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ABSTRACT. A simple greenhouse ventilation model, based erstdck and wind effects (the main driving foroes f
natural ventilation) was adapted, calibrated, aradidated using measured air renewal rates in a ¢hspan naturally
ventilated Azrom-type greenhouse in Zimbabwe. @aopspiration rates were monitored using stem ledance sap
flow gauges installed on the main stems of rosetplto continuously monitor whole-plant transpicati(WPT). This
allowed continuous and automatic determinatiorutifscale air renewal and leakage rates using tlaenvapor
balance method. The model was fitted to experirhdata of ventilation rates, and discharge and waftect coefficients
were determined. The results show a good fit betwesasured and predicted valued €R0.80 and 0.82 for winter and
summer, respectively), although there is a genavat-estimation of the greenhouse air renewal rgpesticularly
during the night. The model, nevertheless, adeduédtscribes the natural ventilation process in gineenhouse all year
round. The model can be used as a design toolaiuate and optimize the effects of different vatitin configurations
and strategies on greenhouse air renewal rates,amnd component in a greenhouse climate modeldardo further
evaluate the effects of ventilation strategieshminside greenhouse and crop microclimate, and tead to better
greenhouse climate control.

Keywords. Climate control, Climate model, Greenhouses, Vaidn, Ventilation model, Ventilation rate.

Control of the environmental conditions inside aagrthouse in the tropics and sub-tropics (for exardphbabwe) is
necessary for cultivation of off-season crops xemed the growing season, to increase the poteyiéhl, to conserve
water, to control conditions for plant growth, andavoid pests and diseases. In Zimbabwe, whersaad dry daytime
conditions prevail all year-round, greenhouse eapis one of the major challenges faced by greesdguowers,
particularly in summer, when incident solar radiatcan be very high. Natural ventilation, effedtgdallowing exchange
of air with the exterior through openings in the@mhouse, is the most widely used practice, achéaper than other
methods, and almost all greenhouse designs incatgp@ired or controllable roof and/or side ventse Tesulting energy
and air exchange between the greenhouse interibth@noutside affects the greenhouse microclimansiderably. It
affects not only the energy balance of the greeséi¢and therefore the air temperature within tleeighouse), but also
the balance of the air components, including theceatrations of water vapor, carbon dioxide, aftiogases in the
greenhouse (Bakker et al., 1995; Pieters and Deli®97; Hanan, 1998). Ventilation rates in greerses have
traditionally been measured using the greenhouseggalance method (Demrati et al., 2001; Dayaal. e2002; Dayan
et al., 2004), tracer techniques (Kittas and Baidza2007; Teitel et al., 2008; Hong et al., 2008) the water vapor
balance method (Boulard and Draoui, 1995; Wangeitbur, 1996; Kittas et al., 2002; Harmanto et 2006).

Despite the importance of the ventilation procesgfeenhouse climate control in the tropics argisopics, little
research has been conducted on the subject inaAffltis may be due to the high cost and unavaithaloif the equipment
(gas analyzers and tracers for tracer gas techsiguel the sensors and data loggers for the waper\alance and
energy balance methods) in these regions. Theqoblith ventilation rate measurement using tragelniques, water
vapor balance method, or energy balance methdrighe techniques and the equipment for monitaanegusually
expensive and require considerable technical eisper cheaper alternative is to use models to lsitathe air exchange
or ventilation in greenhouses. Such a model shbelgsimple and practical, allowing the ventilati@used by both the
thermal buoyancy and wind to be described effityanith the measurement of as few parameters asifdes The main
aim of this study was to investigate the possipiit using a simple ventilation model for simulgfithe air exchange
rates under all conditions in a commercial natyradéintilated Azrom-type greenhouse equipped witfitiooious roof and
side vents in Zimbabwe, under subtropical climateditions.

THEORETICAL BACKGROUND

THE NATURAL VENTILATION PROCESS

In natural ventilation, for air to move into or afta greenhouse, a pressure difference betwednttréor and
exterior of the greenhouse is required. This presdifference is caused by wind (wind effect), eliince in air density
due to temperature difference between the intamokrexterior air (stack or chimney effect), or enbination of both
wind and stack effects (Boulard and Baille, 199SHRAE, 2005).

Wind Effect

When air flow is due to wind only, a pressure fiddreated around the greenhouse, causing aitéo #he
greenhouse through any openings. Wind pressuregearrally raised on the windward side of the gneeise and
lowered on the leeward side. The occurrence andgehaf wind pressures on the greenhouse surfageside on wind



speed and wind direction relative to the greenhairgelocation and surrounding environment of treeeghouse and the
shape of the greenhouse (Monteith and Unsworth);1B8ulard and Baille, 1995). The pressure diffeeeacross the
greenhouse surfacesP,, (Pa), could be expressed as (Bernoulli):

1
ARy = 5 pPCw ue2 (1)

wherepis ihe density of air (kg M), C, is an average or local wind effect coefficient apis the mean external wind
speed (m’s).

