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ABSTRACT

The thermal efficiency of naturally ventilated greenhouses is limited due to the permanent exchange of air through
the vents, especially during the night hours. The objective of the work consisted in evaluating a system of inflatable
air ducts that close the roof vents during the night as a strategy to reduce the energy loss during these hours. For the
development of this work, we applied the computational fluid dynamics (CFD) method to a passive multi span greenhouse
operating under the dominant nocturnal climatic conditions of the Bogota savannah (Colombia). The results indicated
that the use of the ducts system reduces the value of the negative thermal gradient between the interior and exterior of
the greenhouse. The CFD model used was validated by comparing experimental data and simulated data and by
calculating goodness-of-fit parameters, finding that the numerical model predicts satisfactorily and with an adequate
degree of fit the actual thermal behavior of the greenhouse evaluated.

Keywords: numerical simulation; finite volume method; greenhouse climate optimization; thermal inversion.

INTRODUCTION structure and its surrodimgs which have already been
In Colombia, greenhousetticultural production has widely studied worldwide (Bournet al, 2006 Villagranet

an approximate area of 10000 ha, dedicated aimddr 2012; Rojancet al, 2014; Espinozat al, 2017;
exclusively to cut flowers and tomato crops. ThesMcCartney&Lefsrud,201&|Ilagranetal,2019:\/|Ilagran

production systems are characterized by the use of Ioz%\}3 ojaca, 2019byillagran & Bojaca, 2019dkrami,etal,

cost, low-tech, naturally ventilated greenhouses Wit%OZOag. In quorlnblal,) the ven';llatlon etff|C|en<iy Of.t;h?h
limited possibilities to control of the microclimate 9'SENNOUSES 1S IOW because does not comply wi ©

o L minimum recommended value of 40 air renewajsiat is,
generated inside the cultivation area. - . .
the minimum value from which a passive greenhouse has

The climate control in naturally ventilated greenhousegg e capacity to regulate the thermal and humidity excesses
is mainly carried out by passive means, a method that degshe air (Montero, 2008llagran & Bojacé, 2019d). During
not require any extra equipment or external energy {fe night hours, the climate control is limited to the total
regulate the internal climate. The ventilation is carried o@osure of the side vents, aiming at keeping most of the
by opening or closing of the side and roof vents of thenergy gained during the day and maintaining as high as
greenhouse. Generaltye roof ventilations are fixed, that possible the temperature of the cultivation area. In this way
is, they remain open and in constant exchange of air wifle objective is to prevent the thermal inversion of the
the external environment. During the day period, thgreenhouse, a phenomenon in which the temperature of
microclimatic conditions of the greenhouse are determinede greenhouse is lower than that of the surrounding
by the efficiency of the natural ventilation of the greenhouseutdoor air (Mlagran & Bojaca, 2019a). One of the causes
This efficiency depends on the characteristicshef t of this phenomenon is the limited capacity of the
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greenhouses to store the heat captured during the degver In the Colombian context, a study developed by
since this is lost in a very fast process during the eaffillagran & Bojaca, (2019e), by means of 24 two-
hours of the night, especially through the roof ventilatiodimensional numerical simulations analyzed the effect of
(Teitel et al, 2008).These low temperatures limit thea thermal screen and a porous screen on the thermal
potential production of the crop due to the reduction dfehavior of a gothic tunnel greenhouse. The use of these
their development rat€Bojacaet al.,2012) and in more screens generated higher thermal values for cloudy and
critical situations they can cause irreversible crop lossetear sky conditions compared to the standard
when extreme events such as frost accur configuration where these types of screens are not used.
The microclimatic study of a greenhouse can be In order to explore night-time climate control
developed through in-situ experimentation or scale modebdiernatives that improve the thermal behavior of naturally
approximations through analytical models of mass angntilated greenhouses, the objective of this paper is to
energy balances or through numerical simulation througdvaluate a system of inflatable air ducts that close the
methodologies such as computational fluid dynamidixed roof openings during the night in a multi-tunnel type
(CFD)(Akrami et al, 2020b; Chen, 2009). The lattergreenhouse located in the savannah of Bogota. This
methodology has been widely used in various branchesgaluation is carried out using a two-dimensional CFD
of engineering over the past four decades to analyzamulation model that allows the analysis of thermal and
problems involving fluid flow and its interactions withair flow behaviors, which were later validated by the
heat and mass transfé@vlohammadrezaet al, 2017). In  construction of a full-scale prototype of the greenhouse.
the agricultural sectpthis approach has been applied to
the aerodynamic study of different types of greenhouséé'o‘-rERIAI—S AND METHODS
(Bartzanaset al, 2004; Benniet al, 2016;Tong & Numerical simulation

