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Analysis of the influence of the geometry of the working zone
on the distribution of the electric field in powder coating systems

Abstract. The aim of the study was to establish the features of the spatial formation of the electric field in electrostatic
powder coating systems and its influence on the powder deposition indicators and coating uniformity. The methodology
combined a bench-top comparative experiment, three-dimensional electrostatic modelling of the “corona electrode —
charged torch - grounded product” system, non-destructive measurement of the dry film thickness, determination of the
powder deposition efficiency and statistical analysis of electrostatic and technological indicators for four configurations
of the working zone. It was established that the cylindrical configuration was characterised by the smallest spatial
heterogeneity of the electric field: the coefficient of variation of the electric field strength was 0.178 versus 0.261 for
the rectangular, 0.311 for the combined and 0.330 for the configuration with a variable interelectrode distance. For this
configuration, the highest value of powder deposition efficiency was also recorded — 74.9%, the largest average coating
thickness was 77.5 pm and the smallest value of the coefficient of variation of the coating thickness was 0.093. For the
combined configuration and the configuration with a variable interelectrode distance, the powder deposition efficiency
decreased to 63.1% and 60.7%, and the coefficient of variation of the coating thickness increased to 0.201 and 0.229,
respectively, which reflected the transition of electrostatic heterogeneity into technological non-uniformity of the coating.
Statistical analysis confirmed the significance of inter-configuration differences for the coefficient of variation of the electric
field strength and the coefficient of variation of the coating thickness. Integral correlation analysis showed a close positive
relationship between the coefficient of variation of the electric field strength and the coefficient of variation of the coating
thickness (r=0.84; p=0.001), and local correlation analysis between the electric field strength and the coating thickness
showed a statistically significant positive relationship (r=0.79; p<0.001). The practical significance of the results lies in
the possibility of the use in the design, setup, and optimisation of working zones in electrostatic powder coating systems
to improve the efficiency of powder deposition and coating uniformity

Keywords: electrostatic spraying; deposition efficiency; spatial heterogeneity; interelectrode distance; dry film
thickness; coefficient of variation

INTRODUCTION

Electrostatic powder coating belongs to the technologies final result is determined not only by the process parame-
for forming protective and decorative coatings, in which the  ters, but also by the spatial conditions of powder deposition.

Article’s History: Received: 08.01.2026; Revised: 06.04.2026; Accepted: 21.05.2026; Published: 29.05.2026.

Suggested Citation:
Naumenko, V., & Chervinsky, L. (2026). Analysis of the influence of the geometry of the working zone on the distribution
of the electric field in powder coating systems. Machinery & Energetics, 17(2), 50-64. doi: 10.31548/machinery/2.2026.4.

*Corresponding author (vitaliinaumenkol0@outlook.com)

Copyright © The Author(s). This is an open access article distributed under the terms of the
oY Creative Commons Attribution License 4.0 (https://creativecommons.org/licenses/by/4.0/)



https://orcid.org/0009-0008-2393-1170
https://orcid.org/0000-0001-7215-2474

The geometry of the working zone sets the configuration of
the electric field, changes the trajectories of charged parti-
cles and affects the local intensity of the deposition on the
surface of the part. As a result, the spatial features of the
working volume can cause uneven layer thickness, the ap-
pearance of defective areas and a decrease in coating repro-
ducibility even under the same technological conditions.
Under such conditions, research attention shifts from gen-
eral regime parameters to the spatial organisation of spray-
ing and geometrically determined electrostatic factors. In
the work of N. Ayrilmis (2022), electrostatic powder coating
is considered as a technological system within which the
result of the process is determined by the coordination of
spraying parameters, substrate properties and powder dep-
osition conditions. It is shown that the uniformity of the
coating depends on the organisation of the application
process no less than on the characteristics of the materi-
al, which deduces the spatial conditions of layer formation
into a separate analytical plane. This approach is consistent
with the work of J.M. Gimenez (2024), in which multiscale
modelling of electrostatic powder spraying was used to de-
scribe the transport of particles and the formation of the
deposited layer under the action of electrostatic forces. The
results obtained showed that numerical modelling makes it
possible to identify the influence of the configuration of the
application zone and local conditions of particle motion on
the nature of the distribution of the coating on the surface.

