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Abstract. The transition to organic farming systems requires the development of environmentally safe and
effective methods of weed control without the use of herbicides. One of the promising approaches is flame
cultivation, which provides thermal destruction of weeds while minimising chemical impact on agroecosystems.
The aim of this study was to investigate the mechanised process of thermal weed destruction during flame
cultivation of vegetable and row crops and to substantiate the technological parameters ensuring selective thermal
treatment of weeds under organic farming conditions. The study combined theoretical, laboratory and field
investigations. A generalized non-stationary mathematical model of heat transfer in plant stems was developed
based on the heat conduction equation in cylindrical coordinates with convective boundary conditions. The model
considers thermophysical properties of plants, stem diameter, flame temperature, gas pressure, burner height and
machine operating speed. Dimensionless similarity criteria, including the Fourier and Biot numbers, were applied
to evaluate the selectivity of thermal effects on weeds and cultivated plants. Experimental studies were conducted
on carrot, maize, sunflower and tomato crops using prototype flame cultivators developed in cooperation with
A3TECH-Ukraine Ltd. Laboratory and field tests determined the dependence of soil surface temperature on burner
operating modes and established optimal parameters for flame cultivation. The obtained results confirmed the
consistency between the theoretical model and experimental data. It was established that thermal treatment at
temperatures up to 70 °C ensures effective weed destruction without significant negative impact on soil
microbiological activity. Up to 98% of weeds at the “thread” stage were destroyed during pre-emergence flame
cultivation, while in later growth stages the efficiency reached 80-90% depending on weed height and crop
conditions. The study demonstrated that the selectivity of flame treatment is determined mainly by differences in
stem diameter, density and thermal diffusivity between weeds and cultivated plants. The proposed mathematical
model and experimentally validated technological parameters can be used for the design and optimisation of flame
cultivators for organic farming systems. The developed technology provides an environmentally safe alternative
to herbicide-based weed control and supports sustainable production of vegetable and row crops.
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Introduction

Modern agriculture faces serious environmental challenges associated with the intensive use of
chemical herbicides. Long-term application of herbicides contributes to soil degradation, contamination
of agricultural products and groundwater, reduction of biodiversity in agroecosystems, and the
emergence of herbicide-resistant weed species. These problems are especially relevant in vegetable and
row crop production systems, where weed competition significantly reduces crop yield and quality.

The global area of organic farming is steadily increasing due to growing demand for
environmentally safe food products and sustainable agricultural technologies. Since the use of synthetic
herbicides in organic farming is prohibited or significantly restricted, the development of effective non-
chemical weed control methods has become an important task in agricultural engineering. Weed control
remains one of the most labour-intensive technological operations in organic crop production.

Traditional mechanical methods of weed control often fail to provide sufficient effectiveness in
crop rows and protective zones, while repeated tillage may damage crop root systems and worsen soil
structure. Among alternative non-chemical methods, thermal technologies have attracted considerable
attention. Flame weeding is based on the short-term thermal effect of burners on plant tissues, resulting
in irreversible damage to cellular structures and physiological processes in weeds without environmental
contamination.

Studies conducted in different countries have confirmed the effectiveness of flame cultivation
during pre-emergence and post-emergence weed control. However, the processes of heat transfer
between the burner flame and plant tissues, as well as the conditions ensuring selective thermal
destruction of weeds without damaging cultivated plants, remain insufficiently investigated.
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Therefore, the aim of this study was to investigate the mechanized process of thermal weed
destruction during flame cultivation of vegetable and row crops and to substantiate the technological
parameters ensuring selective thermal treatment under organic farming conditions.

Materials and methods

For cultivation of vegetable and row crops in organic farming systems, effective weed control
methods and technical means for their implementation must be employed. An effective method of weed
control is thermal treatment, both in the inter-rows and in the buffer zones and rows of these crops. To
ensure the ecological safety of this method for beneficial microorganisms in the soil, a microbiological
analysis of the soil was carried out before and after flame cultivation on carrot crops using generally
accepted methods.