Christopher2018). The CFD numerical simulation methodology allows
Several of these works have included the use of thge calculation of the air flow pattern and the thermal
discrete-order radiation model (DO) that allows modelingistripution field inside a greenhouse, behavior that is
the energy flow by radiation in a greenhouse (Fidatos governed mainly by the Navier-Stokes equations. In this
al., 2010). The CFD technique coupled with the DO mod@jork a commercial software of finite volumes was used to
has been used to analyze the implementation of passiive the two-dimensional equations in stationary state
alternatives for night climate control in naturally ventilateGyng that can be represented by means of the following
greenhouses, among others. Mongdral (2005) studied equation of diffusion transport by convection:
the nocturnal thermal distribution and energy flows of a

greenhouse in northern Patagonia under three atmosph%;l‘?+ V(pgP)=V (I V) +S¢ (1)
conditions and two types of coverings. The use of the

simulation model made it possible to compare the differentherer is the velocity vector (m’, p is the fluid density
passive energy saving strategies, showing the positifleg m®), I" represents the diffusion coefficient¥gt), v
effect of increased air temperature through the use isfthe nabla operatogp represents the concentration of
double plastic cover on the roof. Montebal (2013) the transported amount in a dimensional form (the
carried out 2D simulations for a passive greenhouseomentum conservation equation, the scalars of the mass
considering alternative scenarios to evaluate the useasfd the energy conservation equations) @mudicates
external and internal curtains. The authors reported thae source term (Pisciet al, 2015).To evaluate the

on clear and dry nights the phenomenon of thermalrbulent nature of the airflow the standard mddelwas
inversion was presented under the three simulatedopted, this model has been widely used and validated
scenarios. Espinal-Montesal (2015) developed a work in similar studies, the results obtained have proven to be
based on a numerical model CFD 3D with the objective teliable and on the other hand this model demands lower
evaluate the nocturnal thermal behavior of a passie®mputational requirements

Mexican greenhouse, the main results of this study The turbulent nature of the flow is simulated through
reported the generation of the phenomenon of therntdle application of one of the Reynolds averaged
inversion with average gradients of -0.8 and -3.1 °C fdurbulence models (RANS) available in the simulation
the configuration of open vents and for the configuratiosoftware The model selected was the standard which
totally closed respectivelyOther works related to the has been used and validated in many studies like this
night-time condition (Bournett al, 2006; Majdoubet research. This model allows reliable simulation results to
al., 2016; Majdoubet al, 2017) analyzed the nocturnalbe obtained with a lower computational work cost than
heat loss according to the radiative and convective energpuld be required if another turbulence rabaere used
losses of the roof and the effect of the use of a therm@atsoulast al, 2006; Bournegt al, 2017).
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The air buoyancy produced by density changeand precise solutions for transport phenomena studies,
generated by temperature variations was coupled to tegpecially for greenhouses equipped with side and rooftop
simulation using the energy equation and the Boussineggnts (Baxevanoet al, 2010). In addition, these two-
approximation. The radiation model selected for the nightlimensional approaches, when the ventilation openings
time climate simulation was the discrete order (DO) modedre perpendicular to the flow of external air as is the case in
This model allows the simulation of radiative processehis research, allow a solution to be obtained for the thermal
in environments that include semi-transparent walls alistribution inside the greenhouse that is fairly close to
roofs, such as greenhouses. This DO model is also ondlwdt offered by a three-dimensional model (Begtnal,
the most widely used to model the radiation flow tha2016; Mesmoudét al, 2017)
occurs under night-time climate conditions inside a This nodel made it possible to determine the thermal
greenhouse without heating. This flow is characterizeakhavior and air flow patterns generated in the greenhouse
by a phenomenon of thermic radiation from the floounder night weather conditions. The greenhouse model
surface that dissipates towards the walls, roof and extergansisted of five 11 m wide and 55 m long spans, covered
environment of the greenhouse (Montetoal, 2013; with standard commercial polyethylene and with minimum
Pisciaet al, 2015). The DO radiation model is representelleights under the gutter and under the roof of 4.56 and

in the numerical model by the following equation: 7.26 m, respectivelyhe greenhouse included double fixed
" overhead vents with a 1 m opening on each span and
4 . . . . . . .
V. (lx (? '?) =s>) + (a + 09, (=r> ,=S>) = ;n®*—+ rolling windows on all its sides with a maximum opening

of 3.6 m (Figure 2).

