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STELLINGEN

De invlioed van het raamtype op de door de wind aangedreven ventilatie
van grote tuinbouwkassen kan niet verklaard worden door de stromings-
weerstanden van de betreffende ramen alleen.

(dit proefschrift)

Voor Venlo-kassen kan de gecombineerde 1ij- en loefzijde ventilatie,
voor relatief kleine raamopeningen aan de loefzijde, betrouwbaar ge-
kwantificeerd worden door de sommatie van de afzonderlijke 1lij- en
loefzijde ventilatie.

(dit proefschrift)

De door de wind aangedreven ventilatie van vrijstaande Venlo-kassen,
per eenheid van raamoppervlak, kan worden beschreven als de som van de
desbetreffende ventilatie door een oneindig kasdek en een bijdrage
veroorzaakt door de aanwezigheid van de gevels (het geveleffect).

(dit proefschrift})
Het geveleffect neemt toe met toenemend kasopperviak.
(dit proefschrift)

Bij de bepaling van de ventilatie in kleine, vrijstaande gebouw
wordt veelal slleen uitgegaan van een statische drukverdeling om het
gebouw., Het verdient echter aanbeveling ock de ventilatie tengevolge
van de drukfluctuaties in de beschouwing te betrekken.

Het wvercnachtzamen van de drukafhankelijkheid van de wicrofoonkarak-
teristiek leidt tot een verkeerde interpretatie wan fotoakoestisch
gemeten gasconcentraties.

Michael J. Kavaya, Jack 8. Margolis and Michael 5. Shumate, 1979.
Applied Optics, vol 18, No. 15, 2602-2606.

Het is onjuist de berekeming van oppervlakte-ruwheidsparameters louter
op geometrische factoren te baseren.

Adrie F. G. Jacobs and John H. van Boxel, 1988.
Boundary-Layer Meteorology, 42, 265-279.

Het gebruik van het gemodificeerde Jaegermodel voor de uitwerking van
warmtegeleidingsmetingen in bevriezende grond is principieel onjuist
indien dit model niet wordt gemodificeerd.

W.K.P. van Loon, I.A. van Haneghem and H.P.A. Boshoven.
Proceedings of the 5th International Symposium on Ground Freezing,
Nottingham, 26-28 july 1988,




9. De omslagfiguur van het hoek "Transport Phenomena" van Beek en
Muttzall geeft voet aan een ernstige misvatting.

W.J. Beek & K.M.K. Muttzall, 1977, Transport Phenomena.

10. Teneinde de onderzoeksresultaten op het gebied van luchtverontreini-
ging goed te kunnen vergelijken is op zijn minst standaardisatie van
de bemonsterings- en ijkprocedure een absclute noodzaak.

11. De naam en het werkterrein wvan het oude ministerie van Onderwijs,
Kunsten en Wetenschappen gaven terecht gestalte aan de artistieke

beleving binnen de wetenschap.

12. Het verdient aanbeveling om in de onmiddellijke nabijheid van sier-
fonteinen openbare toiletten te plaatsen.

13. De introductie wvan ‘high definition television' (HDTV} brengt ons
vooral een scherper beeld van de vervlakking.

Stellingen behorende bij het proefschrift "Natural ventilation of large
mtlti-span greenhouses" door Taeke de Jong.

Wageningen, 26 september 1990.



ABSTRACT

De Jong, T. {1990), Natural ventilation of large multi-span greenhouses.
Ph.D. Thesis Agricultural University Wageningen, The Netherlands. 116 pp.;
46 eqs.; 44 fig.; 4 tables; 54 refs.; English and Dutch summaries.

In this thesis the ventilation of large multi-span greenhouses caused by
wind and temperature effects is studied. Quantification of the ventilation
is important to improve the control of the greenhouse c¢limate.

Knowledge of the flow characteristics of the one-side-mounted windows of
the greenhouses is essential to understand the ventilation process. An
approach is presented which a prioxi describes the flow characteristics of
the windows. This description is complemented with in situ measurements of
the flow characteristics which definitely confirmed the given approcach.

The air exchange caused by wind effects and the air exchange caused by
temperature effects were considered separately.

As a starting point for the description of the greenhouse ventilation due
to wind effects, the ventilation through a ‘'quasi-infinite' greenhouse
cover was considered., The 'quasi-infinite' cover is defined as a green-
house cover where the wind field near the surface is not influenced by any
boundary effect. A description of the wind-driven ventilation through
these greenhouse covers is presented and validated by full scale measure-
ments. The leeside ventilation, the windward side ventilation and the com-
bined leeside and windward side ventilation were studied. The effects of
wind direction, wind speed, number of windows, window dimensions and
opening angle were investigated. Parametrization of the theoretical model
of the ventilation led to a reliable guantitative description of the air
exchange of the 'quasi-infinite' greenhouses.

Results of ventilation measurements performed in differently sized free-
standing greenhouses indicate that the wventilation characteristic of the
'quasi-infinite' greenhouse can well serve as a reference with respect to
the ventilation of real (finite) greenhouses.

Though in practice the wind effects amply dominate the temperature
effects, the effect of the thermal buoyancy is of fundamental interest. An
approach was presented to describe the natural convection through the one-
side-mounted windows. Ventilation experiments lend support to the given
approach.

Next an expression for the combined effect of temperature and wind on the
ventilation was suggested. Full scale measurements showed that this
expression provides a good representation for practical purposes.

free descriptors: greenhouses, natural ventilation, greenhouse climate,
one-side-mounted windows, flow characteristics, Venlo type greenhouses,
tracer gas techniques
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EEN WOORD VOORAF

Het onderzoek waarvan de belangrijkste resultaten =zijn neergelegd in dit
proefschrift kwam tot stand door nauwe samenwerking van drie onder-
zoeksinstellingen, te weten: de toemnmalige vakgroep Natuur- en Weerkunde
(sectie Natuurkunde, thans deel uitmakende van de vakgroep Agrotechniek en
-fysica) van de Landbouwuniversiteit Wageningen, het Proefstation voor
Tuinbouw onder Glas (PTG) in Naaldwijk en het Instituut voor Mechanisatie,
Arbeid en Gebouwen (IMAG) in Wageningen. Mede door deze constructie is een
relatief groot aantal mensen betrokken geweest bij dit onderzoek. Deze
plaats in het proefschrift biedt mwij een goede gelegenheid om hen te

bedanken voor hun bijdragen.