For complex physical processes, which include heat transfer from the flame of the flame cultivator
to the plants, the key parameters can vary significantly in space and time; therefore, establishing a
relationship between these parameters is very difficult. In such cases, a method from mathematical
physics proves useful, which assumes that the time interval is limited and only an elementary volume is
considered from the entire space. This allows, within the confines of the elementary volume and the
selected small time interval, the variation of certain parameters characterising the process to be
neglected, thereby significantly simplifying the relationship between the parameters [1-3].

During laboratory and field studies on the “moving belt” test rig, an experimental design
methodology was used to determine the temperature dependencies on the surface [4].

Results and discussion

Currently, global production volumes of organic produce, including vegetables, are increasing;
however, the transition to an organic production system presents certain difficulties for commercially
oriented enterprises due to the lack of sophisticated and widely tested mechanised vegetable production
technologies on farms.

Research into modern mechanised vegetable production technologies within the organic farming
system has established that weed control is the most labour-intensive process, particularly during the
pre-sowing and post-sowing periods. It is important to implement all field-proven agronomic weed
control measures during the soil preparation stages for growing vegetable crops [5-7].

With the development of the organic farming sector, thermal weed control methods have gained
prominence, as they ensure environmental safety and reliability of the production process.

A3TECH-Ukraine Ltd, under the leadership of the Managing Director M. Mints and the Design
Engineer V. Galay, and with scientific support from the staff at the Institute of Agricultural
Mechanisation of the National Academy of Agrarian Sciences of Ukraine, has developed and
commenced production of flame cultivators for thermal control of weeds in open ground on row crops
and vegetable crops [8-9]. Figure 1 shows a prototype of the FIGHTER thermal soil treatment cultivator
for weed control using flame.

Fig. 1. Fighter thermal soil treatment cultivator

When the flame cultivator is in operation, the temperature of the topsoil can be varied over a wide
range. For the complete destruction of weeds at the “thread” stage the flame from the gas burners acts
on them for a fraction of a second, and the heating temperature at the soil surface does not exceed the
permissible limits, which leads to irreversible damage to proteins in weed plants, disruption of
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metabolism and inhibition of the synthesis reaction. High temperatures can kill the living cells of more
developed plants within a short time.

The development of a prototype flame cultivator was preceded by a study of the impact of elevated
temperatures on the natural soil ecosystem during post-harvest treatment of table carrot crops. During
laboratory and field studies, researchers from the Institute of Agroecology and Natural Resource
Management of the National Academy of Agrarian Sciences of Ukraine — S. Mazur, [. Gumenyuk and
A. Levishko — took soil samples immediately after treating the soil surface with an experimental
prototype of a flame cultivator (Fig. 2).

The results of the studies showed that the use of flame cultivation significantly influences the
direction of soil processes and the structure of the main ecological-trophic groups of microorganisms. It
was established that the use of a moderate temperature treatment regime (around 70 °C) ensures
effective weed suppression, whilst simultaneously activating soil microbiological activity and
promoting the intensification of nutrient accumulation processes. Such changes indicate the advisability
of introducing flame cultivation as an alternative method of weed control not only in traditional
agricultural technologies but also in organic farming systems, where it is important to maintain the
ecological balance of agrocenoses [10].

The percentage of weeds destroyed by flame in rows of row crops and vegetable crops is influenced
by the developmental stages of the cultivated plants and weeds at the time of treatment, their moisture
content, bulk density, etc. The greater the temperature difference between the burner flame and the
object being heated, the greater the heating intensity and the more intense the heat exchange.

- N~

Fig. 2. Laboratory and field studies of the flame cultivation process
during post-emergence treatment of table carrot crops

Theoretical basis for the process of thermal weed control
The degree of heat effect on plants depends on the flame temperature and the duration of its
exposure to the plant (Fig. 3).
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Fig. 3. Determining exposure of the flame to weeds and cultivated plants

Thermal weed control during flame cultivation occurs as a result of the brief action of the burner
flame on the plant stem. In the “thread” phase, the plant is approximated by a homogeneous isotropic
cylinder of radius (1):
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= 4 ()

where d; — diameter of the stem (of the weed or cultivated plant).