STACK EFFECT

When the interior temperature is higher than theréor temperature, a negative interior pressiefaiive to the
exterior) at the bottom and positive interior pteeson the top is produced, while a neutral prestawel (NPL) exists
where the interior and exterior pressures are efyiatmer air flows out of the greenhouse near dpeand is replaced by
colder outside air that enters the greenhouseitselase. The reverse occurs when the interior éeatpre is lower than
exterior temperature. At all other levels, the ptee difference between the interior and exteA&,(Pa), depends on the
distance from the neutral pressure level and camrlteen as (ASHRAE, 2005):

APs:(pe Y )[g [(h - hneutral)
-T. (@

=pPg (h - hneutral) T

wherepis the average density of air (kg°ng is the gravitational constant (= 9.81 i),sh is the height of observation

(m), heurral iS the height of the neutral pressure level (my Ris the absolute temperature (K) (subscriptsnterior and
e = exterior).

Equation 2 applies wheh > Te. If T; < T, T, in the denominator is replaced Byand {; — Te) in the numerator is
replaced byT. - T)).

Combined Effect of Wind and Temperature Difference

In most cases, natural ventilation depends onohgbed force of wind and stack effects. The pnespatterns
continually change with the relative magnitudelafrimal and wind forces. The total pressure diffeeecan be obtained
by superimposing the pressure differences duegtavthd and stack effects. Several physical veititatnodels have
been developed for combined wind and stack eff&tterman (1992) and Walker and Wilson (1993) coetpauch
models and proposed the following superpositiongiple for the total effective ventilation rate:

G=yGs’ + G, (3)

whereGs andG,, are the ventilation rates due to the stack eadtwind effect, respectively. Ventilation is usyal
characterized by the air renewal ra&g(in h), which is defined as the ratio of the total vokiof fresh air supplied in 1
h to the greenhouse volume:

_ 3600
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whereG is the ventilation rate (f8*) andV is the greenhouse volume3jm
Leakage Rate

Leakage rate or infiltration is the air renewakréin H*) due to the uncontrolled flow of air when the grieeuse vents
are closed. Any air exchange under these conditsotien through cracks and other unintentionahopgs in the
greenhouse. Infiltration occurs because no greesghisucompletely airtight, and the exchange isadfriby pressure
differences across the greenhouse shell (ASHRAB RO he surface pressure field driving the aiwflaclude wind
pressure, pressures arising from temperature diftars between the interior and exterior, and pressesulting from
operation of mechanical exhaust systems. The lealatgR. o (in h"), can be modelled according to an empirical power
law relationship between the flow and the presslifference across cracks the greenhouse enveldr(an and
Grimsrud, 1980; Fernandez and Bailey, 1992; Pajsaddlal., 1996):
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whereV is the greenhouse volume P is the pressure difference, aBdindn are the flow coefficient and exponent,
respectively (which can be determined statisticiiyn a comparison with measured leakage rates).

GREENHOUSE VENTILATION FUNCTION

The air renewal ratd®, (in h), for a greenhouse with continuous roof and sieletw and taking both wind and stack
effects into account, can be described by an eguatioposed by Kittas et al. (1997) and also use8tita et al. (1996),
Demratti et al. (2001), Roy et al. (2002), and Batm et al. (2003):

2
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whereV is the greenhouse volume 1 Cp, is the discharge coefficiert, is the internal air temperature (K is the
external air temperature (K is the total opening area of the roof venté)( is the total opening area of the side vents
(m?), A, is the total opening area of all the vents\(= A) (m?), g is the acceleration due to gravity (= 9.81 ) &, is

the vertical height between the midpoints of tlikesaind roof vents (mY,, is the wind effect coefficient, and is the
external wind speed at a height of 2 m. As mentlaeelier, the equation applies WhEm> Te. If T; < T, T; in the
denominator is replaced By and {T; —Te) in the numerator is replaced Bl ¢ T;).

If the greenhouse is closed (so that= 0) or if the temperature difference betweenrinteand exterior air is zero and
wind speed is zero (as may be the case at nigimiader an overcast sky) the ventilation rate isaegdl by the leakage
rate,R, o In this research, the coefficier@s andC,, were derived statistically from experimental diéting.

M ATERIALSAND METHODS

DESCRIPTION OF THE SITE AND GREENHOUSE

All experiments were carried out in a 3-span conuiaéAzrom-type greenhouse (fig. 1) at FloralingtfR-td in
Harare, Zimbabwe (178, 31.2E, altitude 1500 m) between July 2007 and June .20 atologically, the site is
characterized by a dry season from May to Octobdraarainy season from November to April. The wisigason (June
to August), which overlaps with the dry seasomaisl at night and in the early morning, but warnthia middle of the
day. Temperatures gradually increase in Septenalmepgtimum spring month) with October being thadsitmonth. The
summer season (December to February) overlapsthéthainy season. During the rainy season rainliyst@mes in the
form of afternoon and evening thunderstorms, legwiruch of the day clear.