Once the appropriate size of the computational domain
Was defined, the meshing process and its respective test
of independence to the size of the grid was carried out.
T are the vectors that indicate the position amflms step is essential to obtain reliable numerical results
dlrectlon respectlvely:> is the direction of dispersion i the shortest time possiblea@j et al, 2017). For the
vector; gy, a; are the dispersion coefficients and thegrid sensitivity analysis, a total of 9 simulations were
spectral absorption, respectivahjis the refractive index; performed where the change variable corresponded to the
V represents the divergence operatiis the Stefan- size of the numerical grid. These simulations were carried
Boltzmann constant (5.669x1% m2K) and®, TandQ out under the standard configuration of the greenhouse,
are the phase function, the local temperature (°C) and tbenfiguration that does not include the system of closing
solid angle, respectively the roof ventilation areas. Likewise, for each simulation,
the initial temperature conditions in the greenhasise’
external environment were defined and kept constant at

In this pre-processing stage, a large computationdB.1°C and an external wind speed of 0.4 ‘InThe
domain should be built including the cross-sectionaksponse variable analyzed was the temperature behavior
characteristic section of the greenhouse studied and iitside the greenhouse, as it was done in the study
surroundings.To this purpose, we followed the developed by Het al (2017).
recommendations given by Kiet al (2017), stating that The selection of the grid is made by analyzing the
the limits of the air inlet, air outlet and upper limit should be@umerical results of the 9 simulations developed. For this
at a minimum distances of 7H, 15H and 6H from th& is necessary to obtain the numerical data of the
greenhouse, respectivelwhere H is the maximum temperature behavior inside the greenhouse and to ob-
greenhouse height (Figure Axwo-dimensional simulation serve the variation of the average value between the
approach was adopted, since these models result in quittiéerent sizes of grid evaluated (Figure 3).

+Za:?fo4n1/1 (=r>,:s>')q‘>(=>. :’)dﬂ'

s N

wherel, is the intensity of the radiation at a wavelength;

Mesh generation

285.8 m
Computational domain

6H
Greenhouse

TH 1 I15H

H = Maximum height of greenhouse

—®sm—

Figure 1: Detail of the computational domain of the simulation.
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In this case it could be observed how after the size of The quality parameters evaluated were the cell size
grid number 6 the temperature behavior is almost constautd the cell-to-cell size variation, finding that 98.8% of
and its variation is less than 0.05 °C. Therefore, this gritie cells in the mesh were within the high-quality range
size guarantees a numerical solution independent of tf@95-1). Orthogonal quality was also evaluated, where
grid size and at the same time a solution with a low¢he minimum value obtained was 0.93, a result that was
computational costAccording to these results theclassified within the high-quality range (Flores-
computational domain was divided into an unstructuredelazquezet al., 2011). A semi-implicit method was
grid with a total of 648,147 square elements (Figure 4). adopted for the equations linked to the pressure to solve

The selected grid presented a total of 6 element sizése pressure-moment equations by means of the
The smallest grid elements were 0.03 m long by 0.03 8IMPLE algorithm. The convergence criteria were set
high all inside the greenhouse and a grid with largext 10° for the equations of momentum, turbulence,
elements of 0.5 m and 0.5 m near the limits of thenergy and continuity and at 2Cfor radiation
computational domain (Figure 5). (Baxevanotet al., 2010).

m Roof ventilation closure system

Figure 2: Cross section of the experimental greenhouse under consideration.
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Figure 3: The average temperature behavior inside the greenhouse with different sizes of numerical grids.