The heating process is considered to be unsteady and axisymmetric. Air movement and the
influence of wind flow are not taken into account; the wind speed is assumed to be zero (v = 0). Heat
transfer occurs exclusively due to thermal conductivity within the stem and convective heat transfer at
its surface.

The temperature field in the stem is described by the equation of unsteady heat conduction (2):

aT; 9%T; 10T,
PiCi _at = Ai (_67"2 ?_67" )9 (2)
where a; = pl—’c — thermal conductivity coefficient of the plant i;
[Ad ]

A — thermal conductivity, W-(m-K)?;
p — density (bulk weight), kg:m?;
c — specific heat capacity, J-(kg-K)™.
The classical derivation of the thermal conductivity equation is not given here, as it is described in
detail in the literature on heat and mass transfer [1-3; 11-15].
The initial temperature of the plant is assumed to be uniform (3):

Ti(r,0) = Tp. 3)
At the centre of the stem, the condition of axial symmetry holds (4):

aT;

7 Ir=0 =0 “4)

On the surface of the stem (r = R;), heat transfer with the flame is described by a third-order
boundary condition (5):

aT;
_’1"5 lr=r, = h(Tr—Ts), (5)

where h — heat transfer coefficient;
Ty — flame temperature near the soil surface;

T, — stem surface temperature.
The flame temperature is determined by the operating parameters of the cultivator (6):
Tr = T¢(P,V,H), (6)
where P — gas supply pressure, MPa;

V — machine speed, m-s™;
H — burner height, m.

The duration of thermal exposure to an individual plant is determined by the length of the flame
and the unit’s speed (7):

L
t, = Vf (7)

To generalise the calculations, dimensionless similarity criteria have been introduced — the Fourier
number and the Biao number (8):

a;te . th
Fo; R and Bi; 7 ®)
Taking into account the geometric and kinematic relationships (9)
d; Ls
Ri = 717 te = 7 H (9)
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we obtain the expression for the Fourier number (10):
47;Ls

: (10)
piCidiZV

FOi =

Irreversible thermal damage to tissues occurs when a critical temperature is reached at the centre of
the stem (11):

T;(0,te) = Ter, (11)
where T, = 60-70 °C.

The results of the numerical calculation of the temperature at the centre of the stem are shown in
Fig. 4.
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Fig. 4. Calculated dependence of the temperature at the centre of the weed and crop
plant stems on the duration of thermal exposure

Thus, weed destruction is determined by the fulfilment of the condition: Foyeeq = FOcrop,
selectivity ensured if Foyeeq > FO0crop, OF, taking into account the obtained expression for the Fourier
number,

Aw Ae

pwewdd ~ peccd?

Since the moisture content of cultivated plants and weeds is similar, the thermal conductivity
coefficients A; differ only slightly. The determining factor for selectivity is the difference in the bulk
density p; and stem diameters d;, which accounts for the difference in thermal conductivity coefficients
a;.

Thus, the resulting differential equation of heat conduction with the corresponding boundary
conditions allows the temperature field within the plant stem to be determined depending on the
cultivator’s operating modes and the plants’ thermophysical characteristics. The resulting selectivity
criterion serves as the analytical basis for selecting the technological parameters of flame cultivation.

The thermal conductivity coefficient is a physical parameter of a substance. Whilst the thermal
conductivity coefficient characterises the ability of bodies to conduct heat, the thermal diffusivity
coefficient is a measure of a body’s thermal inertia properties. That is, the rate of temperature change at
any point in the body will be greater the higher the thermal diffusivity coefficient.

The value of the thermal conductivity coefficient is determined by the denominator (cp). The bulk
densities of maize, sunflower and tomato seedlings obtained at the time of the experimental test are, on
average, 20.0-25.0% higher than the bulk density of weeds at the “thread” stage; therefore, the thermal
conductivity coefficient of the aforementioned crops will be lower.