Consideration of the spatial variability of the layer
thickness in automated spraying systems is presented in
the work of C. Wang et al. (2025), where the uniformity
of deposition was investigated based on a theoretical de-
scription, numerical modelling and experimental verifica-
tion. The authors established that the spraying distance,
movement speed and parameters of the processing zone
directly affect the layer thickness and the degree of its
spatial variability. In the article by Y. Tsapko et al. (2023),
the authors examined the regularities of the formation of
a polymer shell by powder paint under controlled tech-
nological process conditions. It was found that the char-
acteristics of the formed layer changed depending on the
application and heat treatment parameters. A similar re-
lationship between the process conditions and the prop-
erties of the coating was also traced in the publication by
O. Chyhyrynets et al. (2025), devoted to the optimisation
of the system composition to increase the corrosion re-
sistance of paint and varnish coatings. In this study, the
functional properties of the layer are associated with the
controlled parameters of the technological process, and
not only with the characteristics of the initial components.
In a similar aspect, V.I. Gots et al. (2023) considered powder
coating as a technologically controlled system in which the
final result depended on the conditions of layer formation
and the consistency of the process parameters. The authors
found that changing the technological parameters affected
the operational properties of the coating, which indicated
the dependence of its final characteristics on the forma-
tion mode. A similar approach is presented in the work of
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V. Korzhyk et al. (2025), where the structural features of
multilayer epoxy composite coatings on a metal-ceramic
basis were investigated. Within the framework of the anal-
ysis, a connection between the operational characteristics
of the coating and the method of its formation was estab-
lished, which indicated the dependence of the final result
on the parameters of the technological environment.

Further development of this approach is presented
in the study by V. Subbotina et al. (2020), where the in-
fluence of process conditions on the growth kinetics and
phase-structural state of coatings on an aluminium alloy
was analysed. It was found that changing the parameters of
the working environment changed the mechanism of layer
formation and its final characteristics. The applied value of
the stability of powder coating parameters was highlighted
in the work of A. Baxevani et al. (2025), where the influence
of powder coating and preliminary anodising on the corro-
sion resistance of an aluminium alloy was considered. The
authors showed that the quality of the formed layer deter-
mines not only the state of the surface, but also the nature
of its functioning under operational conditions. A separate
aspect of this issue was reflected in the work of A. Kasdi et
al. (2023), where, based on experimental and numerical
modelling of corona discharge in the “wire-cylinder-plane”
system, it was established that changing the geometry of
the electrode configuration changes the characteristics of
the electrostatic field, spatial distribution of voltage, and
charging efficiency. This provided grounds for considering
the configuration of the working zone as a factor associat-
ed with the inhomogeneity of the electrostatic action and
local features of particle deposition.

Thus, the available publications cover the issues of
electrostatic spraying, numerical modelling of particle
transport, layer formation conditions and functional prop-
erties of powder coatings. At the same time, the influence
of the geometry of the working zone on the spatial distri-
bution of the electric field with the subsequent transition
to the indicators of powder deposition and uniformity of
the formed coating is not fully covered. It also remains
insufficiently determined to what extent a change in the
shape of the working volume, the presence of local shield-
ing elements and variations in the interelectrode distance
change the inhomogeneity of the field and cause local de-
viations in the thickness of the coating.

In this regard, the purpose of the article was to analyse
the influence of the geometry of the working zone on the
distribution of the electric field in powder coating systems
and to establish a relationship between the field parame-
ters, the efficiency of powder deposition and the uniform-
ity of the coating. To achieve this goal, the following tasks
were defined: to establish the features of the electric field
distribution for different geometric configurations of the
working zone, to determine the impact of these changes on
the efficiency of powder deposition and coating uniformity,
and to compare the results of electrostatic modelling with
experimental indicators of coating quality to justify the ap-
propriate configuration of the working zone.
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MATERIALS AND METHODS

The study was carried out during November 2025 - January
2026 on the basis of an experimental laboratory stand of
electrostatic powder coating with thermal polymerisation.
The study was conducted on the territory of a private en-
terprise in Kyiv, where painting work was performed. The
study was conducted in the format of a bench comparative
experiment, within which the physical application of pow-
der coating was combined with three-dimensional electro-
static modelling. The geometry of the working zone within
the work was defined as a set of spatial parameters of the
working volume, the configuration of internal elements
and the mutual location of the sprayer and the product.
For comparative analysis, four basic configurations of the
working zone were selected: a rectangular area measur-
ing 600x600x900 mm, a cylindrical area with a diameter of
700 mm and a height of 900 mm, a combined configuration
with local shielding elements, as well as a configuration
with a variable geometry of the interelectrode space, with-
in which the distance between the sprayer and the part var-
ied from 180 to 260 mm. The configuration with a variable
geometry was used as a model of a spatially inhomogene-
ous interelectrode space. This approach made it possible to
compare the influence of the shape of the working volume,
the presence of internal shielding elements and changes
in the interelectrode interval on the nature of the electric
field distribution and the conditions for the deposition
of the powder material. To ensure a unified basis for the
experiment, standard steel panels were used, the prepara-
tion of which was carried out in accordance with the re-
quirements of ISO 1514:2024 (2024), which regulated the
types of test panels and the procedures for the preparation
before coating.