Sidewall roll-up curtain
(with insect-proof nets)
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Figure 1. (a) Outside view of the commercial rose cultivated greenhousein which measurementsweretaken. (b) The geometrical characteristics
of the greenhouse (dimensionsin m). a and B arethe angles between the r oof vent and the greenhouser oof, and the roof and the horizontal,
respectively.

Each span of the greenhouse was 9.6 m wide andlddgnwith ridge and gutter heights of 6.5 andrm,1
respectively. The ridges were oriented north-satliéa greenhouse total floor area was 1267and the roof sloped at
about 28 to the horizontal (fig. 1). The cladding materals 200pm polyethylene film with terrestrial infrared and/U
absorbing additives (Ganeigar Co., Israel). Colathid roof vents (one in each span on the westdfitlee roof) were
located along the whole length of the ridge andewled m wide, with maximum opening angle of abelit\gith the roof.
The polyethylene side vents could be rolled up f&om above the floor to 3.35 m on the south wall 8n3.45 m on the
north wall. High Density Polyethylene (HDPE) inspcbof nets covered the openings of the side v@sieigar Co.,
Israel). The insect-proof nets have openings diimesf 50 mesh for both warp and weft directicakwing the
passage of 0.35-mm diameter spheres, as specifigtebnanufacturer. However, other parameters wtiehd affect



screen permeability, such as wire diameter, wetespecified by the manufacturer. The use of inpeotf nets could
alter ventilation performance of the greenhouseafdetailed discussion on the relationship betveeeeen
characteristics and greenhouse ventilation, theéereia referred to Teitel (2007).

The side and roof vents openings were controlledrbgutomated climate control system (NETAFIM NETRGW
Version 718.3, Priva, Israel) in response to autated ventilation temperaturé&s(,), the temperature above which
ventilation is initiated, calculated as a functifitime of day on the basis of set ventilation tengpures and a number of
influences, including the measured inside air netathumidity, outside conditions, and the ventdattemperature at the
previous time step. The vents were controlled lewéntilation temperature to be realized: the denwntrol system uses
the calculated ventilation temperature to calcullagevent position (%) as a function of weatherditons, including the
difference betweeflis.rand the outside air temperature, wind speed atliation flux density, and set minimum and
maximum vent limitations.

Two circulation fans were used for air mixing: teegere 0.75 m in diameter with a rated outflow Q0 ni/h at
zero static pressure, blowing N-S, and installedeureach gutter at a height of about 3.5 m and f2m the north and
south walls, respectively. The crop (average heiflabout 1.2 m and with a total crop cover repmdeg about 40% of
the total greenhouse floor area) included seveisivars of roses, grown in vermiculite in slightlgised (30 cm above
the floor) 20-x 0.45-x 0.2-m (lengthx width x depth) containers laid parallel to the gutterdhwitelve 20-m rows in
each span. The cultivars included commercial olkesMyrthe, Nectarine, Respect, Orchestra, Bonfirel Romeo and
several trial cultivars. All the cultivars were fiesd onto Natal Brier rootstocks. Water and fezélis were supplied by a
drip system, which was automatically controlledabfgrtigation computer.

CLIMATE AND PHYSIOLOGICAL M EASUREMENTS

The following greenhouse climate data were measatred automatic weather station (AWS) installedriiee center
of the greenhouse (see fig. 2):

net radiation at 1.5 m above the greenhouse flpomeans of a net radiometer equipped with Teflwated sensor
surfaces (model NR-LITE, Kipp and Zonen, Delft, Nefands);

air temperature and relative humidity at 1.5 m &bthe greenhouse floor, by means of temperaturénamidity
probes, each equipped with a capacitive relativeitliy chip and a platinum resistance thermistooded
RHT2nl, Delta T Devices Cambridge, UK). The probese shielded from radiation by 12-plate gill rditia
shields;

incoming solar radiation above the canopy by medirastube solarimeter (model TSL, Delta T DevicesrBridge,
UK);

photosynthetically active radiation (PAR) above thaopy by means of a PAR sensor (model PAR-LITigpkand
Zonen, Delft, Netherlands), respectively. Due tacgical limitations the tube solarimeter and PARsse were
installed at 2 and 2.5 m above the greenhouse, ftespectively.

In order to keep track of possible gradients arréhtians within the greenhouse air, the air tempeeaand relative
humidity were measured at three other heights4f@8, and 2 m above ground level at the sameiposis the
automatic weather station (fig. 2).

In addition, mixing of the greenhouse air was asted by measuring the air temperature and relatinnidity (at the
same height) at four other positions in the greesbdfig. 3). The greenhouse air temperature dative humidity were
taken as the average of the sensor readings avéhgositions.



4-component
net radiometer

Figure 2. Theinternal AWS, showing the position of the sensors. Also shown isa four-component net radiometer (model CNR1, Kipp and
Zonen, Delft, Netherlands) used for regular calibrations of thetube solarimeter (not shown in the picture) and net radiometer.
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Figure 3. The placement of air temperatur e and relative humidity sensorswithin the greenhouse for the investigation of greenhouse mixing.