Thus, the thermophysical characteristics of maize and tomato seedlings allow for flame treatment
to be carried out in the protective zone between rows, and lead to the conclusion that a prerequisite for
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flame treatment between rows is a significant difference in the thermophysical characteristics and stem
diameters of cultivated plants compared to weeds.

As a result of a series of laboratory and field studies conducted on the “moving belt” stand, the
relationship between the surface temperature and the speed of movement and gas pressure in the burner
was determined for different burner angles and burner heights above the soil surface, and the optimal
working zone for flame cultivation was identified to ensure effective and high-quality thermal weed
control. The experimental dependencies obtained (Fig.5) confirm the functional relationship
Tr = T¢(P,V), used in the mathematical model, ensures the consistency of theoretical and experimental
results.
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Fig. 5. Dependence of the soil surface temperature on the belt speed and gas supply pressure

Taking the above into account, laboratory and field studies were conducted on continuous pre-
emergence flame cultivation using an experimental rig with burners manufactured by “A3TEKH-
Ukraine” on table carrot crops and in rows of maize, sunflower and tomato seedlings, when weeds are
in the “thread” stage and their diameters are significantly smaller than the diameters of the stems of the
cultivated plants (Fig. 6).

It has been established that, under conditions of an acceptable temperature of 70 °C, up to 98% of
weeds are destroyed at the “thread” stage; in rows of tomato seedlings, “fire” treatment should be carried
out when the height of the weeds does not exceed 5 cm; then up to 90% of weeds are destroyed, and at
a height of 10-12 cm — 80% (Fig. 7).

Fig. 6. General views of the units for flame cultivation operations: a — continuous full-width flame
cultivation on table carrot crops; b — flame cultivation in rows on maize crops;
¢ — flame cultivation in rows of tomato seedlings

The experiments were conducted in triplicate. The results were analysed using methods of
variational statistics at a significance level of p < 0.05.

The cultivation of maize and tomato seedlings without the use of herbicides or manual labour on
the experimental field plots (Fig. 8) confirmed the feasibility of using flame cultivation to control weeds
in these crops.
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Fig. 7. Percentage of weeds destroyed after flame weeding at different stages of development

Fig. 8. Experimental field plots of maize and tomatoes after flame cultivation

Thus, the data from the presented studies on the application of thermal treatment in cultivation of

organic vegetable crops indicate that it is a universal method for controlling weeds at the “thread” stage,
both in continuous pre-emergence cultivation of crops and in the rows of row crops and vegetable crops,
the thermophysical characteristics of which stems are superior to those of weeds.

Conclusions

1.

A generalised non-stationary mathematical model for the thermal destruction of weeds has been
developed, based on the heat conduction equation in cylindrical coordinates with a convective
boundary condition and taking into account the thermophysical characteristics of plants (4, p, ¢),
stem diameter and flame temperature, which are determined by the operating modes of the flame
cultivator (gas pressure, speed of movement, flame geometry).

An analytical criterion for the selectivity of flame treatment has been derived, which establishes
that the effectiveness of weed control is determined by the ratio of the parameter 1-(pcd) for weeds
and cultivated plants. It has been shown that, due to their lower density and stem diameter, weeds
in the “thread” stage are characterised by a higher thermal conductivity coefficient, which ensures
their more intensive heating.

The functional relationship between the flame temperature at the soil surface and the cultivator’s
operating modes has been experimentally confirmed, which is consistent with the theoretical model.
At a treatment temperature of up to 70 °C, up to 98% of weeds in the early stages of development
are destroyed.

It has been established that the use of a moderate temperature regime does not cause a statistically
significant negative impact on soil microbiological indicators (p <0.05), confirming the
environmental safety of the technology for organic farming systems.

The practical implementation of the research results has led to the creation and introduction of
industrial prototypes of flame cultivators, the parameters of which can be reasonably determined
based on the proposed mathematical model.
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6. Unlike known approaches, this study has, for the first time under flame cultivation conditions,
established an analytical relationship between the thermophysical characteristics of plants and
burner operating modes, which allows for the prediction of conditions for selective thermal weed
control without the use of herbicides.
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