The materials of the study were thermosetting poly-
ester powder paint Interpon 610 (AkzoNobel Powder Coat-
ings, Netherlands), intended for protective and decorative
coating of metal products for internal use, steel panels
measuring 150x100x1 mm, interchangeable geometric
inserts for forming different configurations of the work-
ing zone and grounded metal sample holders. The rec-
ommended polymerisation mode of 180°C for 15 min was
adopted for the powder paint. The colour of the material
was determined according to the RAL 7035 scale, which re-
duced the visual error when controlling the uniformity of
the coating. The granulometric composition of the powder
was controlled by laser diffraction according to ISO 8130-
13:2019 (2019) on a Mastersizer 3000+ analyser (Malvern
Panalytical, UK/Netherlands). The representative parame-
ter of the particle size distribution was dso=34.8 pm. Only
samples with the same substrate material, the same sur-
face preparation scheme and stable electrical contact with
ground were included in the sample. Surface preparation
included abrasive matting, degreasing with isopropyl alco-
hol and drying. After completion of the preparatory oper-
ations, the average surface roughness was determined by
a contact profilometer according to the Ra parameter. The
obtained value was 1.3%0.2 ym. Panels with deformations,

traces of corrosion, residues of the previous coating, unsta-
ble fastening or deviation of geometric dimensions of more
than 1% were excluded from the sample. The sample was
formed as a target, non-random, consisting of 48 samples:
12 panels for each geometric configuration, with three in-
dependent repetitions and four samples in each series.

Experimental powder coating application was per-
formed on a laboratory stand, which included a PEM-X1
electrostatic corona hand sprayer (WAGNER Group, Ger-
many), a Sprint 2 Expert powder feed system (WAGNER
Group, Germany), a coating chamber with interchangeable
geometric modules, and a local ventilation exhaust unit.
The sprayer provided the formation of a charged powder
torch, the powder feed system provided the dosed trans-
portation of powder paint to the sprayer, the coating cham-
ber provided the reproduction of various configurations of
the working zone, and the local ventilation exhaust unit
removed excess powder phase from the spraying chamber.
Polymerisation of the coatings was carried out in a BIND-
ER FD 115 drying and polymerisation cabinet (BINDER
GmbH, Germany). The main experimental indicator of the
consequences of a geometrically determined change in the
electrostatic field was the thickness of the dry film and its
spatial distribution over the sample surface. The dry film
thickness was determined using a digital thickness gauge
Elcometer 456 Separate (Elcometer Limited, UK). Coating
gloss and adhesion were considered as auxiliary character-
istics of the formed layer, since these characteristics were
used for accompanying quality control of the coating and
were not the main indicators of geometrically determined
redistribution of the powder material. Gloss was assessed
using a Novo-Gloss 60° glossmeter (Rhopoint Instruments
Ltd., UK), and adhesion was determined by the grid cut
method using a 107 Cross Hatch Cutter adhesion meter
(Elcometer Limited, UK). Three-dimensional modelling of
the electrostatic field distribution in the working zone was
performed in the Maxwell 2024 R2 software environment
(ANSYS, USA).

The research procedure included four consecutive
stages. At the first stage, the powder material was stand-
ardised and the stability of its particle size distribution was
monitored. At the second stage, for each configuration of
the working zone, powder coating was applied under the
same operating parameters: the voltage on the electrode
was 80 kV, the current strength was up to 80 pA, the pow-
der flow rate was 110 g/min, the transport air pressure was
0.6 bar, the spraying distance within the basic series was
220 mm, the temperature in the laboratory was 22 + 2°C,
the relative humidity was 45 £ 5%, the polymerisation tem-
perature was 180°C, and the holding time was 15 min af-
ter reaching the metal temperature. At the third stage, a
three-dimensional model of the working zone was built in
ANSYS Maxwell 2024 R2 and the electric potential distri-
bution ¢ was calculated. The simulation was performed
in a stationary setting for the system “corona electrode —
charged torch — grounded product”, in which the sprayer
potential was set according to the experimental mode, and
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the surface of the test product was considered as a ground-
ed conductive boundary. The boundary conditions were
determined taking into account the geometry of the spray-
ing chamber, the location of the internal elements and the
interelectrode distance. The control volume for assessing
the field inhomogeneity was formed within the space be-
tween the sprayer and the sample surface, i.e., in the zone
that directly determined the conditions for the transfer and
deposition of charged particles.

The electric field strength was determined as formula (1):

E=-Vo, ey

where E - the electric field strength vector; ¢ — the electric
potential; V — gradient operator.

The spatial non-uniformity of the field was estimated
by the coefficient of variation (formula (2)):

CV,=o0,./E, (2)

where o, — the standard deviation of the electric field
strength in the control volume; £ - the average value of the
electric field strength.

