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Simultaneous Control of inside Air Temperature and Humidity
by coupled Heating and Ventilation in a Greenhouse
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ABSTRACT: Greenhouse ventilation combined with heating is required to control temperature and moisture levels
for a comfort and provide CO; for good photosynthesis. The present study focuses on the simulation of a climate in
greenhouse during winter. The mathematical model, based on the energy and the water vapor balances inside the
greenhouse is used. The main equations of flow are solved with the Fluent® CFD package inside and outside the
greenhouse. The external conditions are those of Mediterranean climate and the greenhouse is located in
Tizi-Ouzou (Algeria). The study aims at getting a better compromise between flow heating combined with the air
exchange rate (a technique used for the dehumidification of the air). After describing the physical phenomena, the
equations that govern these phenomena and the method of solving these equations, a program for calculating the
inside temperature and humidity was developed and validated by comparison with simulation results. To simulate
turbulence inside and outside greenhouse the k-&  Standard turbulence model, which comes out (seems) to be more
accurate than the other models, have been preferred. Analytical results are used to determinate optimal conditions of
flow heating combined with ventilation rate.

KEYWORDS: Greenhouse; Plants; Heating; Natural ventilation; CFD.

1 Introduction

The greenhouse is a very complex biological and energy system in which most of the modes of heat
and mass transfer are brought into play in a confined environment. Many physical and biological
mechanisms cannot be described with good accuracy, because a large number of parameters are involved.
The micro-climate which prevails in the greenhouse is the result of the meteorological inputs, the
thermodynamic properties of the elements emitting water vapor (soil and vegetal) and the influence of
artificial systems of climate control (such as heating and cooling systems). Consequently, the heat flow is
transferred by: i) conduction through the soil, ii) convection on the surface of the cover, plants and soil
(and possibly exchangers), iii) evaporation from the soil and plants and condensation on the cover and
foliage. These exchanges are also due to the air motions, caused by the greenhouse permeability or by
forced ventilation. As the cover may be considered an enormous solar collector, the solar radiation gain
through the roofing material must be added to the radiation exchanges of long wavelength between
different elements. The complexity of the model is not only related to the diversity of considered physical
phenomena taken into account the energy balance but it also comes from the complicated mathematical
formulation of some natural processes, for which the equations are often nonlinear. However, there is no
general analytical method to solve these systems. For this type of problems, the use of numerical methods
is essential, as far as the use of calculators. In recent years, several studies on climate and air flow in
greenhouses were performed and have yielded significant results (Haxaire, 1999[1]; Boulard, 2010[2];
Roy, 2002[3] ; Lee, 2000[4] and Edwin et al 2019 [5]).

The present study which complements the previous works deals with the ventilation of greenhouses
through openings as a means of controlling the greenhouse climate parameters allows among others to:
- regulate the greenhouse air temperature,
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- limit especially the inside moisture to reduce or eliminate the fungal diseases development such as
botrytis,
- provide the carbon dioxide to the plants by the renewal air.

One of the roles of ventilation system is to eliminate excess inside humidity. If not properly vented,
excess humidity condenses on the leaf surface where it can enhance disease problems (Badia 2021[6]). It
can also condense on the greenhouse cover where it can reduce light transmission. Such, the plants were
penalized of solar heating. Greenhouse humidity levels can be reduced by removing the moist air around the
plants and replacing it with the cooler and drier outside air( Zhong et al 2022[7]).

It is known that high relative humidity is undesirable for growing most greenhouse plants. It is one of the
major contributing factors to a variety of plant diseases, including a trio of damping-off diseases and
Botrytis blight, a common fungal disease of bedding plants_(Boulard, 2002[8]).

This study focuses to reduce relative humidity using a combined heating and ventilation. To perform
this study, the air motions in an unheated greenhouse with plants inside, was simulated in numerically for
different openings. Thereafter, in order to make a comparison with a heated greenhouse, other simulations
were conducted in this case. Thus the convection loops inside the greenhouse, the temperature profiles
and velocities for the various configurations, taking into account the combined effect of vegetation (both
as a source of steam and sink of heat), were determined. The main purpose of this study is obviously to
control humidity by heating combined with air motions, so as to get a compromise between the heating
and ventilation that is covered here.

