one opening to another.
Then this approach seems suitable and can be used
to describe the air exchange.

When, however, only one opening is present in
a completely sealed enclosure, the above-mentioned
approach results in a zero driving force for ven-
tilation, thus resulting in no ventilation at all. The
same holds true for the situation in which more
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openings are located at positions in a surface with
the same external pressure P,. This can be the case
when the enclosure, for instance a classroom or an
office, only contains the openings in one large wall
at which the pressure coefficient C, is identical at
any place. In these cases the fluctuating character
of the wind speed and, as a result of this, the
fluctuating pressures exerted on the building should
be taken into consideration [2—9]. The mechanism
by which ventilation takes place through one or
more openings, due to fluctuating external air ve-
locity, is obviously extremely complex and consists
of a combination of effects [10]. Dependent on the
frequency of the pressure difference oscillations,
either pulsating flow or turbulent diffusion will con-
tribute to the air exchange. In the case of two or
more openings, the correlation between the pres-
sures generated at each opening, may result in
momentary pressure differences and thus also have
an effect on the airflow and air exchange. Most
experiments investigating the dynamical character
of air exchange, are restricted to ventilation through
one or two openings only. To the knowledge of the
authors, no direct (full-scale) measurements have
been made in which the air exchange of enclosures
due to wind effects through different series of open-
ings in the same plane was studied.

In the present paper, several aspects of the air
exchange through openings at comparable positions
in a ‘quasi-infinite’ surface are considered. The term
‘quasi-infinite’ expresses that, in our set-up, the
surface edge effects were left aside and that all
openings operated under the same geometrical con-
ditions.

In the second Section of this paper, a general
description of the acting ventilation mechanisms is
presented. The measured ventilation characteristics
through the openings are compared with this de-
scription. The effects of wind speed, wind direction
and number of openings on the air exchange through
the surface are studied in Sections 3 and 4. In the
ventilation experiments, the cover of a multi-span
greenhouse served as the ‘quasi-infinite’ surface.
Usually this type of cover is equipped with one-
side-mounted windows positioned in a regular pat-
tern.

In Section 5, we investigate how the ventilation
through these windows on the greenhouse cover is
affected by their geometry. Apart from a correct
representation of the acting ventilation mechanism,
this investigation also requires knowledge of the
flow characteristics of the window-type involved.
An empirical model, describing the flow character-
istics of one-side-mounted windows [11], was em-
ployed to evaluate the results of the experiments.

2. General approach

The Dutch Venlo-type greenhouses represent per-
fect objects for our investigation. The greenhouses
are built as large multi-span units with their walls
almost completely sealed and all ventilation windows
distributed in a regular pattern on the (saw-tooth
shaped) cover. Venlo-type greenhouses are usually
found to have one-side-mounted windows hinged
from the ridge. In most cases, the ventilation win-
dows are opened on the leeside only since this type
of ventilation provides a more equable air infiltration
as compared to the windward side ventilation.

Let us consider an infinite Venlo-type greenhouse
cover with its windows opened on one side only.
Since all openings are located at the same position
in the span and the pressure field is identical around
each span, the mean pressure due to the wind will
be the same at the different window openings. Even
so, as the wind has a turbulent character, the
momentary pressures over the windows will fluc-
tuate. Bot [12] demonstrated that in this case the
ventilation was mainly due to the pulsating indoor-
outdoor pressure difference caused by the variations
in the wind velocity.

The amplitude of the pressure fluctuations P over
the windows can be considered as the driving force
for the ventilation process. Bot postulated a rela-
tionship for this driving force analogous to eqn.

(1):

P, =K/ %pa(ﬂ)z ()
defining the pressure fluctuation coefficient K, which
relates the amplitude of the fluctuating pressure
over a window opening in the cover surface to the
volumetric kinetic energy of the averaged wind field
at reference level. The fluctuating pressures near
the opening are determined by the local wind field
(nearthe opening), which is affected by the geometry
of the cover surface. Therefore K, also embodies
the translation of the wind field at reference level
to the wind field near the opening. Since the window
opening angle a and also the dimensions of the
window determine the geometry of the cover surface,
it is expected that K, is a function of the window
type and opening angle «. Note that both window-
type and opening angle play a double role in the
air exchange through the windows, since they also
determine the flow characteristics of the window
opening, as will be discussed later.