The uniformity of the formed coating was determined
by the ratio (formula (3)):

CVh = O'h/}’; (3)

where oy, — the standard deviation of the coating thickness;
h - the average layer thickness.

The powder deposition efficiency n was determined
according to the provisions of ISO 8130-10:2021 (2021) as
the ratio of the mass of powder material deposited on the
surface of the test article to the mass of powder fed into
the system during the controlled application interval (for-
mula (4)):

n=(m,/my) * 100%, “)

where m, — the mass of powder deposited on the sample;
m, — the mass of powder fed to the sprayer during the
spraying series.

In the fourth stage, the results of electrostatic model-
ling were compared primarily with the coating thickness
and the coefficient of variation of its spatial distribution
to determine whether a geometrically determined change
in the electric field distribution caused differences in the
conditions of powder deposition and the uniformity of the
formed layer. Gloss and adhesion were additionally de-
termined as accompanying coating characteristics, which
made it possible to assess whether a change in the spatial
uniformity of the layer was accompanied by differences in
the external and functional characteristics of the coating.
Non-destructive measurement of dry coating thickness
was performed in accordance with ISO 2360:2017 (2017)
and ISO 2808:2019 (2019), adhesion was determined ac-
cording to ISO 2409:2020 (2020), and gloss was determined
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according to ISO 2813:2014 (2014). Within each sample,
the coating thickness was measured at nine control points
distributed between the central, edge and geometrically
shaded areas. Statistical processing of the experimental
data was carried out in Microsoft Excel 365 and IBM SPSS
Statistics 26. The mean, standard deviation, coefficient
of variation and 95% confidence interval were calculat-
ed for each series. The normality of the distribution was
checked using the Shapiro-Wilk test. To compare two con-
figurations, the Student’s t-test for independent samples
was used, and to compare three or more configurations,
the one-way ANOVA analysis of variance at a statistical
significance level of p <0.05 was used. Pearson’s correla-
tion analysis was used to assess the relationship between
the local electric field strength values at the model con-
trol points and the corresponding coating thickness values
measured in spatially correlated areas of the sample sur-
face. Error control was ensured by repeated measurements
and preliminary calibration of the instruments before each
series of experiments. Given the high-voltage nature of the
electrostatic process, all operations were carried out under
the conditions of mandatory grounding of the equipment,
control of electrostatic hazards and compliance with the
requirements of IEC TS 60079-32-1:2013 + AMD1:2017
CSV (2017). This approach ensured the reproducibility of
experimental conditions and the correctness of comparison
of results within the studied working zone configurations.

RESULTS
The influence of the geometry of the working zone
on the spatial distribution of the electric field
A comparative analysis of the parameters of the spatial dis-
tribution of the electric field in the studied configurations
of the working zone showed that the change in the geom-
etry of the interelectrode space was accompanied by dif-
ferences in the average value of the electric field strength,
the degree of spatial dispersion of the field and the value
of the coefficient of variation of the electric field strength
(CV,). The identified discrepancies concerned not only the
integral level of the electrostatic action, but also the ra-
tio between the areas of local field concentration and the
zones of its weakening. With this approach, the coefficient
of variation of the electric field strength (CV,) character-
ised not the absolute level of intensity, but the measure of
the spatial alignment of the field within the control vol-
ume. The generalised parameters of the electric field dis-
tribution in different configurations of the working zone
are given in Table 1.

As shown in Table 1, the geometry of the working zone
affected the spatial uniformity of the electric field, and the
change in configuration was accompanied by a change in
the coefficient of variation CV,, the nature of local intensity
maxima, and the severity of the shielded areas. The small-
est value of CV, was established for the cylindrical configu-
ration, where it was 0.178. This corresponded to the small-
est spatial variability of the field within the control volume
among the studied variants. In the rectangular configuration,
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the spatial dispersion of the intensity was higher, and CV,
was equal to 0.261, which reflected a greater dependence
of the field structure on the edge and corner segments of
the working space. For the combined configuration and the

configuration with a variable interelectrode distance, the
values of CV, were recorded as 0.311 and 0.330, respective-
ly, which corresponded to a more pronounced spatial het-
erogeneity of the electrostatic action.

Table 1. Comparative parameters of electric field distribution for different configurations of the working zone

Work area
configuration

o-e b
kV/m

E, kV/m

CV.

