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Abstract. A non-stationary thermal model for determining the
temperature and humidity conditions in a greenhouse is considered, based
on the method of elementary balances. The accuracy of the method was
assessed based on the heating temperatures of film and glass transparent
fences of the greenhouse. Research was carried out on changes in
temperature and humidity in a greenhouse during the day.

1 Introduction

Energy saving issues are relevant in construction (buildings and structures), in solar thermal
installations, as well as in greenhouses. To solve energy saving problems, in particular, it is
necessary to create non-stationary thermal models of such objects that take into account
their main parameters as much as possible. The multifactorial nature of the problem leads to
the fact that currently simplified methods of their computational analysis are mainly used,
mainly based on stationary models [1-4].

In [5-6], a non-stationary single thermal model of a solar water heater is considered,
which makes it possible to study the dynamics of heating temperatures of the main
elements of the solar water heater (transparent fence, receiver, heat-insulating soil bottom)
non-stationary models in solar installations.

Research on the main design parameters of energy-efficient solar greenhouses and their
main components to determine the light transmission coefficients of a transparent fence are
considered in [7].

The study of the thermal regime of solar greenhouses for individual purposes, taking
into account their design features, is considered in [8-9]
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2 Materials and methods

In this work we present the results of creating a non-stationary model of greenhouses, the
diagram of which is shown in Figure 1.
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Fig. 1. Scheme of a ground greenhouse and its orientation: 1-4 — side walls, 5 — roof, 6 — ground
(soil); a— width, b — length, h — height; Sc - area of the sides.

As in collectors, or “hot boxes”, the main element of the greenhouse is transparent
fences (), which not only provide the greenhouse effect, but also determine their main heat
losses, and significantly influence the temperature and humidity conditions in the
greenhouse, as well automatic control system for greenhouse soil moisture using research
on solar photovoltaic systems [10-11].

The complexity of the task also lies in the fact that not only thermal processes, but also
evaporation and condensation processes occur simultaneously in the greenhouse. Also,
transparent greenhouse fencing (film, glass) is translucent, i.e. The concepts of an
“optically thick” or “optically thin” layer do not apply to them; they also have (especially
glass) selective radiation absorption [12-13].

In this regard, we will build a non-stationary greenhouse model based on the
assumption that there is a balance of all thermal processes during an elementary time
interval.

The essence of the method is that in a short time interval we assume that heat exchange
by convection and radiation, as well as moisture exchange, occurs at a constant temperature
of the transparent fence and air in the greenhouse and its humidity, and at the end of this
elementary time interval new temperatures and humidity at which heat and moisture
exchange occurs at the next elementary point in time, etc. Those. in this model, the
temperatures of the transparent fence and air in the greenhouse and its humidity change
abruptly at the end of each elementary point in time.

3 Results

When creating a non-stationary volumetric model of a greenhouse, the following

assumptions were made:

e The air condition in the greenhouse is the same throughout the entire volume.

e Temperatures within the area of each side are constant.

e Internal flows reflected from the walls of the greenhouse are not taken into account.
That is, the model uses average temperatures of elements, which are defined as the ratio

of their heat content to mass and heat capacity. For unsteady processes, the heat content can

be written as:

0., =0, +in (1)
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Where Qi+1 is the heat content of the element (wall, soil, air in the greenhouse) at the
end of the elementary moment of time dt, dQi — total heat received and lost from the
element during time moment dr.

For example, for air in a greenhouse dQB is equal to

dQy =(F,,—F,, +mCV(t, —tg )—Z Sme, (ty —t;)*dt )

Where Fadi — fluxes by radiation and convection entering the air (for air fluxes by
radiation are equal to zero, since they are not absorbed), Fpot — heat losses of the element in
the general case by radiation and convection (for air only by convection), myicv(ti-tg)— heat,
introduced by water evaporated from the soil, like water (note that the heat of evaporation
of water introduced by steam into the air does not appear until it condenses on one of the
surfaces, i.e. cv here is the heat capacity of water.

Accordingly, the air temperature (walls, roof) at the end of elementary time dtmoment
in time will be equal

— Qi+1 (3)

i+l '
mj Cj

As you can see, the heat balance equations are quite simple, but it is obvious that the use
of average temperatures of bodies in practical cases of studying non-stationary processes
requires being limited by the possible temperature difference in these bodies. In this case,
this condition is satisfied for transparent fences (in [7] it is shown that even in glass
transparent fences, it does not exceed 1°C), and we will also assume that it is also true for
the volume of air in the greenhouse. The question of average soil temperature is more
complicated. In this model, taking into account the low intensity of thermal processes in the
greenhouse, we will assume that the soil represents a certain volume of water with a layer
thickness such that the temperature difference in it is also small.