Simultaneous measurements of the following outgidather parameters were also recorded at an ekgtatian that
was sited in an open space well clear of buildengs other obstacles:

air temperature and relative humidity at 1.5 m &bground, by means of the same model of temperahde
humidity probe as inside the greenhouse;

total solar radiation and PAR at 2 m above the igdpby means of a pyranometer (model CM3, Kipp Zoiden,
Delft, Netherlands) and the same type of PAR seasdrefore;

wind speed and direction at 2 m above the grounchégns of a cup anemometer (model A100L2, DeltaVides
Cambridge, UK) and a wind vane (model WD1, Deltaévices Cambridge, UK), respectively.

Crop transpiration rates were monitored using dteat balance sap flow gauges (model SGA10WS, Dyraime.,
Houston, Tex.) installed on the main stems of teserplants to continuously monitor the whole-ptaaspiration, WPT
per plant (Baker and van Bavel, 1987; Baker and&lie1989; Rose and Rose, 1998). Weekly maintenartbe form of
checking for gauge contact with the stem and sapraalation were performed and the heaters looseheth necessary
to account for rapid plant growth. The gauges vetienged to other stems if the need arose.

All measurements were automatically recorded by @R4And CR23X data loggers (Campbell Scientific Ltd.
Shepshed, UK) and DL2e data loggers (Delta T Devitambridge, UK) every 5 s and averaged over 30 min

In addition, leaf area index (LAI) was estimatedh+uestructively using a Sunscan canopy analystesygmodel
SS1-TM, Delta T Devices, Cambridge, UK) and thaltt#af area of the plant on which each gauge wstslied was
estimated destructively using a WIinDIAS color imagelysis system (Delta T Devices, Cambridge, Ukrgtwo
weeks. The sap flow gauge was then installed dardifit plants to enable the destructive samplinfpeieaf area. The
whole plant transpiration rate was scaled up tp transpiration rates by assuming that the WPTwmé®rm throughout
the crop and using the relation (Ham et al., 1990):

R, [Aq [Fs(t)ILA

T @)= 5
3600° A

()

whereT,(t) is the greenhouse crop transpiration rate g, is the fraction of the total greenhouse floor areeered
by the cropAy is the total greenhouse floor ared)rfr4(t) is the average WPT or stem sap flow rate’{g A_is the total
leaf area of the plant on which the gauge wasliestént) andLAl is the average leaf area index. The leaf areainde
(LAI) averaged 2.1, with small fluctuations duethe continuous harvesting of the roses.

VENTILATION RATE DETERMINATION

Full scale ventilation rates (ventilators open) lrakage rates (ventilators closed) were meastredghout the day
using the water vapor balance method (Boulard aea, 1995; Wang and Deltour, 1996; Kittas et2002; Harmanto
et al., 2006) during the periods 5-16 August 200d &30 June 2008 (winter) and 8-31 December 20A8B January
2008 and 3-20 February 2008 (summer).

The water vapor balance method is a tracer technigpsed on the mass balance of water vapor igrdemnhouse and
using water vapor as the tracer. Values of outsigkinside greenhouse air absolute humidity angjtbenhouse crop
transpiration rate were used to calculate the dr@ese ventilation rates. The absolute humiditiethefoutside and inside
air were calculated using measured values of mip&gature and relative humidity outside and ingiidegreenhouse,
respectively. The crop transpiration rafgt), was calculated from measurements of the whaletgtanspiration (sap
flow), leaf area, and the leaf area index. All theasurements were automatically recorded by aloigg@r (model
CR23X, Campbell Scientific Ltd., Shepshed, UK) evgis and averaged over 30 min.

The parameter§p andC,, were then determined statistically using Sigmaf@gstat Software Inc., San Jose, Calif.)
by fitting the experimental data to the ventilatimodel described earlier (eq. 6) using data froenpdriod 5-16 August
2007 for the winter season and 8-31 December 200thé summer season. The ventilation model wadatald by
comparing the measured ventilation rates for thimgdel-16 January 2008 and 3-20 February 2008 (semnand 1-30
June 2008 (winter) with predicted values calculdtedhe same periods using equation 6. The aredwent openings
were calculated by using the control algorithmhef ventilation control system and compared to \&teasured on
selected days and at selected times of the daye Takhows the periods of the data that were usedlibrate and
validate the ventilation model.



Table 1. The calibration and validation periodsfor the ventilation rate model.

Season Calibration Period Validation Period
Winter 5-16 Aug. 2007 1-30 June 2008
Summer 8-31 Dec. 2007 1-16 Jan. and 3-20 Feb. 2008

Leakage rates were calculated as the average hthe air renewal rates when the greenhouse veagd! In
summer, there were no sufficiently long periods mtiee greenhouse was fully closed by the systerthesteakage rates
were measured on selected days by manually clésengreenhouse (resulting in a rapid build-up ahidity) and then
monitoring the rate of change of absolute humidikyie the greenhouse was closed. Care was takemstare that the
circulation fans were operational during the measient to ensure that the greenhouse air was wedidnn order to
minimize errors due to non-uniform water vapor antcation.