Local areas of the electric field
strength concentration

Shielded/attenuated areas

Moderately pronounced

Present in angular

Rectangular 21.8 5.7 0.261 near the central axis of the flare -
and near the edge transitions and peripheral segments
o Moderate, Minimally expressed, mainly
Cylindrical 23.1 41 0.178 without sharply localised maxima on the periphery
Combined with local 244 76 0.311 Expressed near shielding elements Clearly expressed
shielding elements ’ : and in the periaxial zone by shielding elements
Variable-distance 206 6.8 0.330 Local maxima in areas of reduced Expressed in areas of increased

interelectrode distance

interelectrode gap

Source: compiled by the authors

Quantitative differences showed that the average elec-
tric field strength did not coincide with the degree of its
spatial uniformity. For the combined configuration, a high-
er average electric field strength was recorded with a si-
multaneously increased CV, value. This indicated that the
increase in the average strength was not accompanied by a
corresponding spatial alignment of the field within the en-
tire working volume. The increase in the local concentration

a)

Sprayer

Shielding
elements
Local
concentration p

V) d)

of field lines near the internal elements was combined with
the formation of adjacent areas of weakened field, as a re-
sult of which the spatial distribution of the strength be-
came more contrasting. Thus, when comparing geometric
configurations, not only the integral level of strength was
important, but also the degree of its spatial alignment. The
nature of the potential redistribution, areas of concentra-
tion of field lines and shielding areas is shown in Figure 1.

More even
distribution

Sprayer

Relative field strenght level

Figure 1. Spatial distribution of electric potential and electric field strength in the studied working zone configurations
Note: a - rectangular configuration; b — cylindrical configuration; ¢ — combined configuration with local shielding ele-
ments; d - configuration with variable interelectrode distance. The colour scale reflects the relative level of electric field
strength: warm tones correspond to higher values, cold tones to lower ones

Source: compiled by the authors

As shown in Figure 1, changing the geometry of the
working zone changed not only the average level of electric
field strength, but also its spatial structure, in particular the
configuration of local maxima, shaded zones and peripheral
areas of attenuation. In the rectangular configuration, the

field distribution in the central part of the working volume
remained relatively ordered, while in the edge segments and
near the corner transitions a decrease in the density of field
lines was recorded. Such a distribution reflected the axi-
al organisation of the electrostatic action with peripheral
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attenuation, which increased with increasing distance from
the central trajectory of the torch. This variant was char-
acterised by a gradual change in the spatial uniformity of
the field from the centre to the boundaries of the working
space. In the cylindrical configuration, the redistribution of
potential had a smoother character. The curvilinear bound-
ary of the working space reduced the influence of sharp ge-
ometric transitions, as a result of which the lines of force
were distributed more evenly, and the peripheral attenua-
tion was less pronounced than in the rectangular variant.
This field structure corresponded to the lowest value of CV,
given in Table 1. This configuration was not characterised
by the formation of sharply localised maxima or extended
shaded zones capable of changing the general structure of
the field. This corresponded to the lowest spatial variability
of the electrostatic action among the studied variants. The
combined configuration with local shielding elements and
the configuration with a variable interelectrode distance
were characterised by increased spatial heterogeneity of
the electric field, but the mechanisms of its formation were
different. In the first case, the contrast distribution arose
under the influence of internal obstacles: local densifi-
cation of the lines of force was observed near the shield-
ing elements, while in the shaded segments behind the
shielding elements, the intensity decreased. This caused a
combination of a high average value of £ and an increased
coefficient of variation CV,, i.e., an increase in the spatial
contrast of the field without a decrease in the general level
of electrostatic action. In the second case, the heterogene-
ity was formed due to the variation of the interelectrode
distance: in the zones of the atomiser approaching the
surface of the product, local maxima of intensity appeared,
while in the areas of the increased gap, the field weakened
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and dissipated. It was for this configuration that the high-
est CV, value was recorded among all the studied options.
A comparison of the configurations showed that a higher
average level of intensity did not necessarily correspond to
a greater spatial uniformity of the field, while CV, reflected
the degree of its spatial stability. The lowest CV, value was
recorded for the cylindrical configuration, while the com-
bined and variable-distance configurations were character-
ised by a more contrasting distribution with a combination
of zones of concentration and field weakening. Therefore,
the geometry of the working zone determined not only the
shape of the lines of force, but also the nature of the spatial
redistribution of the electrostatic action, which formed the
basis for analysing the efficiency of powder deposition and
coating formation.

The influence of the working zone configuration

on the efficiency of powder deposition

and coating uniformity

The technological manifestation of the established elec-
trostatic differences was traced in the indicators of the ef-
ficiency of powder deposition and the spatial distribution
of the coating thickness. A comparison of 1, h, o,, CV},, and
local thickness values in the control zones showed that
changing the configuration of the working zone affected
not only the integral level of powder material deposition,
but also the nature of local layer growth in the central, edge
and geometrically shaded segments of the surface. The dif-
ferences were most noticeable between the configurations
with a lower degree of spatial heterogeneity of the electric
field and the variants in which the intensity distribution
had a more contrasting nature. The distribution of the
coating thickness at the control points is shown in Figure 2.