We ascertain that the amplitude of the fluctuating
pressure difference over the window opening acts
as the driving force for the ventilation. To determine




the corresponding volume flux through the openings
we also need the flow characteristics of the openings.
Therefore, when studying the ventilation of an en-
closure, knowledge of the flow characteristics of
the openings is essential.

An expression for the stationary flow character-
istics for one-side-mounted windows, such as the
windows of the greenhouse compartments consid-
ered, was recently presented by De Jong and Bot
[11]. They derived a relationship between the pres-
sure difference over the window opening (AP) and
the corresponding volume flux under the window

flap (¢,)

Fy \ 1 (8
AP—(fw(a))X ) p°(Ao) 3)

with the window function f,(a) as a combination
of the functions f(a) and f3(a).

When, during a specific period, the air exchange
through all the openings together is considered, it
can be assumed that no net flow occurs through
the cover. Moreover, it can be assumed that the
ventilation features of all windows are equal since
they all operate under the same conditions.

Furthermore, when we accept as a working hy-
pothesis that the momentary flow direction through
a particular window is either inward or outward and
that the fluctuating pressure difference over the
opening effectively generates a constant ventilation
flux, then eqns. (2) and (3) can be combined taking
AP=P,. Realizing that half of the total number of
windows is used for inflow and the other half for
outflow, this leads to an expression for the inward
(and outward) flux through any window:

& _1 K;(a)fw(a)pa]”z _—
uA, 2 Fypo

which can be written as:

_¢" =G(a) (4b)

UAo

Equation (4b) states that a linear proportionality
exists between the air flux ¢, and wind speed 2 at
reference height for any window opening angle a.
The function G(a) combines the flow resistance of
the window opening, defined in the window param-
eters F, and f,(a), and the pressure fluctuation
coefficient K (a) near the windows. Obviously, the
ratio (p./po) plays a minor role. The function G(a)
describes the relation between the ventilation flux
per unit window area of the cover surface and the
average wind speed at reference level, dependent
upon the opening angle a.
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The concept of existing flusctuating pressures near
the openings not only implies:the existence of varying
pressure differences over omne window opening, but
also the possibility of instzintaneous pressure dif-
ferences between different w7indow openings. As the
result of these instantaneoius pressure differences
between the various openingzs, airflows may be gen-
erated between different wpenings on the cover.
This might affect both the ventilation features of
the individual opening ancd the air flux per unit
opening area of the whole surface. In this respect,
it can be expected that tliee number of openings,
as well as the position of —he openings in relation
to each other, are of impeortance.

In our experiments we fixst investigated whether
the air exchange through the cover surface cor-
responds with the predict.2d behaviour according
to eqn. (4). Next, the venr.lation characteristics of
different compartments wirch different surface areas
(and consequently a differ=nt number of openings)
were compared. Finally, =ne effect of the window
geometry on the ventilaticn characteristics was ex-
amined.

3. Ventilation through a fixed number of
openings

3.1. Experimental set-up

The objective of this stuudy was to investigate the
air exchange through a swrface with some openings
located at positions with the same pressure coef-
ficients C,.

A situation in which the pressure field is identical
around the openings can be assumed when the
openings are distributed evenly throughout an in-
finite surface. In our experiments, the Venlo-type
greenhouse cover is used as the surface containing
the openings. However, greenhouses, though built
in large multi-span units, are not infinite structures.
An identical pressure distribution around the window
openings can be expected for windows located in
the centre of the greenhouse block. Near the side
walls of the structure however, additional static
pressures will occur and static pressure differences
between the window openings in opposite side walls
can be expected. These static pressure differences
may result in the addition of a continuous ventilation
flux superimposed on the effective flux due to
fluctuations and can substantially affect the venti-
lation features of the greenhouse cover.

To avoid this ‘side wall effect’ in our experiments,
the ventilation measurcments were performed in
fully enclosed greenhouse compartments with their
walls relatively far fromn the outside walls of the
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Fig. 1. Large greenhouse block with 24 standard compartments.

whole greenhouse structure. Since the side walls
of the compartments were carefully sealed off, the
effect of the static pressure differences between the
outside walls of the structure on the ventilation
features of the compartment were eliminated.

In the present experiment, the ventilation mea-
surements were carried out in some of the 24
identical standard compartments located in a large
glasshouse block (70 X 33 m?, Fig. 1), surrounded
by identical glasshouses and situated at the Glass-
house Crops Research Station, Naaldwijk, The Neth-
erlands, [13]. These compartments are equipped
with windows with dimensions Ly=1.46 m and
Hy,=0.80 m and hinged from the ridge on both
sides of the span.