2 Theory/calculation

2.1 Water vapour balance
The water vapour can be expressed, in permanent regime, by the following equation which reflects that,
the water vapour produced by the vegetal is exchanged with outside air:

han LAIs(WEES) = Wg) = paNho(We — W,)/3600 (1)

2.2 Greenhouse energy balance
As the heat storage term is smaller than the other fluxes, it is neglected in this case and we can write:

77Rge + HP = (Ta - Te)[KcSc/Ssol + panaNh0/3600] + (Wa - We)paLth0/3600 (2)
2.3 Crop energy balance

The temperature of the leaf of vegetal does not represent effectively the physiological behavior of the
culture. Foliage temperature (T,), which depends on transpiration, is a much more appropriate control

parameter. The T, temperature is therefore estimated by the following equation which reflects that, the heat
radiation received by the crop is transferred to the ambient air by sensible and latent heat:

atRge = 2hg LAIG(T, — Tp) + hy LAISL, (T,) (Wit — wy) (3)

The solving of the above system of equations, gives for the three variables (w,, T, and T,):
Ambient moisture content is given by:

Wo = [hmLALsL, (T,) WiE + paNhow,/3600]/[hy LAl + paNho/3600] (4)
Ambient air temperature is given by:

Ty = To + [NRye+HP — paNhoL,(Wy — W) /3600 |/[K.Sc/Sso1 + PaNhoCpa/3600] (5)
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Foliage temperature is given by:

T, = To + [€TRge — honLAIsLy (T,) (W{FYy — wq)]/2ha LAl (6)

Where:
N, the air exchange rate,
7, the solar heating efficiency estimated of 0.65 for single cover (Boulard et al 1993[9])
7, the greenhouse global transmission,

o, the canopy absorption coefficient for solar radiation,

Rga, the global radiation absorbed by vegetal: Rg, = atRy, where o is the canopy
absorption coefficient for solar radiation and < the greenhouse global transmission.

2.4 CFD Model

The modeling of fluid flow is to determinate the flow variables at any point and at every moment, the
following representative flow variables:

- pressure p,

- density p,

- velocity vector ¥ and its three components,

- temperature T,

- concentration Ci of different gases (water vapor and CO2), which was not included in this study.
To simplify the problem, acceptable assumptions were adopted, which are:

- the fluid is Newtonian,

- the Boussinesq approximation is adopted,

- the volume forces are due only to the acceleration of gravity,

- the fluid is completely transparent for the radiation flux (no absorption coefficient for radiation

abs=0).

To establish the governing equations, we use the conservation principles of mechanics and
thermodynamics. Thus, we can write the conservation equations of: i) mass, ii) momentum quantity
(vector equation equivalent to three scalar equations) and iii) energy. For this system of equations, the
equation of mass transfer (relative to water vapor) is added in the case of binary mixtures. Finally, we
obtain the following system of equations traducing the conservation principles of mechanics and
thermodynamics:

W=0
3{7 —— —_ 1= -
i VV(pV) = —;Vp + VAV
(7

( )
I I
{£+W(TW=LAT+L=aAT+L}
| t pCp pCp p6p|

aa—(: + VV(@VT =D,Aw + S,

2.4.1 Turbulence Modeling

Even if it turns out that the equations presented above are representative of the instantaneous move-
ments for a turbulent regime, current means of calculation and way of the presenting the results do not yet
allow a direct turbulence simulation and the discrete method of resolution used pose major problems. In
fact, it is impossible to simulate eddies whose size is less than one mesh. For all these reasons, we are led to
adopt a statistical approach to turbulence which is that of Reynolds. A simplified approach based on the
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statistical decomposition of the turbulent flow into an average and a fluctuating component (Reynolds
decomposition) is considered. To account for the effects of turbulence, we opt for the standard model k-,
which is more appropriate for this type of problems with a large boundary layer (Nebali, 2006) [10].
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Compared to the steady state, the additional unknowns appear in the system of Equ. 8 where the five
empirical constants of this model are the values presented in Table

Table 1: k-& model constants

Constant Value
Cy, 1.44
Cy, 1.92
Cu 0.09
Ok 1
Oz 1

To this system of equations (8) is associated the Boussinesq relations written as follows:

Ty (2% 2T) _2(, 2%
ULU] - vi (6xj + 6xi) 3 (vi a.X'j k ai‘j (9)
T ! aT V¢ aT
vl =—a—=——--— 10
L tax; Pry 0x; (10)
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vw' = _D“’ta_x,- = - (11)

Sce 0x;

2.4.2 Presence of vegetation in greenhouse

The pressure drop through the stand of vegetation is modeled using the Forchheimer equation (Bruse,
1998), which calculates the pressure drop in porous media using the following equation:

4 - -
Ap=ﬁp 91 @ (12)

ky is the intrinsic permeability of the medium and C;, the coefficient of nonlinear loss charge, which is introduced for
stand of tomato’s leaves (Boulard et al.,1991).