Mijn promotor Jaap Schenk wil ik bedanken vcor de prettige samenwerking
en de zorg die hij besteedde aan het doornemen wvan de verschillende
manuscripten. Zijn inzicht en commentaar waren van bijzonder grote waarde
voor de totstandkoming van dit proefschrift.

Met genoegen denk ik ook terug aan de samenwerking met mijn co-promotor
Gerard Bot. Veel plezierige discussies en 'brainstorm-middagen' liggen ten
grondslag aan het hier gepresenteerde werk. Zijn enthousiasme en kennis
van de materie boden vaak de nocdzakelijke stimulans.

Op wat grotere afstand werd het onderzoek begeleid door een begeleidings-
commissie. Op de leden van deze commissie kon altijd een beroep gedaan
worden voor de nodige faciliteiten en steun. Ik wil Nico wvan de Braak,
Georgus Germing, Wim van Meurs, Elly Nederhoff en Chris wvan Winden daar-
voor hartelijk danken.

Van 1986 tot 1988 ben ik als medewerker van de vakgroep gedetacheerd
geweest aan het PIG (afdeling teelt en kasklimaat). Dit hield verband met
de metingen binnen het proefstation en in de praktijk. Ik ben de directie
van het proefstation dankbaar voor de mij geboden faciliteiten.

Het onderzoek werd mogelijk gemaakt door de financiéle bijdrage van het
z.g. "Energiefonds". FEen onderzoek met zo'nm experimenteel karakter kan

niet wuitgevoerd worden =zonder een goede technische begeleiding. De




medewerkers wvan de electronische en mechanische werkplaatsen wvan de
vakgroep, IMAG en PTG ben ik zeer erkentelijk wvoor hun steun. Met name
Willy Hillen, Anton Jansen, Peter Jansen en Teun Jansen stonden altijd
paraat voor het opzetten en afbreken van de 'mobiele' meetopstelling.
Dimitri wvan den Akker ben ik dankbaar voor de hulp die hij gaf bij de
automatisering en voor zijn betrokkenheid bij het gevecht tegen de soms
wel erg onwillige apparatuur.

Dank zij de medewerking van de families Bevelander, de Jonge, van Ncocord en
van Vught zijn de praktijkmetingen mogelijk geweest. In het kader van hun
studie hebben de inmiddels ex-studenten Yunus Aliskan, Egon Coolen en
Adriaan van Strien met veel inzet en enthousiasme belangrijke deelprojec-
ten van het onderzoek uitgevoerd.

Het proefschrift had er nooit zo verzorgd uitgezien zonder de medewerking
van de afdeling Tekstverwerking wvan de Landbouwuniversiteit. Dory
Neijenhuis en Josie Zeevat hebben hier veel werk wverzet. Josie heeft
bovendien het Engels op een hoger niveau gebracht. De mocie figuren en de
omslag van het proefschrift zijn het werk wvan Paul van Espelc en hebben
bijgedragen tot de fraaie vormgeving. Onder dikwijls moeilijke omstan-
digheden heeft Paul met veel vakmanschap de klus geklaard. Ik ben hem daar
zeer erkentelijk voor.

Sjaak Bakker, Jan Bontsema, Rein de Graaf, Gerard van Holsteijn, Ad de
Kening en Hans Sauren dank ik voor de waardevolle gesprekken over
verschillende aspecten van het werk. Ook de inspirerende discussies met
Adrie Jacobs, Ruurd de Jong en Cecilia Stanghellini heb ik zeer
gewaardeerd. Verder wil ik alle collega's en medewerkers bedanken voor de

plezierige werksfeer tijdens het onderzoek.



1 INTRODUCTION

Protected cultivation, i.e. the ecultivation of crops in transparant
shelters or glasshouses, is probably one of the most striking examples of
men's interference witlh the physical environment of a crop, in order to
ensure or step up production. Due to practical experience and, more
recently, the introduction of new materials and computer technology, the
initially more or less simple medification of the environmental conditions
of the plant could evolve in the course of time into the present climate
control systems for modern greenhouses used for commercial agricultural
production.

In particular, the introduction of the computer in greenhouse climate
control facilitated c¢limate management. Control functions can now be
programmed and easily altered in accordance with the prevailing views or
wishes. Modifications of the econtrol functions are usually directed
towards an increase of the final vield. The optimal climate control would
eventually lead to the economical optimization of the greenhouse produc-
tion system. To gain insight inteo this complex production system and its
related optimality problem, targeted research was performed on the econom-
ical, biological and physical processes invelved (among others: Udink ten
Cate [1], Bot [2], Takakura et al. [3], Stanghellini [4], Challa et al.
[5]). Nowadays, computers for climate control are mostly used with regard
te the control of the air temperature and the avoidance of extreme
situations in the greenhouse. As soon as insight into crop behaviour
increases and control has to be imposed over more than one output variable
{like humidity and carbon dioxide concentration), the dynamical behaviour
of the grecnhouse has to be known to attain optimal control.

An important process in the greenhouse is the air exchange between the
inside of the greenhouse and the environment. It directly affects the
transport of sensible heat, water wvapour and other gases to or from the
inside air. The needs for ventilaticn during greenhouse operation are
obvious. These are, to contrecl the temperature, to lower an excessive

level of humidity caused by tramnspiration of moisture from the plant



foliage and to replenish or, since the importance of CQ, enrichment is
recognized (Schapendonk and Gaastra [6]), to control the concentration of
CO; in the greenhouse. Therefore, more insight into this exchange mecha-
nism is crucial to optimize the crop growth and to reduce the energy con-
sumption during the cultivation of the crop.

The present research concentrates on the mechanisms behind ventilation in
general and the ventilation of the Venlo type greenhouse in particular. It
is intended to contribute basic elements to a quantitative description of
the ventilation of Venlo type greenhouses, which would truly be an object
of value with regard to horticultural climate control in The Netherlands,
since this type of greenhouse covers about B80 percent of the total
glasshouse area of about 9000 ha in this country. In addition to this, a
better understanding of the mechanisms behind the ventilation process can
be wused to improve the greenhouse design. Moreover, the present work,
though directed towards ventilation of Venlo type greenhouses, certainly
also contains significant information with respect to ventilation of other
types of greenhouses or even very different buildings, such as schools,

hospitals, offices etc.