In our experiments, we apply the decay rate
method. The tracer gas N,O was blown into the
closed compartments and distributed through per-
forated tubes on the ground surface. The air was
sampled at different spatial positions and led to an
IR gas analyser.

For a full range of window openings, the con-
centration of the tracer in the greenhouse, the air
temperature inside and outside the greenhouse, the
mean wind speed and wind direction at a reference
level of 10 m (located near the glasshouse block)
were measured on a minute base (relatively fast
compared to the decrease of tracer). During the
experiments no crops were grown in the compart-
ments.

3.2. Results and discussion

In Fig. 2, a record of the measured tracer-gas
concentration during one experiment is presented
together with its natural logarithm. The linear de-
crease of In(c—c,) versus time suggests that a
continuous effective ventilation flux is found. This
despite the fluctuating character of the wind. In

Fig. 3(a)-(d) a representative selection from the
measured leeside ventilation results for some win-
dow openings of the standard compartment is shown.
The wind direction during the measurements was
separated into two angles with respect to the window
on the cover according to the Figure.

From Fig. 3(a)—(d) a linear relationship between
the flux through the openings and wind speed can
be observed for various window openings, as was
predicted in egn. (4). No unambiguous effect of the
wind direction on the ventilation can be noticed.
During these ventilation measurements, the com-
partment was unheated and the temperature dif-
ference between the inside and outside air averaged
5 K. The recorded wind speed during all measure-
ments was higher than 2 m/s. Given the results of
a study on ventilation due to thermal effects [14],
it can be concluded that in the following experiments
the measured air exchange is mainly a result of
wind effects.

When the slopes of the ventilation flux—wind speed
graphs are plotted against the window opening angle
a for all the realized openings we arrive at Fig. 4.
It shows that the compartments are well sealed
since the measured leakage (a«=0°) is close to zero.
When the windows are opened up to 15° the ven-
tilation rises with some approximation in linear
proportion to the opening angle. For larger window
openings the efficiency decreases. The windows can
be opened to a maximum angle of 44°. When we
assume that the ventilation flux tends to a maximum
value in an approximately exponential fashion, the
following function for G(«) can be fitted through
the measuring points:

G(a)=2.29%X10"2 [1 —exp(—a/21.1)] 5)

The results are in agreement with those of Bot [12]
and Nederhoff et al. [15], who measured ventilation
rates in the same standard compartments. Nederhoff
measured the ventilation for small openings
(0-15%="17°), also using the decay rate method,
with CO, as a tracer gas. Bot used a static tracer-
gas method and also measured window openings
up to 44°. In Bot's experiments, the tracer gas was
injected continuously with a constant flow into the
compartment. Measurements were performed in the
equilibrium situation. The static continuity equation
then leads to the ventilation flux ¢, according to:

¢y = bn/(c—ca) (6)

with ¢,,=mass flux of injected tracer gasand c—c,
the concentration difference of tracer gas between
the inside and outside.

Both the decay rate and static tracer-gas method
are based on a perfect mixing of the inside air.
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Fig. 2. Recorded windspeed (----- ) and tracer gas concentration (—) together with its natural logarit it (——-) during one

measuring period.
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direction is specified on each graph.

However, the physical volume of the greenhouse
compartment may not be the volume participating
in the air exchange. The effective volume of the
space may be smaller than the physical volume if
there are regions of stagnant air (e.g., in corners).
The major advantage of the constant flow method
is that the problem of the unknown effective volume
does not matter according to egn. (6). On the
contrary however, the rather long time needed before

equilibrium is reached is a major disadvantage caus-
ing difficulties in the application of this method in
field experiments. In addition /O this, more tracer
gas and more sophisticated e¢/'ipment is required
for the experiments.

For the whole range of Window apertures
(0°<a<44°), the experimental data of Bot are in
full agreement with the prescht data. Bot’s data
were fitted in a slightly different. function, formulated

|
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function of the window opening.

as:
G(a)=1.07X 10 aexp(— a/50) %))

For increasing opening angles, this latter relation
expresses the deviation from a linear relationship
between the ventilation flux and the opening angle
a. This reveals that the efficiency of larger window
openings decreases. When our measuring points are
fitted to this function, we find the coefficients are
1.03 X 10~? and 54.6 respectively. The similarity of
the results implies that the effective volume equals
the physical volume of the compartment. In these
compartments, the decay rate method can be con-
sidered to be an appropriate method for inferring
the ventilation features.

