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Introduction

The problem of getting early and sustainable yields, particularly of vegetables 
and berries, is one of the major social and economic issues in agriculture of many 
countries. Climate change and weather conditions that become unpredictable further 
intensify the urgency of this issue. In the generally accepted climate change trend, 
experts pay regard even to the possibility of local cold snaps’ occurrence in certain 
areas, prolonged cold periods in spring, signifi cant fl uctuations of weather condi-
tions (Boichenko, 2005; Iglesias & Garrote, 2015; Rokochynskiy, Volk, Frolenkova, 
Prykhodko, Gerasimov & Pinchuk, 2019; Rokochynskiy, Volk, Pinchuk, Turcheniuk, 
Frolenkova & Gerasimov, 2019). 

The study of the impact of possible climate and weather changes on the develop-
ment and productivity of crops and the development of measures to prevent negative 
climatic and weather phenomena become relevant not only for agricultural scientists 
but also for practitioners.

Heat resources play a signifi cant role in yield formation. Each representative of the 
plant kingdom has its own, strictly individual thermal and temporal structure of devel-
opment cycle from sowing to harvesting. The cycle parameters are strictly related to 
the corresponding level of temperature in soil and air. Therefore, the purposeful control 
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of the plant ontogenesis is possible by managing the thermal regime of the microenvi-
ronment of its habitat. It is obvious that the thermal regime of soil and ground air layer 
will also be determinative for the intensifi cation of growth and early growing of crops 
(Bita & Gerats, 2013; Pinchuk, 2015; Rotjanakusol & Laosuwan, 2018).

Warm wastewater (heat exchange water) from industrial and power facilities 
with a temperature of 20–40°С, as well as geothermal water can be attractive sources 
of free heat energy. Their attractiveness lies in the fact that such temperatures are 
optimal for the development of most representatives of plant kingdom.

One of the most promising and effective ways of heating the soil may be its 
surface heating by warm water. Technologically, this technique can be implemented 
by directing the fl ow of water along the surface of the soil, but technically by using 
special cover sleeves (Fig. 1) in greenhouses (Pinchuk, 2012; 2015).

In this case, the use of surface soil heating with water-fi lled cover sleeves requires 
solving a number of scientifi c and applied problems. In particular, there is a need for 
the rationale and development of rational forms and structures of cover sleeves, system 
structures on their basis, structures of temporary portable transparent shelters, means 
of automation and regulation of water regime of soil and ground air layer, the defi nition 
of rational hydraulic and heat engineering operating modes, the justifi cation of design 
techniques, installation, operation and maintenance of surface soil heating systems, 
and methods of growing various crops in soil ameliorated by heat.

Accordingly, the overall aim of the paper is to develop a mathematical model of 
heat exchange of a greenhouse with a system of surface soil heating.

Material and methods

Mathematical model

The design peculiarity of such a greenhouse is the availability of different meth-
ods of heat transfer between the system’s environments – thermal conductivity, con-

FIGURE 1. General view of greenhouse with cover sleeves



Mathematical modelling of heat transfer in a greenhouse...  571

vection, to some extent – radiation. Moreover, there are continuous connections be-
tween them and they are determined by the structural system peculiarities (geometric 
dimensions of the elements, thermal and physical characteristics of the materials 
used, etc.).

The authors described heat transfer processes in the greenhouse on the basis of 
the convective heat transfer equation (Vostrikov, Romaniuk, Pinchuk & Vostrikova, 
2008; Pryor, 2011; Mayboudi, 2018):

( ) ( )p p
T T T Q
t

u  (1)

where:
ρ  – air density;
Cp  – specifi c heat capacity of air;
T  – temperature;
t  – time;
λ  – thermal conductivity coeffi cient;
u  – velocity vector;
Q  – energy obtained by insolation.

The determination of the distribution of air velocities in the greenhouse was car-
ried out using a solution of the Navier–Stokes equation (Pryor, 2011):

2( )
3Vgrad p grad div

t
u F u u  (2)

where:
F  – force vector determined by dependence: F = ρa (3), where a(x, y, z) = (0; 0; 

–g) is an acceleration vector;
p  – pressure;
μ  – dynamic viscosity; 
μV  – bulk viscosity; 

2 2 2
2

2 2 2x y z
 – the Laplace operator. 