Data Analysis

Assuming (i) perfect mixing of water vapor in thelwme of the greenhouse, and (ii) that evapordtiom the soil and
vermiculite is negligible (justified by the presenaf a plastic mulch on the soil surface and theecoffered by the crop
canopy), the greenhouse ventilation rate was catledifrom the mass balance of water vapor of thergrouse:

v = o)) - x 0]+ T 0) @

whereG(t) is the ventilation rate (frs?), V is the greenhouse volume my; and . are the inside and outside air absolute
humidity, respectively (kg i), andT,(t) is the greenhouse crop transpiration rate g s

For small time stepdt, equation 8 can also be expressed as:
At _ _At

s xike8)-x-8)

At At 9)

= G{t)xe(t) - xi(t)] + T (1)

so that the air renewal rafe, (h™), can be calculated as:

\Y,

Ra (t) =
v Xi (t+%) ~Xi (t_%) -T, (t) (10)
3600 At
v Xe(t) - xi (t)

Equation 10 was used to calculate the greenhousereiwal rate as a simple functiom@gfx. andT,(t).

RESULTSAND DISCUSSION

In this study, greenhouse ventilation and leakatgesrwere measured using the water vapor balanted&om
measured parameters of air temperature and relatinedity and crop transpiration rates. This measwant was done for
both the winter and summer seasons during theg@8rily 2007 to June 2008. These ventilation rae®\then used to
calibrate and validate the ventilation model.

EXPERIMENTAL RESULTS
External and Greenhouse Climate Parameters

Figure 4 shows a summary of the prevailing outsidather conditions for the period July 2007 to J20@8, during
which the measurements were taken. The prevailingsmvere mostly north to north-easterly.
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Prior to analyzing the greenhouse ventilation rag#sg the water vapor balance method, greenhdumsate
homogeneity needed to be tested. Air temperatuteagrhumidity was measured at five designatedtiona in the
greenhouse (fig. 3) during a 4-day period (27-31. @@07), off which a single day is graphically regented in figure 5
and 4-day average values are given in table 2r&sgba and 5b show the variations of the 30-mimages of the
temperature and relative humidity, respectively.
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Figure5. Greenhouse air temper ature and relative humidity at five measuring positions during a single measuring day (28 Oct 2007).

The results seem to suggest that there are no@gbple gradients in the temperatures and relativeidiity in the
greenhouse. Sensor Z4 located to the southweBeafreenhouse, indicated consistently lower dayteémgperatures than
the other four sensors. There were no significdfgrénces between the night-time temperaturestiaadiaytime relative
humidities measured at the five positions. The tigie humidity measured by sensor Z5, located éncienter of the
greenhouse and at the point at which all climattasurements were made earlier, was consistenthrlthan at the other
four positions. However, the results seem to canflie assumption made earlier that because themoagradients in the

greenhouse, the temperature and relative humidéigsured at any point in the greenhouse is repsenbf the whole
greenhouse.

Table 2. Summary of greenhouse air temperatur e and relative humidity homogeneity test results, measured at five sensor locationsduring a 4-
day period (27-31 Oct. 2007).
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Sensor Z1 Z4 Z5 76 Z8

Daytime

Average temperature (°C) 23.7 228 241 237 238
Temperature deviation (°C) from 00 -08 05 01 02
mean value

Average relative humidity (9 59.€ 57.2 54.¢ 58. 58.
: S AN

Relative humidity deviation (%) 17 -06 -30 10 009

from mean value

Nighttime

Average temperature (°C) 16.0 16.0 164 16.0 159
Temperature deviation (°C) from

mean value 00 00 03 00 -02

Average relative humidity (%) 78.6 78.0 75.6 80.80.0
Relative humidity deviation (%) 01 05 -28 17 14
from mean value ) ) ) ) '