One of the issues of the model is the choice of an elementary point in time and the
correspondence of the temperature change curve in the elements to real processes.

4 Discussion

In Figure 2. for glass and film transparent fence the change in temperatures over time and
their approach to average equilibrium temperatures at different values of the elementary
moment of time d is given t (or number of partitions N, time interval To for which
temperature transparent fence reaches average equilibrium values.
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Fig. 2. Influence of the number of partitions N of the time interval for the output of heating
temperatures transparent fence to stationary values.

As you can see, the time it takes for temperatures to reach stationary values JOfor film
and glass are significantly different, so if for glass it is about 80 minutes, then for film it is
about 8 minutes. Moreover, it is clear that under the same external conditions, the heating
temperature of the film is noticeably higher than that of glass, almost 11°C. This is due to
the significant difference in their radiation characteristics. So, if the film is almost “gray”,
i.e. has the same absorption coefficient for all wavelengths, then glass is significantly
selective; up to 2.7 um it absorbs little, then its absorption coefficient increases tens of
times.

It is also clear that even with a sufficiently small number of partitions (for glass from 8,
for film from 10) the equilibrium temperatures are well determined, but the nature of its
change over time requires that the number of partitions be at least 1000.

Figure 3 shows the approach of such a heat exchange process to the average equilibrium
heating temperature transparent fence at different initial temperatures transparent fence.

60 g Y i
55| t=20] t=0, ;2625. =26
50 Fb="-10 \Vi/m
é) 38 \\ FU'm 0. 1mm
35 \ /
30 \\ tté\ual
25 ‘\
20 Stassr4mm
15
10

20 40 60 80 100
Time, minute

Fig. 3. Approximation of glass and film temperatures to equilibrium values at different initial
temperatures.
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As can be seen, we have a fairly good approximation to the average equilibrium
temperatures, regardless of their initial temperature. Note that we can determine the
equilibrium temperatures independently. In the first case, using the energy balance in a
stationary mode (solving a fourth-degree equation by dividing a segment in half) and the
second using the elementary balance method. It is interesting that if in the first method
about 27 iterations are needed to determine the equilibrium temperature with an error of
less than 0.001%, then in the elementary balance method in this case, in principle, 10 steps
are sufficient.

At the same time, the structure of losses of a flat solar collector from glass and film is of
practical interest transparent fence (Figure 4) in an equilibrium state.
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Fig. 4. Loss structure of a flat solar collector (SC) in equilibrium with glass (a) and film transparent
fencing(b): 1 - total incident flux, 2 - total losses of the solar collector through the transparent fence, 3
- reflection losses, 4 - radiation losses, 5 - transmission losses of receiver radiation, convection losses
of the transparent fence.

As you can see, the structure of losses is significantly different. So in film transparent
fence significantly less radiation loss, but much more transmission loss. In general, film
transparent fence losses are 17% greater than glass transparent fence (this is for the receiver
temperature t, = 60°C). As the receiver temperature decreases, the difference decreases, for
example, at t, = 30°C it is about 8%.

Figure 5 shows the results of modeling the temperature and humidity conditions in a
greenhouse measuring 10x10x10 with vertical wall 1 oriented to the South (Figure 1) at a
constant outside air temperature t.; = 20 °C, sky temperature t. = 0 °C, normal solar
radiation Ec = 600 W/m? initial temperature in the greenhouse 20° C and humidity 60% for
latitude 41° and solar declination 3=00.
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Fig. 5. Temperature and humidity conditions in a greenhouse with film transparent fencing; Ec1,
W/m? — density of solar radiation on wall 1, tv, °C — temperature of the water layer in the greenhouse

10 cm thick, ts, °C — air temperature in the greenhouse, ¢, % - air humidity in the greenhouse.

As you can see, air humidity and water and air temperatures change noticeably during
the day. In this case, not only the processes of water evaporation are observed, but also the
condensation of steam from the air. So if about 10.8 kg evaporates per day. water, then
about 8.5 kg condenses during the same time. water from the air in the greenhouse
(condensation begins at approximately 15.30).

5 Conclusion

Based on the results of the work, the following conclusions can be drawn:

e A method for calculating non-stationary temperature and humidity conditions in a
greenhouse has been proposed and an algorithm and program for its numerical solution
have been developed.

e The heat loss of film transparent fences is about 10% greater than that of glass
transparent fences. At the same time, for film transparent fences, the main source of
heat loss is the transmission of radiation from the greenhouse, and for glass transparent
fences it is the loss of radiation from the glass itself.

e Film heating temperature transparent fence always higher than the glass heating
temperature transparent fence.

e In general, the developed non-stationary thermal model of the greenhouse reflects real
processes, however, experimental studies are necessary to verify and refine it.
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