1.1 Previous greenhouse ventilation research

A great deal of research has been performed inte all areas of ventilation
phenomena. The following summary concerns itself with ventilation research
related to greenhouses. The importance of the ventilation in greenhouses
has been recognized for many years and can be considered as one of the
most important climate control actions available for the grower. However,
the quantification of the air exchange was a rather difficult matter for
a long time.

In the middle of the fifties, a start was made to quantify the ventilation
in greenhouses. Businger [7] investigated the air circulation inside a
small glasshouse and estimated the corresponding magnitude of wentilation
for different ways of ventilating by means of a simple heat balance over
the glasshouse. Aiming for an equable distribution of fresh air, such that

the crop is not directly contacted by cold draughts from the inflow of



fresh air, ventilation strategies, i.e. certain combinations of opened
windows, were recommended. A more direct way to determine the ventilation
air flux in greenhouses was introduced by Morris and Neale [8]. They
published some data of measured ventilation rates of two relatively small
greenhouses with both side and roof windows. The measurments were obtained
by a tracer gas method. Their experimental data, however, were restricted
and no relationship between the measured ventilation rates and relevant
weather conditions was given.

The same tracer technique was also applied by Whittle and Lawrence [9],
when they measured the ventilation in small greenhouses equipped with side
and roof windows. A formula was established for leakage ventilation, pre-
suming a linear relation between the ventilation and the outside wind-
speed. The air temperature difference between the greenhouse air and the
outéide air was not found teo be significant in case of leakage wven-
tilation. For ventilated greenhouses, no relationship between the wven-
tilation and other relevant factors was obtained.

Much later research was aimed at the determination of the leakage and its
relationship with greenhouse construction or environmental factors like
wind speed, wind direction and difference in temperature between the
greenhiouse air and outside air. Roer [10] compared the tightness of dif-
ferent types of glasshouse constructions by measuring the overpressure
when a (known) quantity of air is blown into the glasshouse. Gudehus [11]
investigated the air exchange through leaks in a similar way. This method
was proposed to serve as a standard technique teo determine leakage of dif-
ferent greenhouses. Heissner [12], using a radioactive tracer gas, found a
linear relationship between the measured leakage and the outside wind
velocity for different closed greenhouses,

Okada and Takakura [13] derived, through theoretical considerations, an
equation for the air exchange in greenhouses. They expressed the rate of
air infiltration as a sum of two terms, proportional to the cutside wind
speed and the square root of the temperature difference respectively.
Experimental data of measured leakage ventilation were fitted to this
equation. To be able to compare different greenhouses, they suggested ex-
pressing the leakage in m® per unit wall area. The effect of wind direc-

tion was not considered. Van Berkel [l4] investigated the distribution and




exchange rate of CO, from gas-fired heating boillers. He calculated the air
exchange rates from measurements of CO, concentration performed during the
night period. For the glasshouse with closed ventilators, a relation was
found hbhetwoen the exchange rate and the wind speed (in Beaufort figures)
raised to the square. By opening the ventilators, an increase of the air
exchange was measured but no quantification was given.

The first (theoretical) model approach for greenhouse ventilation was pre-
sented by Kozai and Sase [15]. They developed a computer program for esti-
mating the natural ventilation in multi-span greenhouses, starting from
basic relationships between the flow ratc and existing pressures due to
temperature or wind effects for onc opening. The coefficients in these
relationships were based on wind tunnel experiments. The ventilation was
calculated for greenhouses with a different number of spans, varying from
one to four, all equipped with both side and roof ventilators. Afterwards,
this model was extended by Kozai, Sase and Nara [16] who incorporated a
leat balance and some coefficients based on greenhouse model studies in a
wind tunnel. The ventilaticn medel was used to simulate ventilation rates
and the greenhouse air temperature. Though their work was not based cn
full scale measurements, insight was gained on the relationship between
the air exchange and some relevant factors like window opening, wind speed
and temperature difference.

BolL [2] was Lhe [irst to introduce a general approach to describe the ven-
tilation through the windews of large Venlo type greenhouses. Ventilation
characteristics of the greenhcuse were related to window type, opening
angle and environmental factors like wind speed, wind direction and tem-
perature difference. llowever, many empirical relations were based on model
studies and full scale measurcments were only carried ocut in a small com-
partment by means of a static tracer technique. Ventilation in the same
compartments were also measured by Nederhoff et al. [17] by means of a
dynamic tracer technique for small window openings. Their experimental
results were in agreement with the findings of Bot. Rither (18] determined
natural ventilation rates of closed greenhouses with CO, and N0 as tracer
gases. Results of measurements before and after tightening one greenhouse
were compared, Generally, a linear dependency on wind velocity and tem-

perature difference was found. No cffect of wind direction on the leakage




seemed to be present. Baytorun {19] extensively measured ventilation rates
of a small greenhouse for several different positions of side and roof
ventilators. Again a linear relationship between the ventilation flux and
wind speed was found, independent from the wind direction. Temperature
differences appeared to be of interest in some cases only, but their

effect was soon dominated by the effect of the wind.

1.2 The present research and the organization of the thesis

From the preceding review, it appears that most research on greenhouse
ventilation confines itself to the establishment of data and relation-
ships, only applicable to the special greenhouse examined. In many cases,
theoretical considerations were not given. Among the few exceptions we
have found, the works of Kozai, Sase and Nara [15,16] and Bot [2] seem to
be the most important. A research like the present one, which aimed at the
development of a general description of ventilation of every Venlo type
greenhouse, has to adopt a more fundamental approach and should not be
suitable for only one particular greenhouse. Basic principles of the wven-
tilation process have to be recognized and a description has to be made in

terms of relevant factors.

Generally, the ventilation through an opening is determined by the pres-
sure difference over the opening and the flow characteristics of the
opening. Therefore, knowledge of the flow characteristics of the opening,
i.e. the relation between the existing pressure difference across the
opening and the volume flux through the opening, is essential to under-
stand and describe the air exchange. Venlo type greenhouses are built as
large multi-span blocks with their walls fairly well sealed and their
windows mounted on the cover. All greenhouses are equipped with one-side-
mounted windows hinged from the ridge which are positioned on the cover in
a regular pattern. The air exchange of the greenhouses is regulated by
opening and closing the windows to a certain extent. Obviocusly the flow
characteristics of the greenhouse windows are essential for the descrip-

tion of the ventilation flux through the greemhouse cover. In chapter 2 of




this thesis, an approach is presented to describe the flow characteristics
of one-side-mounted windows as a function of their dimension and window
opening. The descriptien is complemented with full scale measurements of
the flow through wvarious one-side-mounted windows at different opening
angles.