Figure 6 shows the typical diurnal evolution of theasured outside total solar radiation, the difiee in air
temperature, and absolute humidity between theiantand exterior of the greenhouse, external veipeled, whole plant
transpiration, and air renewal rates for the sumanerwinter seasons. These are shown for 29 Deae2b& (a cloudy
day in summer), 13 February 2008 (a clear summg@r dad 30 June 2008 (a typical cold winter dayje Ventilation
strategy employed was designed to control the @yanftair exchanged with the outside in respomse¢ather
conditions. This was achieved by the climate cdromputer in response to seasonal settings oflagah temperatures
and the influence of outside and inside weatheditmms. During the summer, the ventilation consgétem maintained
all vents fully open for most of the day in ordeminimize the temperature rise due to the higharsaput during
daytime and to expel excess humidity during théinégd early morning. This maintained air renevatés above 10*h
during the day, resulting in no more than &Qdifference between the inside and the outsida ewesunny days, while
adequately lowering the humidity in the early mamperiods to avoid condensation on the leavesawner. During the
winter, the greenhouse was partly or fully closedrfiost of the day in order to heat the greenhansereduce the vapor
pressure deficit. The greenhouse was opened fudith(roof and side vents) about 2 h before sunoisxpel excess
humidity while the roof vents were opened to a mmaxn of 50% from mid-morning to about 2 h beforesairio allow
sufficient ventilation, while at the same time mizing excessive heat loss. The vents were thesedlfor about 2 h to
reduce rapid temperature drops at sunset, befamg bpen fully again until around midnight whenylhveere then closed
to reduce excessive heat loss. The differencenipéeature between inside and outside was therbfgher in winter
than summer because of this strategy. This veiotilatrategy, coupled with the relatively low wispeeds characteristic
of most winter days, maintained low air renewagsaR, averaged around 5-10'lduring the day), while keeping the
greenhouse air warmer than outside for the greaterof the day. The air renewal rates during fightrwere mostly low
(even when the greenhouse was fully open), owirtheovery low external wind speed and differencemperature
between inside and outside. Air renewal rates nbthin this study are of the same order of magaiagithose found by
other researchers for similar and other types eéghouses (Boulard and Draoui, 1995; Dayan e2@04; Harmanto et
al., 2006; Hong et al., 2008).
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Figure 6. Typical diurnal evolutions of measured (a) outsidetotal solar radiation, (b) greenhouse to outside air temperatur e difference, (c)
greenhouseto outside air absolute humidity difference, (d) external wind speed, (€) whole plant transpiration, and (f) air renewal ratesfor
typical daysin summer (29 December, a cloudy day; and 13 February 2008, a clear day) and winter (30 June 2008).

Peak values of whole plant transpiration ratesboiia 20 and 45 ghin winter and summer, respectively, were
recorded between mid-day and late afternoon. Thalsees agree with values found by Baille et al9@)%f about 30 to
60 g h' per plant for ungrafted and grafted rose plamtspectively, of the cultivar "Sonia" grown in roab¥ slabs. WPT
was lower on cloudy days than sunny, as expectezliathe lower solar radiation input and vapospuee deficits. Also
of interest is the oscillatory pattern exhibitedWYPT with an average cycle period of about 1 hkkigter amplitudes on
sunny days than on cloudy days. Oscillations i tognspiration rates were also observed by Rosk €t994) with
amplitudes of up to 18 g'hand a period of about 75 min. Values of whole pleamspiration in winter were lower than
the corresponding summer values because of the lad&tion input in winter.

Leakage Ventilation Rates

Table 3 shows the range of leakage rates obtaipeaelasurement. The leakage rates were calculatin @verages
of the ventilation rates from all the periods dgrimhich the greenhouse was closed. Measuremeais teinperature and
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relative humidity and crop transpiration rates skth@very 5 s were used to calculate the leakage Irathe winter the
values indicated here are 30-min averages of thasaneters, while the summer values were calcufeted 1-min
averages of the relevant parameters.

Table 3. Leakage rates obtained in thisstudy.

Leakage Rate

Rac
Avg. .
Wind Average (Rao + SD[a])
Dates and Time Speed T;- Te '
of Measurement (ms') (°C) (hh
Summer
16 Jan 2008 (1257-1306 h) 34 949 33+08
24 Feb 2008 (1052-1104 h) 19 781 24+03
28 Feb 2008 (1351-1400 h) 16 6.09 28+05
11 March 2008 (1318-1326 h) 15 724 32+07
Winter
5-16 Aug 2007 (daytime) 22 506 21+0.6
5-16 Aug 2007 (nighttime) 04 0.97 15+04
1-30 June 2008 (daytime) 11 388 24+04
1-30 June 2008 (nighttime) 0.352.42 1.7+0.2
ESD is the standard deviation of the values obtainedeacl
measuremerperiod

The leakage rate was taken as the mean of thesesva.9 0.4 h' for summer and 1.% 0.4 h' for winter. These
values are of the same order of magnitude as #i@de rates ranging from 0.5 to 2 feported elsewhere (Fernandez and
Bailey, 1992; Boulard and Baille, 1995; Boulard @ndoui, 1995; Liu et al., 2005; Katsoulas et 2006). Differences
may be due to the greenhouse structure and shagwajlphg weather conditions or the air-tightnegthis greenhouse
compared to those in cold climates, where moshede studies were performed. In addition, diffeesrin the full scale
air renewal and leakage rates in this study mag lhasulted due to the presence of buildings aner @ifeenhouses in the
vicinity of the greenhouse in which measurementsevaken.

SIMULATION RESULTS

Ventilation Model Parameter Estimation and Analysis

Table 4 shows the values of the parameters obtainthis study. The parametets andC,, were determined
statistically using SigmaPlot by fitting the expeental data to the ventilation model describederaféq. 6) using
measured data of air renewal rates from the pé&rt@ August 2007 for the winter season and 8-31ebber 2007 for
the summer season.

Table 4. Discharge (Cp) and wind effect (C,,) coefficients obtained in thisstudy.

Coefficient G Cu R
Value 0.414+ 0.006 0.02% 0.002 0.857

The discharge coefficientp, and wind effect coefficienG,, obtained in this study are generally of the sander as
those found by other researchers for greenhougbghd same circumstances (table 5).

Table5. Discharge and wind effect coefficients deter mined by other researchers.