90

80
g o= “ = -0 ®
4 70 =
& 60 —_—— —" )
S
5 50
S 40 S
% 7 Rectangular ==@==Cylindrical
S 90 Combined  ==@==Variable interelectrode distance
o
© 10

0

1 2 3 4 5 6 7 8 9
checkpoints

Figure 2. Distribution of coating thickness at control points
for different working zone configurations
Source: compiled by the authors based on ISO 2360:2017 (2017), IEC TS 60079-32-1:2013+AMD1:2017 CSV (2017),

ISO 2808:2019 (2019)

As shown in Figure 2, the nature of the spatial distri-
bution of the coating thickness depended on the working
zone configuration. The smallest zonal contrast was re-
corded for the cylindrical configuration: the difference
between the central and geometrically shaded zones was
3.9 um. This corresponded to the lower spatial variability
of the deposition within the product surface. The rectangu-
lar configuration occupied an intermediate position: in the

central part of the surface the thickness remained relative-
ly stable, and in the direction of the edge and shaded seg-
ments it decreased gradually, without a sharp local decline.
The combined configuration with local shielding elements
was characterised by a pronounced zonal contrast: the coat-
ing thickness varied from 82.7 pm in the central zone to
61.8 um in geometrically shaded areas, which reflected the
influence of shielding effects on the spatial distribution of
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the deposited material. In the configuration with a variable
interelectrode distance, the difference between the central
and geometrically shaded zones reached 24.8 pym. In this
variant, the central areas were characterised by increased
layer growth, while the largest thickness decrease was re-
corded in the remote segments. Therefore, in the combined
configuration and in the configuration with a variable

interelectrode distance, the greatest contrast was observed
between the zones of increased and decreased deposition,
while the cylindrical configuration was characterised by a
more uniform distribution of the coating. To summarise the
technological consequences of changing the geometry of
the working zone, the integral indicators of powder deposi-
tion efficiency and coating uniformity are given in Table 2.

Table 2. Powder deposition efficiency and coating uniformity indicators for different working zone configurations

Work area configuration 3 h, pm Oh, 1M CVy, Ceﬁ;gozll()sne’ zoi(f;m s}?:c(l)::iez:::ecala,ll::;n
Rectangular 68.4 74.8 10.9 0.146 79.6 71.2 68.7
Cylindrical 74.9 775 7.2 0.093 79.1 76.4 75.2
Combined with local shielding elements  63.1 73.6 14.8 0.201 82.7 70.4 61.8
Variable-distance 60.7 71.9 16.5 0.229 84.1 68.1 59.3

Source: compiled by the authors based on ISO 2360:2017 (2017), ISO 2808:2019 (2019), ISO 8130-10:2021 (2021)

In conformity with the data in Table 2, changing the
configuration of the working zone affected both the effi-
ciency of powder deposition and the spatial uniformity
of the formed coating. For the cylindrical configuration,
the highest value of 1 -74.9% and the lowest value of CV,
-0.093 were recorded. This result corresponded to the lower
degree of spatial heterogeneity of the electric field estab-
lished in the previous subsection. Additional confirmation
of this was the minimum difference between the central
and geometrically shaded zones, which was 3.9 um. For the
configuration with a variable interelectrode distance, on
the contrary, n decreased to 60.7%, and CV, increased to
0.229, which reflected a simultaneous decrease in the effi-
ciency of using the powder material and the spatial stability
of the layer. In this case, the difference between the central
and geometrically shaded zones reached 24.8 pym, that is, it
was the largest among all configurations. The rectangular
configuration occupied an intermediate position between
these variants. For it, the deposition efficiency was 68.4%,
and CV,, was 0.146, which reflected a moderate decrease in
technological stability compared to the cylindrical variant.
A characteristic feature of this case was not a sharp local de-
ficiency of the coating, but a gradual decrease in thickness
from the central areas to the periphery. The combined con-
figuration with local shielding elements formed a different
type of non-uniformity: with an average thickness close to
the rectangular variant, the deposition efficiency decreased
to 63.1%, and CV,, increased to 0.201. This reflected a local
redistribution of the layer in a complicated working zone,
as a result of which segments with a reduced thickness ap-
peared next to the areas of increased deposition. The local
increase in the coating thickness should not be considered
separately from the spatial structure of its distribution. In
the combined configuration and in the configuration with
a variable interelectrode distance, individual central areas
were characterised by higher local thickness values than in
the cylindrical variant, however, this was accompanied by
a weakening of the layer in the edge and shaded zones. As
a result, the integral uniformity of the coating decreased,
and the average thickness value could not be used as a sin-
gle analytical reference point without taking into account

its spatial structure. In this regard, the indicators n, CV,
and zonal thickness contrast were considered in relation
to each other, and not in isolation and only as an indicator
of the average layer thickness. The thickness distribution
between the central, edge and geometrically shaded zones
reproduced this pattern. The central zone in all configura-
tions retained relatively higher thickness values, however,
the degree of its superiority over other segments differed
significantly. In the cylindrical variant, this difference re-
mained limited, which corresponded to a more uniform na-
ture of the deposition. In the rectangular configuration, the
spatial contrast was moderate and was formed mainly due
to peripheral attenuation. In the combined configuration
and in the variant with a variable interelectrode distance,
the central segments actually became zones of deposition
concentration, while geometrically shaded or distant are-
as corresponded to zones of coverage deficiency. This re-
flected the transition of electrostatic heterogeneity into
directly measured technological layer non-uniformity. The
detected features corresponded to the nature of the spatial
distribution of the electric field.