Figure 4: Detail of the unstructured mesh inside the greenhouse.
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Boundary conditions 0.11), absorption coefficient (= 0.69) and transmission

The left border of the greenhouse was established geefficient ¢ = 0.19) (Montercet al, 2005).
the entrance of the wind and we evaluated wind speeds Considered scenarios
?helow 1d.5 mé(Ot.Zl i 14ﬂ:n§)t Tdh|s wm(i spt?]ed r_arrwlgﬁ 'S" " The climatic evaluations were carried out assuming

hepre onlunan onein esbr' ﬁa;e? or T}mg i Ou_{ﬁ'ree generic meteorological conditions from which the
These values were established from the ¢ Imatlscmulated scenarios were defined from a series of

cha.ractenzat.lon Carf'ed outwith historical datg reCordecombinations of meteorological conditions, night time and
during a period of fifteen years as reportediable 1

) operation of the inflatable duct systemalfle 3).The
together with the average temperature values.

i ) meteorological conditions ranged from clear sky to
The upper surface of the computational domain W8S orcast nights

established as an edge boundary with symmetrical
conditions in order not to influence the air flow dynamics Model validation
due to friction losses, the right and left surfaces were The validation methodology considered the
established as air inlet and outlet boundary limits angbmpilation of experimental data to determine the thermal
their velocity inlet and pressure outlet boundaryehavior of a multi-tunnel greenhouse covered with
conditions respectivelirhe coverfloor and walls of the polyethylene of passive type to real scale, established in
greenhouse were established with wall type edghe Centro de Bio-Sistemas of the Universidad de Bogota
conditions, as well as the physical and thermal propertigeigeTadeo Lozano (4°53'2.56 “N, 74°0'47.5%!, 2655
established ifable 2 were adopted, taken from Mesmoudiasl). The total area covered was 302%eaulting from
etal (2017). The lower part of the computational domaiB5 meters of cross section by 55 meters of longitudinal
corresponding to the greenhouse floor was modeled section, the cross section of the greenhouse was oriented
an opaque solid and additionally it was established a limit a North-South direction.
condition of heat transfer to the interior of the greenhouse, The greenhouse is equipped with an automated system
procedure similar to the one established in the wor polyethylene ducts that are inflated with air between
developed by Pisciet al (2012). 16:00 and 07:00 hours the next daliowing the closure of

In addition, the optical properties of the cover materithe upper ventilation areas. The ducts were located along
al required by the DO radiation model were included, whicthe roof openings of the greenhouse and were connected
provides a solution to the phenomenon of long waviaternally by a duct that ran transversely throughout the
thermal radiation. Therefore, it was considered for greenhouse. This duct allowed the inflation of the entire
transparent polyethylene are reflection coefficignt( system through a fan located at one end of the transver-
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Figure 5: Histogram with the size distribution of the numerical grid cells.
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sal duct in one of the side walls of the greenhouse atrsstruments, Hayward CA), which integrated sensors of
height of 6 meters. wind speed (range: 0-89 m',sresolution: 0.1 m-§

For validation purposes, one of the side spans of tlaecuracy: + 5%), wind direction (range: 0-359°, resolution:
greenhouse was isolated from the other four by a plasfid°, accuracy: +3%), solar radiation (range: 0-1800%V m
partition installed from the ground to the gutter (Figureesolution: 1 W ni, accuracy: + 5%), temperature (range:
6). This allows both spans to be exposed to the sam@-60°C, resolution: 0.1°C, accuracy: +2%) and air humidity
condition of being laterally connected to each gthefrange: 1-100%, resolution: 1%, accuracy: +2@éthin
making it possible to compare the results obtained for thlkee greenhouse, we located five remote stations for
two configurations evaluated. The above was consideresmperature recording (Model 6830, Davis Instruments,
due to the logistical difficulty that prevents the experimerttayward CA) at a height of 1.6 m from the ground. Each
from being carried out under the two configurationstation was located in the central part of each span,
evaluated in two contiguous greenhouses with similancluding the isolated one, on the other hand, to register
characteristics. the velocity of the air flows in span 1 and 3 (Figure 6),

The external weather conditions were registered bysmnic anemometers were installed (MadihdMaster 3D
wireless meteorological stationgltage Pro2 Plus, Davis Anemometer Gill Instrument Ltd, Hampshire, United