2.4.3 Energy balance equation for vegetation

For the stand of vegetation as shown in fig. 1, the energy balance in permanent regime is given by:
dR(z)/dz — LAI,LvE — 2LAI,C = 0 (13)

Where dR(z)/dz isthe incident irradiative flux, LAI,LvE, the heat latent flux, 2LAI, C, the sensible heat flux and
LAI, the volumetric leaf index given by: LAlv= LAls Sso/Vol.

Latent heat flux

Sensible heat flux

Vegetal stand

(4

Sensible heat flux

Solar radiation

Surface ground Z=0

X X+dX

Figure 1: Schematic greenhouse with porous vegetal stand

2.5 Simulations

2.5.1 Description of the problem studied

The greenhouse geometry used for this study for simulations is of single chapel type with following
dimensions: 20 m long, 6.46 m wide and 5.35 m high (so that average inside volume estimated by CFD
code, Vol = 560 m®) as shown in Fig. 2. It has two channels with openings and its ventilation is performed
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by adjustable openings placed laterally. The simulation was performed under the climate conditions of
Tizi-Ouzou region (36° 47’ 59°” North latitude and 4° 1’ 59 East longitude). The heating of air inside
the greenhouse is provided by hot water circulation, in tubes parallel to the vegetation rows, located 30
cm above the ground (see Fig. 2). The rows were 2.1 m high, 0.7 m wide and are separated by aisles, 0.7
m wide. The leaf area index LAls (m?ea/m%oit) is estimated to value 3. The vegetation is considered in
that case as well of heat and source of water vapor.

Above Opening Bekow Opening

535m

Vegetation Stand

Heating tubles

Do
—
3

646 m "

I 3

Figure 2: Schematic vegetal stand with heating tubes
2.5.2 Boundary conditions
The boundary conditions (see fig.3) used for this study are:

- For the external wind velocity, a logarithmic profile deduced from experimental measurement has
been used to model the atmospheric wind velocity at the inlet boundary of the simulated domain,
located from North (Haxaire, 1995). Hence, inlet velocity u, has been defined as: u, =

(uw*/K) In(z/z,); with u”, the friction velocity (u"=0.28 m s); K the Von Karman constant
(K=0.41) and z, the friction length (zo=0.0193 m).
- Qutside air temperature and absolute humidity are respectively defined as, T.=14 °C and w.=7.4
Ov/KQaryair,

- At the upper boundary layer, a differential pressure of zero was imposed,

- For heat gain in greenhouse, the flux due to solar radiation received at the cover and restituted to
the ambient air by convection, is estimated 17 100 W per m® of cover, for a global external
radiation taken equal to Rge = 171 W m-?, assuming that the convection term ®cony represents 6% of
the outside radiation (Chemel, 2001[11]).

The convective flow reemitted from the soil to air ambient is estimated using the following equation:

Rsol = Rs(l - a) = Rge (1 - a) exp(_kc LAIS/Z) (14)
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Where Rs, represents the solar heat flow on the vegetation stand.

Solar irradiation received at the ground is estimated assuming that the vegetal covers all greenhouse soil
surfaces but the height is only half of its real value. For this vegetal cover, the albedo equals 0.23 and the
heat flow exchanged with inside air is estimated at a reasonable value of 27 W.m-2,

Re=I171 Wim’

To=14 °C

Flow

conservation
T4 °C

Wexi= 7. 48w ki

[ 46,64 m

Figure 3: Outside boundary conditions for simulations
3. Results and discussion
The simulations were done for different opening windows at inlet and outlet of greenhouse and the
results permit us to obtain the following dynamic and thermal fields:

3.1 Case of an unheated greenhouse
3.1.1 Velocity fields

Near the opening, both at above as below, the air velocities are higher outside than inside vegetation
stand. In the picture shown in Fig. 4, we can observe one buckle of air recirculation inside the greenhouse,
creating then a vortex which changes in position and diameter for each opening. The inside air velocity
increase with the dimension of the opening. The maximum of the velocity is obtained at the top of the
chapel.
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Figure 4: Velocity fields versus air renewal rate (N =21 Vol.h, so opening 40/40 cm)