Configurations with lower CV, values also showed less
thickness variability, while local areas of field concentra-
tion, shielding or spatial attenuation were reproduced as
areas of increased or decreased powder deposition. There-
fore, spatial differences in the distribution of electrostatic
action were technologically expressed in coating thickness
values determined according to ISO 2808:2019 (2019) and
ISO 2360:2017 (2017), as well as in powder deposition ef-
ficiency determined according to ISO 8130-10:2021 (2021).
Auxiliary coating characteristics, in particular gloss and
adhesion, determined according to ISO 2813:2014 (2014)
and ISO 2409:2020 (2020), did not show comparable sen-
sitivity to variations in the geometry of the working zone
compared to the indicators of coating thickness and pow-
der deposition efficiency. For different configurations of
the working zone, gloss values remained close, and adhe-
sion did not show noticeable differences, which indicated
that the predominant effect of geometric variation was
precisely on the spatial uniformity of the formed layer and
the efficiency of powder material deposition.
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Thus, changing the configuration of the working zone
affected the efficiency of powder material use and the spa-
tial stability of the formed coating. The highest value of 5
in combination with the lowest CV, was found for the cy-
lindrical configuration. The rectangular variant was char-
acterised by moderate peripheral non-uniformity, while
the combined configuration and the configuration with a
variable interelectrode distance formed a more contrasting
thickness distribution, but by different mechanisms: in the
first case — through local shielding, in the second — through
the contrast between the zones of convergence and diver-
gence in the interelectrode space. This ratio of the indica-
tors n, CV, and the zonal thickness distribution determined
the main technological manifestation of electrostatic dif-
ferences caused by the geometry of the working zone.

Statistical confirmation of intergroup differences

and the relationship between field parameters

and coating thickness

Statistical analysis of the results for the spatial distri-
bution of the electric field and the characteristics of the
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formed coating revealed interconfigurational differences
that concerned both the field parameters and the pow-
der deposition and uniformity of the formed coating.
Checking the distribution of the main indicators using
the Shapiro-Wilk test showed that the values of CV,, n,
I and CV,, did not have a statistically significant devia-
tion from the normal distribution (p >0.05), which pro-
vided grounds for further intergroup comparison. With-
in the comparison of the four configurations, the most
pronounced statistical effects were recorded for the in-
dicators of spatial heterogeneity of the field and spatial
variability of the coating thickness, while the average
layer thickness and deposition efficiency also changed
between the groups, but with a lower degree of contrast.
This reflected the primary influence of the geometry of
the working zone on the nature of the spatial redistri-
bution of the electrostatic action, and through it on the
stability of the technological result. To verify the statis-
tical significance of the established differences between
the working zone configurations, the results of the inter-
group comparison are presented in Table 3.

Table 3. Results of statistical comparison of indicators for different configurations of the working zone
The most pronounced differences

Indicator Shapiro-Wilk, p ANOVA/t between the configurations
_ cylindrical — combined; cylindrical -
CV, 0.214 F=18.72 <0.001 variable-distance
9 _ cylindrical - variable-distance;
m % 0.173 F=9.46 0.002 rectangular — variable-distance
- _ cylindrical - combined; cylindrical -
h, pm 0.261 F=6.18 0.008 variable-distance
_ cylindrical — combined; cylindrical -
CVa 0.148 F=21.35 <0.001 variable-distance; rectangular — variable-distance
. . N _ positive relationship between field heterogeneity
CV, & CV, (integral relation) r=0.84 0.001 and thickness variability
E & 1 (integral relation) - r=0.58 0.041 moderate positive relationship