Kingdom; range: 0-50 m s-1 and 0-359°, resolution: 0.01 m

o . 0,
Table 1:Boundary conditions of the external air considered fo‘?l and 0.1°, accuracy: + 1% and 0.5l data was

the simulations automatically recorded at 10-minute intervals.
prer P g The field data recording period used for the validation
Hour nimum ((t)ecr;perature '?m ssrl))ee was from September 16 to September 21, 2018. During this

period, the inflatable ducts system was only activated for

19:00 13.1 05 the roof vents of the isolated span while the roof vents of
00:00 10.1 02 the other four spans remained open. Once the simulations
05:00 9.2 0.2 b pen.

were completed, we performed the post-process step by

Table 2: Optical and physical properties of the materials included in the CFD model

Material Density Thermal conductivity Specific heat
(kg m) (Wm-K-) (Jkg-K)

Air 1.225 0.0242 1006.43

Polyethylene 930 0.39 2250

Sail 1400 1.0 800

Table 3: Description of the evaluated scenarios

. Closing Wind speed Air temperature  Sky temperature

Scenario Hour system (m s?) °C) ©)
19:00 Off 0.48 13.1 -10

19:00 On 0.48 13.1 -10

A— Dry clear sky night 00:00 Off 0.21 10.1 -10
00:00 On 0.21 10.1 -10

05:00 Off 0.20 9.2 -10

05:00 On 0.20 9.2 -10

19:00 Off 0.48 13.1 0

19:00 On 0.48 13.1 0

. . 00:00 Off 0.21 10.1 0

B — Humid clear sky night 00:00 on 021 101 0
05:00 Off 0.20 9.2 0

05:00 On 0.20 9.2 0

19:00 Off 0.48 13.1 10

19:00 On 0.48 13.1 10

id iah 00:00 Off 0.21 10.1 10

C —Humid overcast night 54 5o on 0.21 10.1 10
05:00 Off 0.20 9.2 10

05:00 On 0.20 9.2 10
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extracting the temperature and velocity data of the indoor The comparison between simulated and measured
air at the points which coincided with the internal samplingemperatures for the 19:00 hour is shown in Figure 8. In

points. The experimental and numerical simulation dageneral, it is observed that for temperature the trend of
were compared by calculating the mean quadratic erritre measured and simulated data is similar in the transver-

(RMSE) and mean absolute error (MAE). sal axis of the evaluated greenhouse, although the
) simulated data show a smaller magnitude than the data

MAE = "%, |Vmi — Vsl (2)obtained experimentallfthe RMSE and MAE for the
— temperature were 0.47 and 0.44°C, results that are like those
RMSE = ,w (3) obtained in studies such as the one developed by Espinal-

Monteset al (2015). On the other hand, for wind speed it
whereVmiandVsi, represent the observed and simulatewas found that the simulated and measured values are in
values, respectivelyand m the number of observationsa close range, with a MAE and RMSE value of 0.02 and

compared. 0.025 m s respectivelyThis leads to the conclusion that
the CFD model makes satisfactory predictions, therefore,
RESULTSAND DISCUSSION the outcome of the simulations presented in this study
CFD model validation are valid and adequately represent the thermal behavior

The simulation conditions used to represent th@f the studied greenhouse.
configuration of the experimental greenhouse for
validation purposes considered the atmospheric
conditions of scenario C at hour 19:00, that is, an outsit,
wind speed of 1.4 + 0.31 ntand an average temperature
of 12.8 + 0.24°C. The air movement for the evaluate
configuration shows two different behaviors (Figure 7a {
in the first span the convective movement generated frc Velocity [ms-1]

the soil towards the area of the roof is observed with ¢
average wind speed of 0.2 rh For the remaining spans, 00 025 05 075 1.0 1.0 14

a movement similar to those described above is observ

for simulated cases without the presence of the du
system and the average wind speed for this conditic l
was 1.1 ms3. [

Figure 7b shows the results of the thermal behavis °
Temperature [°C]

for the 19:00 hourUnder these conditions an average [ |

temperature of 13.9°C was obtained for the first span. F 65 79 93 107 122 13.6 15.0

the. remaln!ng spans the average tempe'rzflture was 12.1|§ ure 7: Scalar and directional behavior of the air flows (a) and
which confirms the advantages of the airtightness offeredntours of temperature distribution (b) for the experimental
by the closure duct system. validation condition.