4. Ventilation through different numbers of
openings

4.1. Experimental set-up

To be able to study and compare the ventilation
flux through different cover surfaces with different
numbers of openings, the corridors of the multi-
factoral climate greenhouse (Fig. 1) were converted
into five fully enclosed compartments of different
size, each with sealed side walls and containing
ventilation windows similar to the ones mentioned
in Section 3.

The cover area of these compartments was varied
lengthwise (number of spans) and widthwise (width
of the span), so that all windows of the compartment
were located either at different (successive) spans
or at the same span. In this way, three compartments
(I, II and III) with a length of 6, 13 and 20 spans
and two compartments (IV and V) with one span
with widths of 12 m and 27 m (containing 4 and
8 windows) respectively, were available in addition
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Fig. 5. Constructed compartments in the corridors of the green-
house block.

to the standard compartment (Fig. 5). The ventilation
fluxes through the window openings of the com-
partments were measured in the same way as de-
scribed in Section 3.

4.2. Results and discussion

For a comparison of the ventilation characteristics
of the different covers, the measured leeside ven-
tilation of the different compartments is represented
as values of the function G(a) according to egn.
(4b). These values (i.e., the slope of a ventilation
flux—wind speed graph) are mostly based on data
of three or four decay rate measurements. Again,
for all the measurements, no effect of the wind
direction on the air exchange could be observed.

Here, analysis of the recorded temperatures and
wind speeds in the ventilation experiments also
showed that the measured ventilation rates were
mainly determined by wind effects. Figure 6(a) shows
the measured ventilation fluxes expressed as G(a)
for the compartments I, II and III, differing in the
number of spans as a function of the window opening
angle. For compartments IV and V, differing in
width, G(«) is presented in Fig. 6(b). A comparison
of the measurements in all compartments, including
the standard compartment (VI), is made in Fig.
6(c).

Figure 6(a) shows that the measured leakage
ventilation and the ventilation at small window open-
ings of compartments I-III are of the same order
of magnitude. For large window opening angles the
measured ventilation is more divergent, in addition
to which it seems that the ventilation flux of the
longest compartment with the highest number of
windows is higher. In Fig. 6(b) the measured leakage
and the ventilation through the opened windows of
compartments IV and V do not differ significantly.
It can be seen from the Figures that the values of
the measured leakage in the constructed compart-
ments are higher than the leakage in the standard
compartment VI. This is due to the fact that in the
standard compartment not only the leaks in the
side walls but also the lcaks in the cover were
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other symbols as indicated in Fig. 6(a) and 6(b) captions.

sealed carefully, and it is this sealing of the cover
that was not performed for compartments I-V in
the corridors.

The higher air leakage rate of compartments I-V
may have resulted in an increase of the measured
ventilation for all window openings. Indeed, from
Fig. 6(c) it can be observed that, for small window
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openings, the measured air exchange of compart-
ments I-V seems to be slightly higher than the
values of the standard compartmesit.

For larger window openings however, the effect
of the leakage on the ventilation is }€ss perceptible,
since then the scattering of the masuring points
appears to increase. This is the resvit of measuring
greater ventilation fluxes at large wi2\dow openings.
The fitting of the exponential dec2y curve of the
tracer in the compartment is then baed on a shorter
time interval, i.e., less data points d#ring one meas-
uring period. The overall picture of t¥i€ results shows
that no consistent differences in tr€ air exchange
characteristics of the compartments of various size
can be noticed. Apparently, in this set-up, the pres-
ence of other window openings irr the immediate
vicinity does not affect the averagec? ventilation flux
through the individual window openi1gs. This applies
when the neighbouring windows ar« located on the
successive spans or on the same spsf. These results
indicate that there is no correlation between the
air exchange through the individu»! windows, and
that air exchange through one pafticular window
is mainly driven by the pressure fluctuations over
the window in question. The givert description of
the inflow and outflow through the individual win-
dows seems to be a correct representation.