In case of naturally ventilated greenhouses, the driving force for the
flow through the windows, i.e. the pressure difference across the window
opening, is generated by wind effects or by the temperature difference
between the inside and outside air.

In chapter 3, a description is given of the ventilation caused by wind
effects through the greenhouse windows, evenly distributed on a 'quasi-
infinite' cover. Effects of the wind speed, wind direction and window
dimensions on the air exchange through the windows on the cover were
investigated. In this chapter, the emphasis was laid on leeside wven-
tilation. In chapter 4, the windward side ventilation and the combined
leeside and windward side ventilation are examined. When ventilation is
required, usually the leeside ventilators on the cover are first opened to
a certain point, depending on the difference between the desired (set
point) temperature and the actual temperature. When the leeside ven-
tilators are widely opened and the air exchange is still inadequate to
achieve the desired temperature (for instance on a summery day), windward
side ventilators are opened too. The moment that the windward side windows
join in with the leeside windows is to be preset. One chooses starting
with leeside ventilation because of the more equable air infiltration in
the greenhouse as compared to the windward side ventilation. In the latter
type of ventilation, wind blasts directly into the window (especially in
the first span on the windward side) which may cause unwanted local air
movement. Given the importance of leeside ventilation as a tool to control
the greenhouse climate, the emphasis of the thesis is laid on this type of
ventilation.

In chapters 3 and 4, the rescarch on grecnhouse ventilation caused by the
wind effects was focussed primarily on the air exchange of unbounded
greenhouse covers. In chapter 5, results of field measurements of
greenhouse ventilation are presented and discussed, The measurements were

performed to investigate how the ventilation features of the unbounded



greenhouses and those of the greenhouses in actual practise lie in rela-
tion to each other. During the measurements reported in chapters 3, 4 and
5, the wind effects strongly dominated the temperature effects. Chapter 6
is concerned with the ventilation due to the temperature effect only and
the combined effect of wind and temperature. Experiments are presented on
air exchange due to natural convection through rectangular openings and
through the opening of a cne-side-mounted window. Results of ventilation
measurements, during which the buoyancy forces strongly act together with

the wind, are evaluated. Final conclusions are drawn in chapter 7.
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2 FLOW CHARACTERISTICS OF ONE-SIDE-MOUNTED WINDOWS

2.1 Introduction

For residences, schools, greenhouses, livestock buildings etc, natural
ventilation is an important tecal to control the indoor climate. It direct-
ly affects factors such as temperature, humidity and composition of the
air. These items are of interest with respect to the comfort and well
being of the occupants and the energy consumption of the bhilding. To
design a building, or to improve the control strategy of ‘the indoor
climate, a good understanding of the ventilation features is essential. In
view of their importance, ventilation characteristics of buildings and the
mechanisms of wventilation were subject of extensive research: e.g. Shaw
[1}, Dick [2], Foster and Down [3].

In general, when air infiltrates an enclosure through an opening, the
pressure difference between the enclosure and the environment can be con-
sidered as the driving force for the flow. The volume flux of the air
depends not only on the existing pressure difference and the area of the
opening, but also on the flow resistance of the opening through which the
air has to pass. Though this basic principle is well established, a uni-
versally applicable "law of ventilation" is not available. The pressure
distributions and the corresponding types of flow near the windows are not
only caused by uncorrelated physical aspects such as temperature differen-
ces, wind speed and wind direction, but they also depend on a variety of
parameters like window type, the location of the windows, shape and size
of the building.

By separating the driving force and the flow characteristics of the ven-
tilation opening, the effect of the wvarious parameters can be better
understood. When studying the origin of the generated pressure difference,
one can distinguish two types of natural ventilation: {a} caused by wind
effects or (b) caused by a difference in air temperature between the in-
side and outside air. Both effects are mutually independent and can be
described separately. This will be treated in the next chapters.

The flow characteristic of an opening, relating the volume flux through



the opening to the existing pressure difference, is given by the geometry
and dimensions of the opening. To be able to calculate the natural ven-
tilation rate of a building, accurate information concerning the flow
characteristics of the windows is required. Research on the effect of the
inlet configuration on the ventilation is usually directed towards model
studies (Smith and Hazen [4], Dybwatt et al. [5], Hopkins and Hansford
[6], Egan and Hillickson [7]), Timmons and Baugham [8], Timmons [9]}. In
all these studies fixed opening structures were considered. For many win-
dows however, the window opening areas can be varied by means of some
opening component, characterized by the angle with the plane of the wall.

A type of window freguently used for natural ventilation, is the ocne-side-
mounted casement window. Warren [10], investigated ventilation rates of
enclosures fitted with this type of window in a windtunnel and in a field
experiment. The measurements were performed at different window angles,
wind speeds and wind directions. Total effects were studied and no separa-
tion between the driving force and the flow characteristics of the window
opening was made.

An approach to consider the driving force for ventilation and the flow
characteristics of one-side-mounted windows separately, was outlined in
the thesis of Bet [11], in which the wventilation of greenhouses was
studied. In his approach, the flow generated by a specific pressure dif-
ference over the window was related to the dimensions of the window and
the window opening angle. His numerical results on the flow characteris-
tics are based on flow experiments in scale models only.

Full scale measurements of the flow through the opening under one-side-
mounted windows are an essential supplement of this research to definitely
confirm the above mentioned approach. The present chapter resumes, in
short, some relevant aspects of Bots thesis and presents full scale mea-
surements of the flow characteristics of windows on a cover of a Venlo
type greenhouse. Just for this type of building, with its identical win-
dows distributed evenly on the cover, a knowledge of the flow charac-
teristics of the windows can be applied immediately. With the known flow
characteristics of the windows, the effect of environmental conditions
such as wind speed and temperature difference between interior and

exterior on the ventilation process can be studied.
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2.2 Principal considerations

The flow characteristic of an opening relates the volume flux (#,} through
the opening to the driving force for the flow, i.e. the existing pressure
diflerence (AP).

In the case of air exchange threough Lhe opening under a one-side-mounted
window, it is obvious that at a given pressure difference the volume flux
will wvary with the size of the window and with its opening angle. Conse-
quently, this should be incorporated in the general expression for the
flow through this type of window opening.