Discharge  Wind Effect Ti-Te External Wind Size and Type of Greenhouse
Coefficient,Cp Coefficient,C, (°C) Speed (m/s) and Opening Angles of Vents Source
0.64 0.07-0.10 0.8-12 0-2 416 2rspan Filclair; roof vents only; 20° Boulard andili (1995)
0.43 0.07-0.10 0.8-12 2-4 416 2rspan Filclair; roof vents only; 20° Boulard andil (1995)
0.75 0.07 1-10 01-7 416 thspan Filclair; roof vents only; 0-30° Kittas ¢t@997)
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0.253 0.075 0.9 4.9 149’nmono-span, screened side vents Teitel et al 8200
0.127 0.038 1-8 2 504%r8-span; screened roof and side vents Liu er@0y)
0.363 0.07 1.6 2.2 16Grmono-span arch, screened roof and side ventsatsoulas et al. (2006)

Table 5 shows that the paramet€gsandC,, can vary considerably even for similar greenhouBeslard and Baille
(1995), Roy et al. (2002), and Fatnassi et al. 3280ggest that the parameters depend on the gresmiize and design
(including configuration of window openings and tirggle between the prevailing wind direction arelindow),
immediate surroundings of the greenhouse and piryaveather conditions, particularly wind speetietvalues found
in this study are intermediate between those feeghouses with and without screens, further shottieglependence of
these parameters on the circumstances of the gresahThe greenhouse used in this study had sdregabed on the
sidewall openings only, while the roof openings evepen. In addition, the low values@f andC,, found in this study
may also have been influenced by the proximityhef greenhouse to another greenhouse less thamaytaits north,
and buildings at least 5 m high and less than @ the¢ east and north east, respectively, which imaag affected the
pressure field of the airflow around the greenhaus#reduced the air velocity near the vent openilrgaddition, the

greenhouse was at least three times as large ashtregreenhouses in table 5, so the ratio of leatith to volume is
smaller, which could contribute to differences.

VENTILATION MODEL VALIDATION

Figures 7 and 8 show the relationship between thasored and modelled values of the greenhouseramal rates
for the winter and summer seasons, respectivelijfewdible 6 gives the regression analysis results.
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Figure 7. Regression between the experimentally observed and predicted air renewal ratesfor nighttime (A) and daytime (¢) during the winter
season (a) calibration period from 5to 16 August 2007, and (b) validation period from 1 to 30 June 2008. Values used ar e calculated from half-
hourly averages of therelevant parameters.
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Figure 8. Regression between the experimentally observed and predicted air renewal ratesfor night-time (A) and daytime (¢) during the
summer season () calibration period from 8to 31 December 2007, and (b) validation period from 1 to 16 January 2008 and 3 to 20 February
2008. Values used ar e calculated from half-hourly averages of the relevant parameters.

Table 6. Results of regression analysis between the predicted and observed air renewal rates, including the 95% confidenceintervalsand the
slope and inter cept for the equation Rabg = M Ragpred) + €

Number of 95% 95%
Observations Slope Confidence Intercept, Confidence
N R? m SE Interval of Slope [ SE Interval of Intercept
Winter
Calibration . .
516 Aug. 07 426 0.863 0.934 0.018 [0.904; 0.976] 0.275 0.072 [0.134; 0.417]
Validation . .
1-30 June 08 630 0.800 0.852 0.017 [0.818; 0.885] 0.849 0.075 [0.702; 0.995]
Summer
Calibration . .
8-31 Dec. 07 764 0.872 0.930 0.013 [0.904; 0.955] 1.036 0.168 [0.705; 1.368]
Validation . .
1-16 Jan. & 3-20 Eeb. 08 1165 0.813 0.857 0.012 [0.834; 0.881] 1.769 0.147 [1.476; 2.062]

The results show a good fit between measured asutigbed values, particularly during the day. THerdwowever, a
general over-estimation of the greenhouse air raheates. Most of the significant differences betweneasured and
predicted air renewal rates were observed duriaguipht, in the early mornings (around sunrise) émdhg rain. As
shown in figure 8, where there is more scatteh@rtight-time values than is the case for figurthis, effect was more
pronounced in summer, when nighttime humidity wsaisally above 90%. This may be explained in termastfument
errors in the measurement of the high relative kitynthat occurs at night, early morning and duniagp periods. The
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humidity probes are quoted as having measuremeosesf about +2% in the range 10% to 90% reldtivmidity, but
above 90%, and as the sensor ages, the errorasecte about +5% (Delta-T Devices Ltd., 2000; Caaliffkcientific
Inc., 2007). Since the method employed here rékawily on the measurement of humidity, errordhimair renewal rates
at higher humidities (such as at night, early mugnand during rainfall events) are likely to begkx than those at other
times. Errors may also be due to the measuremait odnewal rates resulting from errors in théneation of the crop
transpiration rates in general, and particularlthi@ early morning and late afternoon. While thathmlance sap flow
gauge error is expected to be no more than 10%&Dgx Inc., 2005), the main source of error withrthse in
estimating crop transpiration rates lies in thdisgaup from single to whole canopy transpiratitmaddition, over-
estimation and under-estimation of WPT in the nogsi(just after sunrise), and late afternoon (e$bre sunset),
respectively, were observed. These have been egpbytBaker and van Bavel (1987), Steinberg (19B8ker and
Nieber (1989), and Grime et al. (1995) and explhiag follows: in the mornings when soil temperatxeeeds air
temperature, there is a negative temperature graidi¢he sensor as warm sap enters a cooler starming a temporary
over-estimation of WPT if the sensor is near thie(as in this study). In the late afternoon, whke ambient air is at a
higher temperature than the soil, the sensor exgist higher positive temperature gradient in @msar, resulting in an
under-estimation of WPT.