5. The effect of the window ge/metry on the
ventilation

5.1. Considerations

The effect of the window geometry of the one-
side-mounted window on the ventilation character-
istics through the window openirig (eqn. (4)) is
expressed in the window variables o, fi(a) and
fo(@). The ratio of the length an/d height of the
window opening appears to be of cardinal impor-
tance [11]. To check the effect of the window
geometry on the air exchange, eXperiments are
performed for the ventilation through window open-
ings with varying aspect ratios. Tlie function G(a)
(eqn. (4)) for leeside ventilation tlirough windows
with aspect ratio 1.825 (Lo =1.46 m and H,=0.80
m) was already experimentally delermined in Sec-
tions 3 and 4. This data will be (iscussed in this
Section in connection with the leeside ventilation
measurements through windows with aspect ratio
1.00 (Lo=Hy=0.71 m) and 0.47 (Lo=0.73 m and
H,=1.55 m).

The window variables F,, fi(e) and fa(a) are
affected by the aspect ratio. In Section 2, it was
suggested that this also holds for the pressure
fluctuation coefficient K, (). It is Jifficult to deter-
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mine or estimate this effect a priori. However, it
can be evaluated afterwards from the measured
ventilation functions.

For the window with aspect ratio 1.825 for in-
stance, the function K,(a) can be calculated with
the known flow characteristics (determined from
the flow experiments of De Jong and Bot [11]) and
the ventilation function G(a) (determined from the
ventilation experiments in Sections 3 and 4) ac-
cording to egn. (4). For that purpose eqn. (4) can
be rearranged to:

4poFolG()]”
Patu(@)

Also doing this for the other window geometries,
the effect of the window geometry on K,(a) can be
evaluated with the opening angle « as a parameter.
The measured ventilation function G(a) for the
different window geometries was used to compare
the ventilation properties of the different windows,
since it expresses the average ventilation flux of
the algebraic sum of the individual windows at any
wind speed.

K (a)= &

5.2. Experimental set-up

The new measurements were performed in an
airtight compartment constructed in the centre of
a greenhouse block [11]. In this way, disturbances
due to the additional static pressures that occur
near the outside walls of the greenhouse structure
were ruled out as much as possible, and the ven-
tilation can be considered to be solely due to the
pressure fluctuations over the windows. The cover
of the compartment was equipped with one-side-
mounted top-hinged ventilation windows with aspect
ratio either 1.00 or 0.47.

The ventilation flux through these windows was
measured by means of the decay rate method, as
already described in Section 3.1. During the mea-
surements, no crop was present and the compart-
ment was unheated.

5.3. Results and discussion

Analysis of the measurements shows that the effect
of the temperature difference between the inside
and outside air on the total ventilation can be
regarded as small, as compared to the wind effect.

According to eqn. (4), a linear relationship was
to be expected between the recorded wind speed
at reference level and the air flux for any window
opening and window geometry. This linear pro-
portionality was already confirmed in the ventilation
measurements through windows with aspect ratio
1.825 (Sections 3.2 and 4.2). In the ventilation

experiments, using windows with aspect ratio 1.00
and 0.47, the relation between the wind speed and
ventilation flux was again determined for a range
of openings.

The results of these latter measurements cor-
roborate the previous findings. For a few opening
angles this is illustrated in a ventilation flux—wind
speed graph in Fig. 7. In the calculations, the wind
direction in relation to the windows was classified
according to the Figure. Despite the scattering of
the measuring points, the measurements for the
lower aspect ratios seems to show some consistent
effect of the wind direction on the ventilation. This
effect should be stronger when the windows are
opened further. This might be seen when the cal-
culated points of the ventilation function G(«) are
plotted against the opening angle for different classes
of wind direction (Fig. 8(a) and (b)). The effect of
the wind direction was not found for the ventilation
through windows with aspect ratio 1.825. It is hard
to explain why it should appear for the ventilation
with the smaller aspect ratios 1.00 and 0.47. Possibly
the eddy size of the turbulent wind in relation to
the length of the window (L,) could be a significant
factor in this matter. It could explain that the effect
of the wind direction for the windows with aspect
ratios 0.47 and 1.00 is of equal magnitude since
both windows have almost the same length. Anyway,
more extensive experimental evidence is necessary
to obtain definite conclusions.

To compare the ventilation characteristics of the
windows, the fitted curves of the ventilation function
G(a) of the windows with aspect ratios 1.825, 1.00
and 0.47 are collected in Fig. 9. For the windows
with aspect ratios 1.00 and 0.47, these functions
were calculated analogous to eqn. (5). However,
they were only based on measuring points with the
wind direction almost at right angles to the window.
The functions for the observed types of windows
are found to be:

G(a)=2.62><1(}'2 [1—exp(—a/14.6)] &))
for the window with aspect ratio 1.00, and:

G(a)=1.91X1072% [1 —exp(—a/5.1)] 10)

for the window with aspect ratio 0.47.