Meellsurmg Measuring Measuring Measuring Measuring
station station station station station

Anemometer 4 Anemometer
r16m

¥ SRR

16.5 m

27.5 m

Isolated span

Polyethylene
side  walls

Figure 6:Arrangement of the sensors for recording the experimental data.
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Air flow a) T‘ > ~ T /;

During night conditions different behaviors were = MA\/|\0/ \é Y
observed depending on the activation or not of the closil Q/ ZA AN
system of ducts. When the ducts are in operation, =
convective type movement can be observed in each
the greenhouse spans where rotating movements |
formed from the heat source, which in this case is the sc
towards the cold zone represented by the roof surfa C)
(Figures 9b, d, f). This behavior is characteristic for close
greenhouses that lack active heating systems (Mesmo
etal, 2017), because the movements of air flow are induc
by free convection through the phenomenon of buoyan d)
that is mainly generated by the effect of the energetic lo
of the soil surface inside the greenhouse.

The velocity values oscillated between 0.15 and 0.t e)
m st, where the maximum value obtained was for th
simulated case of scenaAio The atmospheric condition
of the sky as a supposed blackbody for this scenari

presented a capacity to extract energy from the interior f) //_T\ %
the greenhouse more accelerated as compared '@‘ ‘Q

scenarios B and C. ’e

The scenarios where the duct system was turned « Velocity
showed an air movement driven by the wind and therm HE .
components of the natural ventilation phenomenon (F 00 01 02 03 04 05 0.6

gures 9a, ¢, e). The streams of air flow generated from the
outside to the interior of the greenhouse, through tH:égure 9: Scalar and directional behavior of the air flows for the

. . simulations: (a) hour 19:00 without duct scenario C, (b) hour
fixed overhead vents, move through the cross section :00 with duct scenario C, (¢) hour 00:00 without duct scenario
the greenhouse to go out through the overhead vemsd) hour 00:00 with with scenario B, (e) hour 05:00 without
again. The simulated values for wind speed rangefiict scenarié and (f) hour 05:00 with duct scenatio

14.0-
o
~ 135~
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Q —4— Simulated
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Figure 8: Measured and simulated temperature profiles for the validation scenario.
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between 0.15 and 0.42 m.§ hese results are influenced  Figures 10b, d, f show the thermal behaviors for 19:00,
by the thermal differentials betwethe interior and exte- 00:00 and 0®0 hours where the temperature inside the
rior of the greenhousAT = T internalverage — T external greenhouse reached average values of 11.4,8.9and 8.2 °C
average) and the external wind speed. respectivelywithAT of 1.7, -1.2 and -1.0 °C between the
Thermal behavior inside and.the out-s.ide of the greenhquse. Under the
i ] atmospheric conditions of the scenafipthe ducts
Scenario A - Dry clear sky night system does not have the total capacity to maintain the
Figures 10, c, e show the thermal behaviors for thfiermal conditions inside the greenhouse in values simi-
simulation of nocturnal conditions with clear nightsar to the outside conditions, although it should be noted
without using the roof closing ducts. The average interng{at the use of the ducts limits the heat losses by free
temperatures for each case were 9.48, 7.41 and 6.59 °Cdghvection flows through the roof openings and for this
the 19:00, 00:00 and @ hours, respectivelfhe AT reason the thermal inversion is lowte recommendation
generatedinder this condition for the considered hoursn this situation for passive greenhouses is to ventilate
were -3.61, -2.7 and -2.62 °C respectivelyich indicates through the side vents, seeking to generate an adequate
that under these atmospheric conditions and without ag¥ntilation rate that allows to level the energetic levels of

type of heating system, the thermal inversion occurs, &fe outside air with the inside of the greenhouse (Espinal-
has already been demonstrated in previous studigfnteset al, 2015).