3.1.2 Temperature and humidity fields

The illustration shown in the following pictures (see Figs. 5 and 6) revels the heterogeneity of the
inside temperature and humidity. Air temperature is higher in the greenhouse wedges, sheltered from the
ventilation. Indeed, these zones are less ventilated, as the case of the part of soil surface situated between
the rows of vegetation. These zones are apart from that the most heated parcels because they receive
direct solar flux at midday (see fig. 5). Several tests of opening cases were simulated under the same
conditions for external air (Te=14°C, We= 7.4 gu/KQdryair)-

To calculate the exchange rate N (Vol/h) the following expression (T. Boulard et al 1995[12]) is used:

N =3600 G,,/p, Vi

(15)
Where Gn (kg s?) is the air mass flux through the openings (with the hypothesis of mass
conservation) and Vol is the inside volume of greenhouse, estimated by CFD code at 560 m®.
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285 Figure 5: Temperature fields for unheated case (N = 9.54 Vol.h1)
286
287 As shown in fig. 6, the maximal value of humidity (Hr=85%) is obtained above the opening,

288  where the air velocity is lower. Near the ground, the humidity is stratified. It increases with the height of
289  vegetation.
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290

291 Figure 6: Humidity fields for unheated case (N=9.54 Vol.h?)



292 The simulations revel that average internal temperature increases until 288.5 K when the exchange
293  rate decreases (see fig. 7) and for the large opening, corresponding to the high exchange rate, the average
294  temperature decreases progressively towards the value of the external temperature.
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287.2 —
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295

296 Figure 7: Inside average temperature

297 3.2 Case of a heated greenhouse

298  We keep the same climatic conditions than the precedent cases and we simulate for the openings of 10-10,
299  20-20, 30-30, 40-40, 50-50 and 60-60 cm. The inside temperature fields are simulated with heating
300  powers equal respectively to 75, 87, 100, 113 and 125 W m-? (applied for one m? of soil surface). The
301  obtained results are plotted in the figs. 8, 9 and 10. Near the ground surface, a significant temperature
302  gradient between soil and air can be noticed in the Fig.8, at the lower opening. But, with the large opening,
303  the temperature gradient between vegetation and air becomes insignificant, especially if the heating flux
304 is more important. In this case, the effect on air humidity will be benefic.

305
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Figure. 8: Temperature fields versus air renewal rate (N=4.5 Vol.h"%, so opening 10/10cm, HP=75 W.m?)

T 3230402
3210402
3.10e+02
317e#02
3160402
2140402
312002
3.10e+02
3.08e+02
3070402
305e+02
303e#02
3010402
3.00e#02
298e+02
2960402
294e+02
2920402
2918402
289e+02
2870402

Figure. 9: Temperature fields versus air renewal rate (N=8.42 Vol.h, so opening 20/20cm, HP=125 W.m2)
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314 Figure 10: Inside humidity in a heated case (N=8.42 Vol.h*}; HP=125 W.m)

315

316 Thus, for heating powers respectively of 125, 138, 150 and 188 W.m™, we can plot the average
317  temperature versus renewal rate (see fig. 11):

318

Average ©125,6 w/m2 -5.00 Ln(x) +29.31
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21 4------- o
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0 10 20 30 40 50 60
Airrenewalrate N (Vol h!)

319

320 Figure 11: Average inside temperature versus renewal rate

321

322 Several tests of simulation were conducted with external conditions especially with the extreme case,
323  where the external temperature equals the lower average level (minimal average temperature during 10
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years). The evolution of temperature and humidity in greenhouse, versus heating power permits us to get
the minimal heat power to be used for realizing the ideal conditions for the plant growing.