Figure 9 shows that for the windows with the
smaller aspect ratios, the initial increase of the
ventilation function G(«) is faster than for windows
with higher aspect ratios. This effect can, at least
partly, be explained by the flow characteristics of
the windows. In particular, the greater effect of the
side areas of the windows with smaller aspect ratios
should be mentioned.
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However, the window parameters Fy, and f,,(«)
alone do not fully explain the measured ventilation
characteristics of the various windows. From the
experimentally obtained ventilation function G(a),
the pressure fluctuation coefficient K («) can be
calculated according to eqn. (8) for the various
window types. These pressure fluctuation coeffi-
cients K,(«) are presented in Fig. 10 for the window
geometries under study. When this coefficient was
defined in eqn. (2), it was already suggested that
its value could be affected by the geometry of the
surface and (therefore) also by the window-type
and opening angle. This seems to be confirmed by
our experimental results.

It appears that both the pressure fluctuation coef-
ficient K (a) and the flow characteristics of the

windows (determined by the “’fﬂdow 'parameters
f(@) and Fy) play their ow?! role in the air exchange
through the windows. Th¢- flow characteristics of
the window openings are kflC_'wn and are detemed
by the dimensions of the window and the window
opening angle. From the ventilation experiments
presented in this Section, the pre-ssure ﬂuctuaFion
coefficient K (a) is derive/l for different one-side-
mounted windows on a s:JW-tooth-shaped surface.
The results indicate that 1€ pressure fluctuation
coefficient K, (a) is affect i:d by the window-type.
Apparently, the local obgtacles on the cover ge-
ometry (i.e., the windows) :+/ € important contributing
factors which determine (¢ local _ﬂow field and,
consequently, the pressur# fluctuation coefficient.
Future research is necesdry to reveal how the
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Fig. 10. The pressure fluctuation coefficients K (a) for the
windows under study.

pressure fluctuation coefficient is related to the local
flow field and, so, to the geometry of the surface
and the dimensions of the window.

6. Conclusions

An approach was presented to predict the air
exchange through a surface with openings which
are located at places with the same mean pressure
distribution.

In this approach the amplitude of the fluctuating
pressure difference over the openings acted as the
driving force for the ventilation. It was postulated
that this driving force was proportional to the vol-
umetric kinetic energy of the averaged wind field
at reference level. The measured ventilation char-
acteristics, through openings located at comparable
places in a quasi-infinite surface, were in full agree-
ment with these predictions. In the experiments,
the cover of a Venlo-type greenhouse was used as
a quasi-infinite surface containing window openings
of one-side-mounted windows in a regular pattern.
The performed ventilation measurements indicated
that the ventilation flux through a number of window
openings in such a configuration can be considered
as the sum of the ventilation fluxes through the
separate openings.

The ventilation features through the openings of
the one-side-mounted windows were affected by the
geometry of the windows. The experimental results
could be partly explained by the flow characteristics
of this type of window. However, the measurements
also indicated that the pressure fluctuation coeffi-
cients, relating the volumetric kinetic energy of the
averaged wind field at reference level to the am-
plitude of the pressure fluctuations near the open-
ings, were not the same for the various windows
observed. This difference is caused by the different




locations of the windows on the cover surface and
their different geometry.

Nomenclature

Ao
¢

ca

Ji(a)
Jo(a)
Ju(a)

opening area of rectangular opening (m?)
concentration of the tracer in the enclosure
(kg m™?)

ambient tracer concentration

F.lF,

A,lAo

a(e)1?/f1 () .
friction factor of rectangular opening
friction factor of window opening
ventilation function defined by egn. (4) (=)
height of rectangular opening (m)
pressure coefficient defined by eqn. (1) (=)
pressure fluctuation cocfficient defined by
eqn. (2) (=)

length of rectangular opening (m)
pressure difference across the opening (N
m=2)

static time average pressure (N m~?%)
amplitude of the pressure fluctuations (N
m~?)

average wind speced at reference level (m
s™H

average air velocity in opening (m s™')
window opening angle (deg)

density of air in the opening (kg m™)
density of ambicnt air (kg m™?)

air volume flux or ventilation flux (m® s=1)
mass flux of injected tracer gas (kg s™')
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