First of all, the flow through a rectangular opening without a flap
{(fig. 2.1) can be considered. If a pressure difference is maintained over
this opening, a stationary veclume flux ¢, will be generated. A relation-
ship between AP and the corresponding flux was established by Bot [11] in
experiments with scale models. In these experiments, scale model windows
{(i.e. rectangular openings with different dimensions of length and height)
werc mounted on a model greenhouse with the same scale factor. Through the
windows, an air flow could be generated, from the inside of the greenhouse
to the cutside, or reverse. For various flow velocities through the window
opening, the corresponding air velume flux and pressure drop across the
opening were rccorded. The Reynclds numbers in the opening were chosen
within the same range as those occuring in full scale ventilation

(200 < Re < 21000). Trom the experiment, it appeared that for the flow

Figure 2.1 Rectangular opening,
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region chosen, the viscosity is of minor importance. Consequently, the
flow is mainly affected by the density py, of the air and the shape of the

opening. This can be expressed in an Euler-like relation:

AP

I — = FO(LO/HO) (2.1}
2 P Y
with:
po = density of the air in the opening
v = average velocity of the air in the opening
Lgy,H, = length and height of the opening respectively.

The aspect ratio Lg/H, of the opening is defined as the geometric ratio of
length over height. The function Fg{Ly/H,) is called the friction factor
of the opening. In the model experiment, this factor indeed turned out to
be dependent on the dimensions of the opening only and could be described
by:

F_=1.75+0.7 - oxp [- (L_/H_}/32.5] (2.2a)

for L /H > 1
o' o

or:
Fo =1.75 + 0.7 - exp [- (HO/LO)/SZ.S] {2.2b)

for L /H <1
oo

In both cases Re must satisfy 200 < Re < 21004.

When the same opening is considered, but now with a flap mounted on one
side of the frame of the opening (fig. 2.2, one-side-mounted window), the
friction facter F, of the opening under the window and the effective
opening area A, depend on the opening angle. Bot now supposed, that this
dependency can be represented-by two new functions f£,{a) and f,(a«), which
relate Fy; to Fy and Ay to Ag = Lg-H,:

F

w Fo - f,{a) (2.3a)

A=A fa(a) (2.3b)

12



Figure 2.2 One-side-mounted window.

Calling v = &,/A,, we can now reformulate eqn. 2.1 as:

1 *1°

. v

AP—FW.E.pO.{A] (2.4a)

or.; v
q, 2

or &P = {F_/f ()] % oy [A—"] (2.4b)
[}

where

fw(a) = [£,(a)]?/f,(a) (2.5)

The definition of the window function fy,(a) in this way is preferable to

its reciprocal form, since it now approximates zero for a = 0 (closed

windows) .

The functien f,(a}, defining the ratio Fy/F,, can be found when we can
establish a wvalue for the friction factor F,, of the opening under the
window. For this purpose, for the time being, it is stated that the effec-
tive opening area of the opened window equals the smallest area under the
flap i.e. area AEFB in fig. 2.2. We notice that in this effective opening
area the length and height are L = L, and H = Hy-sine.

With this length and height, the aspect ratio of the effective opening
adopted is known and can be substituted in eqn. 2.2. So the function f,(a)

can be written according to eqn. 2.3 as:
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F 1.75 + 0.7 + exp {-(L /H -sine)/32.5]
f (a) = —!. = o o
1 F 1.75 + 0.7 - exp [-(LOIHO)/32.5]

(2.6)

Equation 2.6 holds for Lo/Hs > 1 or Lg/Hy-sine > 1. For Ly/H; < 1 or
Ly/Hy sina < 1, the corresponding relation can be found in a completely

analoguous way.

In fig. 2.3 a graph of f,(a) is given for some aspect ratios according to
eqn. 2.6. The figure shows that for small aspect ratios the increase of
the function f,(a) to the value 1 is faster than for larger aspect ratios.
For aspect ratios approximating zero and infinity, £,(a) equals 1 for all
opening angles., For a very small split the influence of a flap is clearly
negligible, even for very small opening angles!

We want to stress that in general the friction factor is not strongly
dependent on the aspect ratio. So an eventual error in the value of the
friction factor Fy,, resulting from our ad hoc supposition about the effec-
tive opening area under the window flap (area AEFB in fig. 2.2, i.e.
Lo*Hp'sinn) will not give rise to serious miscalculations in £,{c) follow-

ing eqn. 2.6.

—-fq (x)

a7 R L ' L . . '
o] 10 20 30 40 S0 80 70 80 80
— &

Figure 2.3 The function f,{a) as a function of the window opening for varfous aspect
ratios.
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To establish the function f;(a), defining the ratio A,/A,, the effactive
exchange area A, of the opening under the window has to be known or es-
timated.
Again, we can suppose that the effective opening area is represented by
the smallest area under the window i.e. area AEFB in fig. 2.2. In this way
the simple function f,{a) = sinx could be estimated, relating the exchange
area under the window (fig. 2.2) to that without a window (fig. 2.1). It
is obvious however, that some contraction will appear in the opening and
that the side areas DAE and CBF of the opening (fig. 2.2) will also
contribute to the effective exchange opening under the window flap. It
seems likely that the side area effect will increase for decreasing aspect
ratios. However, a summation of the three areas as the representation of
the effective opening area is too simple since it can be expected that
fz{a) will not exceed the value 1. To determine f;{a) as a function of the
aspect ratio, equations 2.5 and 2.4b can be combined to:

1 L)
S (F_/AT) - fi())F -~y (2.7)

1
Fale) = [L - p
: 2 (4p)?

o
This formula implies, that when air volume fluxes and pressure differences
are measured for a range of opening angles of windows with different
aspect ratios, and therefore different friction factors, values of f,{a)
can be determined experimentally for each specific combination of window
and window angle as the quotient of &, over (AP)% with the 'correction'
factor [é-po.(Fo/Aoz)-fI(a)]%. In this factor, the above mentioned func-
tion f,(a) given by eqn. 2.6 can be incorporated.