(Mesmoudiet al, 2012; Montercet al, 2013). This

phenomenon is generated mainly by an accelerated |sz&enario B — Humid clear sky night

of heat through the roof and the flow of heat extracted The results under clear and humid night conditions
from the interior of the greenhouse through the fixethdicated thermal behaviors more favorable than those
overhead openings €itelet al., 2008). found for scenaricA as a consequence of the sky

a)

Temperature [°C] Temperature [°C]

6.5 79 93 10.7 12.2 13.6 15.0 6.5 79 93 10.7 122 13.6 15.0

Figure 10: Contours of the temperature distribution for theFigure 11: Contours of temperature distribution for the scenario
scenaridA, (a) hour 19:00 without duct system, (b) hour 19:0@B, (a) hour 19:00 without duct system, (b) hour 19:00 with duct
with duct system, (c) hour 00:00 without duct system, (d) howystem, (c) hour 00:00 without duct system, (d) hour 00:00 with
00:00 with duct system, (e) hour 05:00 without duct system amtlict system, (e) hour 05:00 without duct system and (f) hour
(f) hour 05:00 with duct system. 05:00 with duct system.
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temperature increase and the corresponding reductiBaenario C — Humid overcast night

in the energy transfer value of the interior of the yUnder this condition, which in turn is the least critical
greenhouse towards the external environment (lglesigsi night-time conditions, it should be mentioned that the
etal, 2009) simulated cases are the ones with the highEgtositive

The average temperature inside the greenhougenerated among all the scenarios evaluated. The thermal
obtained in the simulations with the use of the duct systefehaviors for the simulations without the presence of the
were 13.4, 10.5 and 9.4 °C for the hours 19:00, 00:00 agdct system are shown in Figures 12a, c, e. The average
05:00, respectively (Figures 11b, d, f); with these resulttemperatures were 14.1, 10.9 and 9.5 °C for the hours 19:00,
the averagéT were 0.3, 0.4 and 0.2 °C. On the othep0:00 and 05:00, resulting&T of 1.0, 0.7 and 0.3 °C. For
hand, the average values of the interior temperature #k simulated cases with the presence of the duct system,
the greenhouse obtained in the simulations witheintg  the average internal greenhouse temperatures were 15,
the duct system were 12.7, 9.9 and 8.5 °C for the hour$.7 and 10.4 °C for the 19:00, 00:00 and 05:00 hours,
19:00, 00:00 and 05:00 (Figures 11a)oresulting il\T of  respectivelywhich generatedT of 1.9, 1.5 and 1.2 °C
-0.4,-0.2 and -0.7C. Under these atmospheric conditionsiFigures 12b, e, f).
the use of the duct system is an alternative that allows to These higheAT values are clearly a positive effect of
increase the value of the thermal tightness of theie duct system and their restriction to let the hot air from
greenhouse, obtaining average greenhouse temperatyf@sde the greenhouse escape to the outside through the
significantly higher than those of the exteribneseAT  roof openings. For this scenario, it could be observed
would be sufficient to avoid or limihe potential damage that the heat released through the soil was sufficient to
to crops under some weather conditions of the Bogogaunteract the energy losses through the roof, which

plateau where the outside temperature is close to 0 &flows to maintain a higher energy level inside the
during certain times of the year greenhouse.

CONCLUSIONS

According to the results, it can be assured that the
use of numerical CFD models are appropriate to evaluate
microclimate optimization systems in passive greenhouses
under nocturnal conditions. In this investigation, the
results indicated that the use of duct systems in roof vents
limit or prevent the occurrence of the phenomenon of
thermal inversion for atmospheric conditions such as clear
and humid nights. Likewise, in atmospheric conditions
with humidity and presence of cloudiness, the roof closure
duct system helps to maintain a higher internal energy
level compared to situations where the duct system is not
present or not in operation.

a)

For the critical atmospheric condition of cloudless sky
and low humidity the duct closure system reduced the
negative thermal gradient. Even so, this system is not
enough to prevent the greenhouse thermal inversion, so
the recommendation for passive greenhouses is to
ventilate through the side vents when this condition
occurs.

This study confirms that the CFD technique can con-
tinue to be used as an alternative to evaluate night-time
conditions applied to other greenhouse designs or other
climate control alternatives for this condition.

Temperature [°C]

65 7.9 93 10.7 122 13.6 15.0

Figure 12: Contours of temperature distribution for the scenariCONFLICT OF INTEREST
C, (a) hour 19:00 without duct system, (b) hour 19:00 with duct . .
system, (c) hour 00:00 without duct system, (d) hour 00:00 with The.authors .decla.re that there is no (_:O”_ﬂ'Ct O_f
duct system, (e) hour 05:00 without duct system and (f) hotfteéresting carrying this research and publishing this
05:00 with duct system manuscript.
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