The dependence of the air density on pressure and temperature was represented 
by the equation of state for ideal gases:

pM
RT

 (4)

where:
M  – molecular weight; 
R  – gas constant.
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The integrity of the air fl ow is described in accordance with the following:

0div
t

u  (5)

In the Cartesian coordinate plane projections, the relations (1)–(5) will look like 
this:
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2 2 2( ) ( )

22
3

2

p p x y z

yx x x x z
V

y y

T T T T T T Tu u u Q
t x y zx y z

uu u u u up div u
t x x x x y y x z z x

u upg
t y y y

2
3

22
3

y yx z
V

yxz z z z
V

u uu udiv u
y x y x z z y

uuu u u up div u
t z z z z x z x y z y

( )( ) ( )yx zuu u
t x y z
pM
RT

where u is velocity vector with projections ux, uy, uz on the corresponding coordinate 
axes x, y, z.

In the general case, the system of equations solution (6) is a rather complex and 
time-consuming task (Marsden & Chorin, 2004; Samarskii & Vabishchevich, 2009). 
Therefore, as a rule, for a problem of this kind, there is a need to take some simplifi -
cations and assumptions that allow solving it in an approximate manner.

Taking into account the factors listed above, the solution to the system of equa-
tions (6) was obtained by the fi nite element method (Pryor, 2011; Pepper & Heinrich, 
2017).

The authors analysed heat transfer processes that occur in the greenhouse with 
radius (R), where there are fl exible cover sleeves with elliptical-shaped cross-sec-
tion, as well as soil sections of depth (H) and width (L), by computer simulation of 
a two-dimensional problem (Fig. 2).

We assumed that the projections of the vector values on z-axis and the correspond-
ing fi rst-order and second-order derivatives along z are equal to zero, therefore:

uz = 0 (7)

(6)
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Taking into account the above-mentioned data, the system of equations (6) 
becomes:

FIGURE 2. Model of greenhouse with fi ve cover sleeves
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Given the slow change of the system parameters in time, we solve it for station-
ary mode, in which:

0;  0;  0;  0yx uuT
t t t t  

(14)

Taking into account (14) the system of equations (13) changes and becomes:
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We set out boundary conditions on the border of the calculated model area (Fig. 2)
on the basis of the following assumptions:

(13)
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1. The temperature on the surface of the soil outside the greenhouse and on the sur-
face of the fi lm is equal to ambient temperature:

1 2
;d e d eT T T T  (16)

2. At a distance of 10
2
L R  from the greenhouse centre, the heat fl ow through the 

lateral surface of the soil is considered to be equal to zero:

3. 0s d
T
x  

(17)

3. In accordance with (Pinchuk, 2012), at a depth H = H0, the constant soil tempera-
ture is maintained:

4 0dT T  (18)

4. On the cover sleeve surface the temperature is equal to temperature of warm 
water:

5d wwT T  
(19)

5. In the greenhouse, on the boundary layer of air next to soil, the condition of equal-
ity of heat fl ows is fulfi lled:

6. . . .s shel d a shel
T T
y y

 (20)

6. The air velocity on the inner surface of the fi lm, on the surface of the cover sleeves 
and on the surface of the soil in the greenhouse is zero:

1 5 6
0;  0;  0d d du u u  (21)

Experimental research

The research covered the model of the greenhouse with a radius R = 0.5 m and 
the shelter framework height h = 0.2 m. The scholars also assumed that H0 = 8.6 m 
and L = 20R = 10.0 m. 

The dependence of specifi c heat capacity and thermal conductivity on soil mois-
ture was approximated by the following linear equations (Kurtener & Chudnovsky, 
1969; 1979):

λ = λ0 + αω (22)

c = c0 + βω (23)
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where:
λ0 = 0.420 W·m–1·K–1, c0 = 780.0 J·kg–1·K–1 – thermal conductivity and specifi c heat 
capacity of dry soil; 
α = 0.022 W·m–1·K–1·%–1, β = 23.33 J·kg–1·K–1·%–1 – coeffi cients taking into ac-
count thermal conductivity and specifi c heat capacity change when the soil moisture 
is changed by 1%.