2.3 Experimental set up

A compartment (floor area = 6.50 x 6.70 m?, fig. 2.4) was built in the
centre of a Venlo type greenhouse with dimensions 26.6 x 22.2 m®. The side
walls of that compartment were made of blisterpadding mounted on a wooden
frame. The compartment was buillt as air tight as possible. Each of the
four windows in the cover of the compartment were constructed in such a
way that two different window types, with aspect ratio 1.00 (Lg = Hy =
0.71 m) and 0.47 (Ly = 0.73 m and H, = 1.55 m) were available (fig. 2.5).
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Figure 2.5 Window types on the cover of the compartment.
Al L, =0.73 a, Hy = 1.55 m; B: Ly = 0.71 m, Hy = 0.71 m

In this experiment, the air flow through the window was generated by a
high capacity airblower (Nordisk ventilator, type CNA 400) mounted in an
opening in one side wall of the compartment. The direction of the air flow
could be altered.

To measure the air volume flux, a large tube, with a propeller inside
serving as volume flux meter, was mounted at the outlet of the blower. The
diameter of the propeller almost equalled the internal diameter of the

outlet tube. The volume flux meter, in combination with the blower, was
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calibrated first in a windtusnel at the IMAG (Institute of Agricultural
Engineering, Wageningen). Accerding to Berckmans [12], measured wvalues
with this device are dependent on the pressure head over the propeller.
Therefere series of @, (air volume flux generated by the blower) and n
(rotation velocity of the propeller) were measured at static pressures
across the inlet and the outlet of the blower (APj_o)} varying from 0 to
40 Pa (fig. 2.6). It is to be noticed that, especially in the case of
small air flows, the rotation number of the propeller is influenced by the
pressure head APj_,. In our werk, as a rule, #, and n were large enough to

neglect the influence of this effect.
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Figure 2.6 Rotation velocity of the propeller as a function of the air flow rate at various
pressure heads (AP;_,).

During the experiments only one window was opened in the compartment. In
this way, it is exactly known how much air is blown or sucked through this
window. Moreover, larger pressure differences could be established.

The pressure in the compartment and outside the compartment near the win-
dow was sampled by a pressure sensor following Elliott [13]. It consists
of a thin circular disk with a diameter of 40 mm and mean thickness of
2 mm, positioned on a long thin stem (fig. 2.7). The sampling ports are
located at the upper and lower centre of the disk, sampling static and
dynamical pressures local to the disk.

Special attention has been paid to the dimensions of the instrument to
eliminate dynamical pressure changes (i.e. dynamic pressure noise gene-
rated by the interference between the flow field and the sensor body) at
the sampling points. For a detailed description we refer to Elliott [13].

During the experiments, two parallel linked sensors were ﬁositioned out-
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Figure 2.7 Pressure sensor (dimensions are in mm).

side the window out of the main [low generated by the blower. Another
pair of parallel linked sensors, the reference sensors, were positioned in
the compartment. The sensed pressures were led to a differential micro
barometer (Datametrics type 590D) with an operation range of -100 Pa to
+100 Pa and an accuracy of 0.05% of the reading. To eliminate high fre-
quency noise in the pressure signal during Lhe measurements, a pneumatic
low pass filter with a first order time constant of 70 seconds was placed
between all sensors and the barometer. Calibration of the pressure probes
and testing of the sensors in combination with the filters and the micro
barometer was performed according to Jacobs [14,15].

Moreover, Lo minimize the low frequency pressure noise due to blast of the
wind outside, measurements were performed during periods with low wind-

speeds, not exceeding 1 m/s.

2.4 Resvelts and discussion

For the window with aspect ratio 0.47, measurements were performed at win-
dow openings ranging from 0-14 degrees. TFor the window with aspect ratio
1.00, the measurements were carried out at cpening angles varying from
0-77 degrees. For both window types, the function f,(x} was determined
experimentally from the measured ¢, and AP, according to egn. 2.7. The
results are presented in {ig. 2.8, together with some theoretical results

(Lhe dotted curves) which will be discussed later.
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Figure 2.8 Full scale measured values of the function f,{a] together with a theoretical
model (dotted curves} related to the opening angle,
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We notice that for windows with lower aspect ratio, at small opening
angles, the increase of f,(a) with increasing opening angle is stronger
than for windows with larger aspect ratio. This tendency suggests that
somchow the effect of the side areas under the window has to be taken into
consideration. The side areas will be relatively more important for win-
dows with lower aspect ratio than for windows with larger aspect ratio.

To interpret these results, we start with our first simple statement,
neglecting any side area effect, that f;{a) = sinu. To determine the addi-
tional effcect of the side area to the total ventilation, we adopt the con-
siderations of Bot [11]. Looking at the model of fig. 2.9, Bot estimated
the part of the side areca which remains free to contribute to the total
exhange arca. Seme elementary geometrics then reveals that the effective

cpening of one side areca amounts:

L=

90-a ]

oL . I . 2
HO sina cosa n (HO sina) 360
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Figure 2.9 Model to describg the effect of the side area.

In order to amount to some possible deviation from this model, Bot still
introduced two arbitrary constants a and b, so that his final results for

f,{(n) reads:

f,(a) = sina [1 + a-ie {cose - b-2'n (ggém]
o

. sina)] (2.8}

Scale model measurements reported by Bot gave fair agreement with egnh. 2.8
vhen a = 0.6 and b = 1.00. The a and b value indicate that the complete
circular sections shield off the side areas (b = 1) and that the front
areas are more effective for the exchange of air than the shielded side
areas (a = (.6).

Figure 2.8 shows that our experimental results are in full agreement with
the geometrical model (represented by the dotted curves) describing the

effective exchange area under the window. In the study on the scale
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models, the flow direction was from the inside to the outside of the model
greenhouse. The full scale measurements show that no clear effect on the
measured values of f,(a) can be observed from the flow direction through
the window. This implies that the developed expression for f.(a) holds for

both flow directions.

In addition to the obtained values of f;{®)} from the full size experiment,
another measured quantity in this experiment supports the similarity of
the flow properties in both full size and model windows. In the case of
the window with aspect ratio 1.00, which could be opened almost up to %0
degrees, recorded pressure differences over the kinetic energy per unit
volume in the opening (according te eqn. 2.1), give relevant information

concerning the friction factor F, of the rectangular opening only.
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Figure 2.10 Recorded pressure differences over the kinetic energy per unit volume in the
opening as a function of the cpening angle for the window with aspect ratio
1.00.

Since both functions f,{a) and f,(z) approach 1.00 at full opening, the
window function fw(c:) will do the same according to eqn. 2.5. Measured
values of AP/[4-p,-v ] at increasing opening angle will, according teo
eqn. 2.4b, approximate the F, wvalue for the rectangular opening with
aspect ratio 1.00 at full scale. From fig. 2.10, it appears that the F,
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value, based on eqn. 2.2 and derived from the experiments with scale

models, matches well with the full size measurements.