During the night, transpiration rates and soil @dmm evaporation were assumed to be zero, budnagsbas shown
that the transpiration rates of roses may be ashrasd.0 g th under certain conditions (Seginer, 1984; Blom-Zaradet
al., 1995). Because the daytime evaporation fraamtldium is negligible compared to the total watersumption of the
crop, it is of little consequence to the ventilati@te measurement during the day. However, shreglants were well-
watered (meaning the medium was always wet) artattiigne temperatures of the medium were generalindl to be
above air temperature, this term may be of sigaifoe to the determination of the ventilation rateight.

Finally, the ventilation control system closed greenhouse during rain events and storms to aveidess of the
crop and physical damage to the structure. Thdleapgauges do not respond as rapidly as the \aiuil model to such
rapid changes as the greenhouse closes, so traitapirates may have been temporarily over-estihatnsequently
under-estimating air renewal rates.

CONCLUSION

The use of heat balance sap flow gauges to met#siraass flow rate of sap, and thus transpiratest in roses
enabled continuous and automatic determinatioredrthouse air renewal rates in a naturally veetil@&zrom-type
greenhouse in Zimbabwe using the water vapor balarethod. Peak values of whole plant transpirattes of about 20
and 45 g 1 in winter and summer, respectively, were recotoetiveen mid-day and late afternoon. Full-scaleidayair
renewal rates above 10 in summer and between 5-18 im winter were recorded, while nighttime air reméwnates
were mostly low (even when the greenhouse was @ybn), owing to the very low external wind speed difference in
temperature between inside and outside air. Avelesj@ge rates were 2.9 and 17for summer and winter,
respectively. Full-scale air renewal rates obtainext were comparable with the values found byratsearchers for
greenhouses in Northwest Europe, North America,itdednean climates, and Asia. However, leakagesrabtained
here were higher than those obtained for thesengeeses. The discrepancy can be explained by éifées in the
greenhouse structures, shape and orientation ¢ @&l prevailing weather conditions. The selevtadilation model
was fitted to experimental data of air renewalsagad discharge and wind effect coefficients é18.and 0.029 (R=
0.857), respectively, were determined. The modal vadidated by comparison with measured air reneatak. The
results show a good fit between measured and peetli@lues (R= 0.80 and 0.81 for winter and summer, respegtjyel
although there is a general over-estimation ofgtteenhouse ventilation rates, particularly durimg night. The
theoretical approach to predicting ventilation sadopted in this study, based on the stack and effiects, enabled the
greenhouse air renewal rate to be modelled, butinegjthat two parameters, the discharge and wiiedtecoefficients,
be determined by fitting the model to the experiraledata. A comparison of the values of these paensmebtained in
this study with published values showed that ndy are they greenhouse and ventilation system dig@nbut also
depend on the prevailing weather conditions (iniclgdhe outside air humidity). These factors shahktefore be
accounted for in such a model for it to be applieab another greenhouse and site and are thecswlbjiiture research.

It must also be pointed out that, although due ear®taken to minimize errors, both the measuredpaedicted air
renewal rates suffered errors due to the circumastanof the measurements, unavailability of ideaigent and limited
control over the greenhouse facilities. The maurses of error in the water vapor balance methethlthe measurement
of the crop transpiration rate, particularly thalsty up from single (or a few) plant(s) to the Wehoanopy transpiration.
In addition, the method suffers from the generabjfgms with other tracer techniques: (a) non-uniferater vapor
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concentration in the greenhouse due to non-idedhgniof the greenhouse air, (b) short-term fludtuat in external
weather conditions (wind speed and direction anteaiperature) and the vent opening during the oreagent, and (c)
measurement errors due to the equipment itselfeoperator. Nonetheless, the results obtained shéfigcient accuracy,
and that the model can be used to simulate thélaton rates all year round in a naturally vertgh Azrom type
greenhouse and gives good estimates of ventilagignwithout involving specialized and expensivaipment provided
the ambient conditions and geometrical data ofjtleenhouse are available. The model can be usedesign tool to
evaluate and optimize the effects of different ilatibn configurations and strategies on greenh@isgenewal rates. In
addition, it can be used as a component in a goeesghclimate model in order to further evaluatestfiects of ventilation
strategies on the inside greenhouse and crop nlifoiate, and thus lead to better greenhouse clic@térol.
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