Given that the soil moisture can vary from 0 to 40%, the authors assumed the 
values of thermal conductivity (λ) and heat capacity (c) for a moisture content of 
20%, i.e. c = 1,246.6 J·kg–1·K–1 and λ = 0.860 W·m–1·K–1 respectively.

The researchers carried out the simulation for ambient temperatures (from –20 
to +20°С), and for the temperature of warm water in the sleeves between +15 and 
+35°С. Due to the variability of the insolation level of solar radiation, the simulation 
was realized at Q = 0.

In order to verify the correctness of the model, the scientists conducted experi-
mental studies for a greenhouse with a size of 1 × 6 m. In a fi eld experiment, the 
authors used a system of fi ve cover sleeves (6.5-meter long), combined in a sec-
tion using distributing and accumulating collectors (Fig. 3), for heating the soil in a 
greenhouse (one-meter wide). They used a 100-micron polyethylene fi lm as a cover 
material. The temperature of the heat-carrying medium varied from 17 to 27°С.

The experimental system worked as follows: under pressure of 0.1 m, through 
pipeline (2), the heat-carrying medium from the warm water reservoir 1 enters the 
distributing collector, which distributes water between the sleeves (4). Warm wa-

FIGURE 3. Field experiment design: 1 – warm water reservoir; 2 – heat supply pipeline; 3 – distribu-
ting collector; 4 – cover sleeve; 5 – accumulating collector; 6 – pump unit; 7 – conveyor tube; 8 – elec-
tric heater; 9 – tunnel cover made of polyethylene fi lm (greenhouse); 10 – plants; 11 – temperature 
sensors; 12 – slide valve
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ter passing through cover sleeves heats the soil and surface layer of air around the 
plants, intensifying the processes of their growth and development. The cooled water 
enters the suction line of the pump unit (6) through the collector (5) and then fl ows 
through the conveyor tube (7) to the electric heater (8). In the electric heater (8), the 
coolant is heated to the specifi ed temperature and enters the warm water reservoir 
(1). The fl ow rate of the heat-carrying medium from the reservoir 1 is controlled 
by the valve (12), afterwards the cycle is repeated. In the heating system, the water 
temperature was kept within the range of 20–30°С.

In order to ensure the continuity of measuring temperature parameters in the 
environment “soil – plant – air-ground interface”, an increase in the number of meas-
urements carried out with constant high frequency the researchers applied specially 
designed automated data collection system.

The authors measured the soil temperature in an automated mode at the air-
ground heating area in the centre of the greenhouse at depths of 0, 10, 20, 40 cm, 
as well as the air temperature in the shelter at heights of 20, 30, 70 cm. They also 
measured the air temperature in the shelter at the side of the fi lm at a height of 
20 cm from the soil surface and outside of the shelter above the fi lm. The tempera-
ture of the soil outside the shelter was measured at a depth of 0 and 20 cm, and the 
air – at a height of 200 cm. Measurement and logging of temperature parameters was 
made once a minute, and data commit process took place on a personal computer at 
fi ve-minute intervals.

The research team used strawberries of early-bearing Italian cultivar ‘Clyro’ as 
the main agricultural crop, the indicator, which planting is done at a row distance of 
20 cm and plant distance of 15 cm.

Results and discussion

As a result of the simulation for the warm water temperature Tww = 20°C and 
the air temperature Ta = 0°С, it turned out that the highest temperature on the soil 
surface (Fig. 4) is at the points of contact between the water sleeves and the ground. 
At the same time, there are local temperature minimal on the soil surface between the 
sleeves in which the temperature is 4–6°С lower than the maximum value. The soil 
temperature decrease from the centre to the edge of the sleeve indicates signifi cant 
losses of thermal energy through the soil on the greenhouse boundary. With increas-
ing depth, the temperature distribution has a monotonic character with a clear single 
maximum in the middle of the greenhouse.

As a result of the analysis of the air temperature distribution in the greenhouse 
(Fig. 5), it turned out that at the sleeves’ surface level, it periodically changes with a 
maximum precisely on the sleeves’ surface. At the same time, between the sleeves, 
the air temperature is 2–6°C lower than the sleeve surface with a rapid decrease near 
the surface of the shelter fi lm. As the height from the soil surface increases, the air 
temperature in the shelter decreases, and its distribution, unlike the soil, contains the 
expressed local extrema in the shelter centre.