2.5 Conclusions

The performed full size measurements of window parameters of the flow
through openings under one-side-mounted windows fit in with previous
measurements carried out on similar scale model windows (1:30 and 1:10).
The results imply the validity of the developed approach to describe the
flow characteristics of these types of window openings for both inflow and
outflow. In this approach the ratioc between the length and height of the
opening, i.e. the aspect ratio, plays an important role. A simple model of
the exchange area under the window shows the effect of the side areas for
various aspect ratios. The presented description of the flow characteris-
tics can be a useful instrument for predicting the ventilation rate of

buildings containing this type of window.
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3 AIR EXCHANGE CAUSED BY WIND EFFECTS THROUGH (WINDOW)
OPENINGS DISTRIBUTED EVENLY ON A QUASI-INFINITE SURFACE

3.1 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 affected by the ventilation.

Though mechanical wventilation systems are frequently installed for air
conditioning, for economical reasons natural ventilation is still an
important (or in many cases the only) tool of ventilation used for the
control of the indoor climate. Consequently, the proces of natural wven-
tilation is a topic of engineering interest for the thermal design and
climate control of buildings such as glasshouses, schools, offices,

storage depots et cetera.

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 ther-
mal effects should provide a sufficient air exchange. The mechanisms
behind both types of ventilation are mutually independent and can be
investigated separately. A study on air exchange due to temperature
effects through different openings is presented in chapter 6. The chapters
3, 4 and 5 of this thesis are concerned with air exchange due to wind
effects.

When the wind blows over and around a building, the wind field generates
different pressures at different locations, which results in a pressure
distribution over the building (Dick [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 roference) is
generated at the different locations, related to the volumetric kinetic
energy of the averaged wind field at a reference level, i-pa-ﬁz, according

to:
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P=K-%-p-u (3.1)

u P a
with:
u = average wind speed at reference level
p, = density of the air
Kp = dimensionless pressure coefficient, from which the spatial distri-

bution has to be determined empirically.

When the ventilation openings are located at positions with different
pressures (i.e. at =zones with different pressure coefficients), the
averaged static pressure difference between the openings can often be con-
sidered 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 enclos-
ure 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 openings are located at positions in a surface
with the same external pressures P,;. This can be the case when the enclo-
sure, for instance a classroom or an coffice, only contains the openings in
one large wall at which the pressure coefficient Kp 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 (Hill and Kusuda [2], Cockroft and Robertson
[3], Warren [4,5], Narasaki et al. [6]).

The mechanism by which ventilaticn takes place through one or more openings
due to fluctuating external air velocity, is obviously extremely complex
and consists of a combination of effects (Malinowski [7]). Dependent on
the frequency of the pressure difference oscillations, either pulsating
flow or turbulent diffusion will contribute to the air exchange. In the
case of two or more openings, the correlation beween the pressures
generated at each opening, may result in momentary pressure differences
and thus also have an effect on the air flow and air exchange. Most
experiments investigating the dynamical character of air exchange, are

restricted to wventilation through one or two openings only. To the
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knowledge of the author, no direct {full scale) measurements have been
made in which the air exchange of enclosures due to wind effects through
different series of openings in the same plane was studied. In the present
chapter, several aspects of the air exchange through openings at com-
parable 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 geometri-
cal conditions.

In the second section of this chapter, a general description of the acting
ventilation mechanisms is presented. The measured ventilation charac-
teristics through the openings are compared with this description. The
effects of wind speed, wind direction and number of openings aon the air
exchange through the surface are studied in sections 3.3 and 3.4. 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 pattern.

In section 3.5, we investigate how the ventilation through these windows
on the greenhouse cover is affected by their geometry. Apart from a cor-
rect representation of the acting ventilation mechanism, this investig-
ation also requires knowledge of the flow characteristics of the window
type involved. An empirical model, describing the flow characteristics of
one-side-mounted windows, presented in chapter 2, was employed to evaluate

the results of the experiments.

3.2 General approach

The Dutch Venlo type greenhouses represent perfect objects for our in-
vestigation. The greenhouses are built as large multi-span units with
their walls almost completely sealed and all ventilation windows distri-
buted 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 windows are opened on the
leeside only.

Let us consider an infinite Venlc type greenhouse cover with its windows

opened on one side only. Since all openings are located at the same posi-
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tion 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 fluctuate. Bot [8] 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 ﬁu over the windows can be con-
sidered as the driving force for the ventilation process. Bot postulated a

relationship for this driving force analogous to eqn. 3.1:

P=K--;--pa-1-1 (3.2)

defining the pressure fluctuation coefficient Kg, which relates the am-
plitude 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 (near the 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 o and also the dimensions of the window
determine the geometry of the cover surface, it is expected that Ky is a
function of the window type and opening angle a«. By the way we remark 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 thie 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 enclosure, knowledge of the flow characteristics of the
openings is essential.

An expression for the stationary flow characteristics for one-side-mounted
windows, such as the windows of the greenhouse compartments considered,
was presented in chapter 2. Basically, a translation was developed between
the flow through a rectangular opening {(fig. 3.1) and a flow through the
same opening but now with a flap mounted on the upper edge (fig. 3.2). The
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flow resistance of the rectangular opening could be formulated in an

Euler-like relationship (200 < Re < 21000):

AP

; —~ = FO(LOIHO) (3.3)
2 P 7Y

with:
v = the averaged velocity in the opening

pg = the density of the air in the opening

Ly,Hy = length and height of the opening respectively.

Figure 3.1 Rectangular opening. Figure 3.2 ©One-side-mounted window.

The function F,(L,/H,) is called the friction factor of the opening.
Egqn. 3.3 shows that for the given region 200 < Re < 21000 the air flux
through the opening was found to be a function of the ratio of the length
and height (i.e. the aspect ratio) of the aperture only, independent of
the specific Re number. A relation between the existing pressure dif-
ference (AP) and the corresponding volume flux (%,) through the rec-

tangular opening can be found when eqn. 3.3 is rewritten as:

=
ra
il
|
2 =

b 12
v

by [E_ ] (3.4)
o

with A; = L, H,, the opening area (and thus v = b,/4,).