To understand more the phenomena and complete this study, we used an analytical program written in
PASCAL code. It firstly consists in optimizing the heating-ventilation. In other terms, it is the search for a
compromise between the heat power and the exchange rate, for different external conditions (global
irradiation, temperature, relative humidity, etc.). The adopted strategy is to look for optimal temperature
and relative humidity of ambient air necessary to insure the best development of plants. The software
involves several number constants, few usual functions and various data to be introduced in the
calculation, as external temperature, consign temperature of ambient air, global external irradiation,
relative external humidity and relative consign humidity. The simulate conditions for the treated cases are
given in the table 1. The external relative humidity was fixed at 50%, 60%, 70% and at 80%, and external
air temperature was changed from 5 °C to 15 °C as inlet conditions for the program. We maintained the
temperature less than 16 °C and we adjusted the internal relative humidity, Hra, to 80% as soon as
possible. For each case, we looked for the necessary heating power as soon as possible and exchange rate
required to realize these consign conditions of internal climate (16 °C, 80 %); on these tables , we can
also get the values of the vapor pressure.. In this situation, the calculation with analytical model gives
irradiation flux at ground surface, Rsoi= 21 W m-? and a volumetric power heat at the cover estimated at
13 750 W m-2. For different external climates, we get the necessary heating power, with these abacuses
shown in Fig. 12.

——Rg=180 y=-17.16x + 347.64
-0~Rg=140 y =-17.56x +297.64
——Rg=100 y=-17.72x +278.18

-<Rg=0 y=-18.127x + 270

250 \\
S 200 A~

v

7 8 9 10 11 12 13 14 15 16
External temperature (°C)

e
h o
=

Figure 12: Heating Power versus external temperature

These abacuses are more interesting because it permits to regulate the optimal heat power to use in
order to ensure comfort temperature for plants, with exchange rate imposed by the needs of CO; for plants.
This present study permits us to observe, with a good precision for different external conditions, the
heterogeneity of the climatic variables and the moisture distribution of vegetal cover transpiration.
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However, it does not inform in any case directly, about the heating ventilation phenomena. After several
tests of simulation, optimal cases are found (optimal heat power and exchange rate).

The main results of this present study are: i) the heating power does not depend or depends slightly on
external relative humidity, but it depends hardly of external temperature and global external solar
irradiation; ii) the exchange rate practiced does not depend on the external irradiation; iii) vegetal
temperature does not depend on external air humidity, its value increases with external solar irradiation.
All these results can be explained by the net irradiation flux intercepted by the plants. We can then notice
that the heating power is directly matched with external temperature, for different values of external solar
irradiation. These abacuses permit us to deduce, for each value of external global irradiation and external
temperature, heating power necessary to get the ambient air consign.

After the optimization of the precedent cases and keeping the same conditions, we complete this study
by the simulation, carried out with finite volume numerical method with Fluent® CFD code. For an
external temperature fixed at 5 °C and variable external irradiation, we fixed average internal temperature
at 16 °C and tried to reach 80 % of relative humidity. Then, we looked for air exchange rate and power to
be used. The results of these optimal cases are presented in figs.13 and 14. The simulation shows that the
obtained values of temperature and relative humidity are in a good agreement with the values obtained
with the analytical model.

Figure 13: Inside temperature in optimal case
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410 Figure 14: Inside humidity in optimal case

411 4. Conclusions

412 In the present study, the obtained abacuses associated with air humidity diagram, permit us to get a
413  complete review of the features of internal air. The main result which can be exploited by the greenhouse
414  users is the determination of the necessary heating power for each internal temperature and air relative
415  humidity of consign, and its placement to insure the optimal conditions for a good development of plants ,
416  with air exchange rate corresponding to this fixed heating power. We can then predict the extreme cases
417  in winter and predict the heating strategy in order to avoid all risks. This study needs however to be
418  developed and completed with a series of measurements in greenhouse during the heating in winter
419  season with different heat power and different openings.

420 Nomenclature

421 Symboles

422

423 a Thermal diffusivity m?s?
424 C Volume sensitive heat W m3
425 G, Specific heat at constant pressure Jkg K?
426 D Diffusion coefficient m? st
427 E Evaporation mass flux kg m?s?
428 F Volume force m s
429 h Plant height m

430  kp Intrinsic permeability m

431 k Turbulence kinetic energy m? s

432 ke Radiative extinction coefficient
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450
451
452
453
454
455
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457
458
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461
462
463
464
465
466
467
468
469

Ly Latent vaporisation heat
LAl,  Volumetric folial indice

Jkg?

mzvegetal m_3

P Pressure Pa

q Internal heat source W m3

Rge  Global density flux W m?

S Surface m?

So,p Water source term Kgeau/Kg ary air 5t
t Time S

T Temperature K

Greek symbols

A Thermal conductivity WmK?

p Volumetric mass kg m3

® Absolute  humidity KJeau/KTair sec
v Kinematic viscosity m? st

£ Rate kinetic energy dissipative kg mis?
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