578 V. Hud et al.

FIGURE 4. Soil heating pattern in a greenhouse with soil heating system at Te = 0°С, Tw = 20°С: 0 – on 
the soil surface; 1 – at a depth of 0.1 m; 2 – at depth 0.2 m; 3 – at a depth of 0.3 m; 4 – at a depth of 
0.4 m; 5 – at a depth of 0.5 m

FIGURE 5. Air heating pattern in a greenhouse with soil heating system at Te = 0°С, Tw = 20°С: 0 – at 
a height of sleeves’ surface; 1 – at a height of 0.1 m; 2 – at a height of 0.2 m; 3 – at a height of 0.3 m; 
4 – at a height of 0.4 m; 5 – at a height of 0.5 m; 6 – at a height of 0.6 m
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As a result of the analysis of air circulation in the greenhouse (Fig. 6), it turned 
out that the reason for the expressed air temperature maximum in the centre of the 
greenhouse is the presence of vertical convection due to the high temperature gradi-
ent between the surface of the sleeve and the surface of the shelter and the gradual 
cooling of the air while lowering near the surface of the shelter.

In order to check the mathematical model adequacy and its possibilities for pre-
dicting the temperature regime of the ground air and soil layer in the greenhouse 
the team compared the obtained distribution with the results of experimental stud-
ies. Aiming to reduce the infl uence of solar insolation, measurements were made at 
night. As a result of temperature distribution comparison (Fig. 7), it was found that 
the deviation between the experimental research results and the calculated values 
was not more than 8%.

Conclusions

Mathematical models of heat transfer and heat exchange form the theoretical 
basis for substantiating, designing engineering processes and technical means of 
heating the soil in a greenhouse. When designing mathematical models of heat trans-
fer and heat exchange in the system “soil-plant-surface air layer” it is necessary to 
take into account the main factors that determine heat exchange and heat transfer 
processes.

As a result of the extensive theoretical studies, the authors developed a math-
ematical model of the thermal regime of the greenhouse, taking into account the 
air convection in its volume. This mathematical model is a system of equations, 

FIGURE 6. Results of computer simulation of temperature distribution in a greenhouse with soil heat-
ing system at warm water temperature Tww = 20°C and air temperature Ta = 0°C
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which consists of the thermal balance equation with regards to thermal conductiv-
ity and convection component, the Navier–Stokes equation and the fl ow continuity 
equation.

The theoretical calculations established suffi ciently high heat amelioration ef-
fects in the greenhouse soil and air under the conditions of surface heating by cover 
sleeves. A case study simulating the temperature of 0°C and the warm water tem-
perature of 20°C confi rmed the creation of the area of guaranteed heating in the air 
under the cover, and heat penetration of the soil up to a depth of 40 cm.

The research proved that air circulation has a signifi cant infl uence on the tem-
perature distribution, and this impact results in maximum temperature in the centre 
of the greenhouse. The analysis established that the temperature of the soil under the 
shelter decreases from the middle to its edge by 2–6°С, depending on the distance 
to its surface.

Comparison of the results of experimental studies with the results of mathemati-
cal modelling showed that the suggested mathematical model allows predicting the 
thermal regime in greenhouses with surface soil heating by cover sleeves with a high 
degree of reliability.

The proposed methodology for modelling heat transfer and heat exchange proc-
esses can be applied to different designs of greenhouses and allows predicting their 
effi ciency under anticipated soil and climatic conditions.

FIGURE 7. Comparison of the numerical analysis results and fi eld experiments in terms of soil and air 
temperature values in a greenhouse with soil heating system at a temperature of 25°C
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Summary

Mathematical modelling of heat transfer in a greenhouse with surface soil heating 
system. The use of low-temperature heat of industrial and natural origin for heating the soil 
in greenhouses allows practitioners to get very early vegetable and berry crops. The paper 
suggests a mathematical model of greenhouse heat exchange with a system of soil surface 
heating for substantiating the system structure and its effi ciency in different conditions. The 
solution of the mathematical model was performed using the method of least squares in 
COMSOL Multiphysics software. The comparison of the results of experimental studies with 
the results of mathematical modelling revealed that the proposed mathematical model with 
a high degree of reliability allows predicting the thermal regime in greenhouses with surface 
soil heating using cover sleeves.
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