For the same opening, but now with a flap (i.e. the window in fig. 3.2),

the opening area of the window Ay and the friction factor of the win-
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dow opening F, will depend on the opening angle. They can be related to
the original opening area A, and friction factor F, by means of the

functions f,(a) and f,{a) as follows:

F

L =T, e (2.5a)

A
w

A+ fala) (3.5b)

Eqn. 3.4 can be transformed, using eqn. 3.5a and 3.5b, into a relatiomship
between the pressure difference over the window opening and the corres-

pending volume flux under the window flap:
1} 2
8P = [F /6 (0] - 3 - o+ |5 (3.6)
o' w 2 Po AO )

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

faola):

£,(a) = [£2(x))2/£,(a) (3.7)

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 lhypothesis 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 eqn. 3.2 and 3.6 can be com-
bined taking AP = P,. Realizing that half of the total number of windows

is used for inflow and the other hall (or outflow, this leads to an

expression for the inward {and outward) (lux through any window:

1
i K.{a) - £ () - p 12
I d (3.8a)
u oA < s} Pq
o
which can be written as:
lpv
= G{u) (3.8b)
1l A
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Eqn. 3.8b states that a linear proportionality exists between the air flux
%, and windspeed u at reference height for any window opening angle «. The
function G(a) combines the flow resistance of the window opening, defined
in the window parameters F, and f, (), and the pressure fluctuation coef-
ficient Kg{a) near the windows. Obviously, the ratio (pa/po)} pPlays a minor
role. The function G(a) describes the relation between the wventilation
flux per unit window area of the cover surface and the average windspeed
at reference level, in dependence of the opening angle a.

The concept of existing fluctuating pressures near the openings not only
implies the existence of varying pressure differences over one window
opening, but also the possibility of instantaneous pressure differences
between different window openings. As the result of these instantaneous
pressure differences between the various openings, air flows may be
generated between different openings on the cover. This might affect both
the ventilation features of the individual opening and the air flux per
unit opening area of the whole surface. In this respect, it can be
expected that the number of openings, as well as the position of the open-
ings in relation to each other, are of importance.

In our experiments we first investigated whether the air exchange through
the cover surface corresponds with the predicted behaviour according to
eqn. 3.8. Next, the ventilation characteristics of different compartments
with different surface areas (and consequently a different number of open-
ings) were compared. Finally, the effect of the window geometry on the

ventilation characteristics was examined.

3.3 Ventilation through a fixed number of openings

3.3.1 Experimental set up

The objective of this study was to investigate the air exchange through
a surface with some openings located at positions with the same pressure
coefficients Kp.

A situation in which the pressure field is identical around the openings

can be assumed when the openings are distributed evenly throughout an
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infinite 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 ncot infinite structures. An identical
pressure distribution around the window openings can be expected for win-
dows 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 addi-
tion of a continuous ventilation flux superimposed on the effective flux
due to fluctuations and can substantially affect the ventilation features
of the greenhouse cover.

To avoid this 'side wall effect' in our experiments, the ventilation
measurements were performed in fully enclosed greenhouse compartments with
their walls relatively far from the outside walls of the whole greenhouse
structure. Since the side walls of the compartments were carefully secaled
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 measurements were carried out
in some of the 24 identical standard compartments, located in a large
glasshouse block (70 x 33 m?, fig. 3.3), neighboured by identical glass-
houses and situated at the Glasshouse Crops Research Station, Naaldwijk,
The Netherlands, (Van de Vooren and Koppe [9]). These compartments are
equipped with windows with dimensions L, = 1.46 and H, = 0.80 m hinged

from the ridge on both sides of the span.

The air exchange between any observed enclosure and its environment is
often expressed as a so-called ventilation rate. This quantity is defined
as the volume flux of air entering {and thus leaving) the enclosure per
unit volume of the enclosure, i.e. the total number of complete air
changes per unit time. It is usually expressed in air changes per hour.
The air exchange rate or ventilation rate R (and so the volumetric air
flux through the openings) of an enclosure, can be measured by means
of a tracer gas (Hitchin and Wilson [10]).

In our experiments, we apply the decay rate method. In this methed a quan-

tity of tracer is released and distributed in the closed enclosure until a
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Figure 3.3 Large greenhouse block with 24 standard compartmeats.

uniform, or nearly uniform, concentration in the enclosure is achieved.
After opening the enclosure, the concentration of tracer in the enclosure
will decrease due to ajir infiltration. When we assume the air to be per-
fectly mixed, this decay will be exponential according to the mass balance

of tracer in the encleosure:

V r dc/dt = - ¢v - (c - ca) (3.9)

thus, for constant &,

In [{c - ca)/(ci - ca)] = - ¢V/V ct=-R 't {(3.10)
with:
¢ = concentration of tracer in the enclosure

€y = initial concentration of tracer in the enclosure
cy, = ambient tracer concentration

V = volume of the enclosure

¢, = ventilation flux

t = time.
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By sampling the air on a minute base (relatively fast compared to the
decrease}, the ventilation rate can be determined from the slope of the
graph obtained by plotting In(c-c,) versus time. In all our experiments,
the used tracer (N,0} was blown into the closed compartments and distrib-
uted through perforated 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 concentration of the tracer in the
greenhouse, the air temperature inside and outside the greenhouse and the
mean wind speed and wind direction at reference level of 10 m were meas-
ured on a minute base. During the experiments no crops were grown in the

compartments.
3.3.2 Results and discussion

In fig. 3.4, a record of the measured tracer gas concentration during one
cxperiment is presented together with its natural logarithm. The linear
decrease of In{c-c,) versus time, according to eqgn. 3.10, suggests that a
continuous effective wventilation flux is found. This despite the fluc-
tuating character of the wind. In fig. 3.5a-d a representative selection
from measured leeside ventilation results for some window openings of the
standard compartment is shown. The wind direction during the measurements
was distinguished into two angles with respect to the window on the cover

according to the figure.

~9.201 ~ 200, 5807
i L L. J !
. - {

B.60F F160F  n7 -~ S jeeoy

a . o
g Fa F 1 &
{7.80 ! 120F {4003
L L - t
e.sof  80f 43.20
b= b= -
8.00- 40~ -12.40
5.20L 1 1 L L | 1 1 L 1 1 | 1 N | I} | 1 1 1 1,80
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—time (8)

Figure 3.4 Recarded windspeed (ms") and tracer gas concentratian {ppm} together with its
natural logarithm {1n ppm} during onec measuring period.
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