Source: compiled by the authors

As shown in Table 3, statistically significant intergroup
differences were established for the key indicators of spa-
tial field heterogeneity, powder deposition efficiency, and
coating uniformity, which confirmed the influence of the
geometry of the working zone on the course of the electro-
static spraying process. The most pronounced intergroup
differences were recorded for the CV, indicator. The value
of F=18.72 at p<0.001 corresponded to a significant de-
pendence of the spatial field distribution on the configu-
ration of the working zone. The most clearly distinguished
were the cylindrical configuration, for which the lowest
CV, value was previously established, and two configura-
tions with increased spatial field contrast - combined and
variable-distance. This result statistically reproduced the
difference between a more aligned electrostatic state in a
curvilinear geometry and increased spatial non-uniformity
in the presence of internal obstacles or a non-constant in-
terelectrode gap. Statistically significant differences were
also established for the powder deposition efficiency indi-
cator 1. Although the magnitude of the between-group ef-
fect for this indicator was smaller than for CV, and CV,, the
p=0.002 value indicated that the change in the geometry

of the working zone was associated not only with the field
structure, but also with the transfer of powder material to
the surface of the product. Differences were established be-
tween the cylindrical and variable-distance configurations,
as well as between the rectangular and variable-distance,
which was consistent with the differences in the organisa-
tion of the interelectrode space. Statistically significant dif-
ferences were also established for the average coating thick-
ness h. At the same time, this indicator was less sensitive to
the geometric factor than CVj,. This result corresponded to
the integral nature of the average thickness, which reflected
the total result within the entire sample surface, while the
coating non-uniformity directly responded to local spatial
deviations of the field. With this ratio, the geometric effect
was manifested primarily not in the absolute change in the
average thickness, but in the redistribution of the thickness
between the central, edge and shaded zones.

One of the technological indicators, according to which
statistically significant intergroup differences were estab-
lished, was CV,. The value of F=21.35 at p<0.001 indicat-
ed the dependence of the variability of the coating thick-
ness on the geometry of the working zone. Statistically
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significant differences were established between the cy-
lindrical and variable-distance configurations, between
the cylindrical and combined, as well as between the rec-
tangular and variable-distance configurations. This was
consistent with the transition of spatial differences in elec-
trostatic conditions into the non-uniformity of the formed
layer. The smallest thickness variability corresponded to
the configuration for which the lowest field heterogenei-
ty was recorded, while geometries with local maxima and
shaded zones were accompanied by a more uneven distri-
bution of the coating. A generalised comparison of the in-
dicators showed that a change in the configuration of the
working zone was accompanied by a change in the spatial
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parameters of the electric field, and these differences were
reflected in the powder deposition efficiency and the dis-
tribution of the coating thickness. The closest relationship
was established for the pair of indicators CV, and CV,,
between which a positive integral correlation was found
(r=0.84; p=0.001). A positive relationship was also estab-
lished for the average electric field strength level E and the
deposition efficiency n, but of a lower strength (r=0.58;
p=0.041). This indicated that the technological result was
determined not only by the integral level of the field, but
also by the nature of its spatial distribution.

The correlation between local values of electric field
strength and coating thickness is shown in Figure 3.

aaﬁ 009 VU'

15 20 25 30

Local electric field strength, kV/m

Figure 3. Correlation between local electric field strength values and coating thickness
Note: the points represent local values for different configurations of the working zone; the trend line shows the general
trend of coating thickness change with increasing electric field strength strength: warm tones correspond to higher

values, cold tones to lower ones

Source: compiled by the authors based on ISO 2360:2017 (2017), ISO 2808:2019 (2019)

As shown in Figure 3, a positive relationship was es-
tablished between local electric field strength values and
coating thickness in spatially correlated areas of the sam-
ple. The location of the experimental points for all stud-
ied configurations along the ascending trend line reflected
the change in both indicators within the entire considered
range. In the zone of lower local electric field strength val-
ues, smaller coating thickness values were recorded, while
with increasing E, the h values also increased. The points
corresponding to different configurations of the working
zone formed a single trend, maintaining a certain spread
relative to the trend line. Such a distribution reflected the
relationship between local differences in the electrostatic
state of the working zone and the thickness of the formed
coating. Correlation analysis of local values of E and h con-
firmed a statistically significant positive relationship be-
tween these indicators: Pearson’s coefficient was r=0.79
at p<0.001. The obtained result confirmed the presence
of a relationship between the local electric field strength
and the thickness of the deposited layer in spatially cor-
responding areas of the surface. Thus, statistical analysis
showed that the differences between the studied configura-
tions of the working zone were statistically significant for
both electrostatic and technological indicators. The largest

intergroup differences were established for the parameters
CV, and CV;, which indicated a relationship between the
spatial heterogeneity of the electric field and the non-uni-
formity of the coating. The local correlation between the
electric field strength and the coating thickness showed
that geometrically determined differences in the field dis-
tribution were accompanied by differences in powder dep-
osition on the sample surface. This linked the results of
electrostatic modelling with the actual spatial distribution
of the formed coating.

The influence of the geometry of the working zone

on the electrostatic and technological indicators

of the powder coating system

The influence of the geometry of the working zone on the
course of electrostatic powder coating was manifested both
in the parameters of the spatial distribution of the electric
field and in the technological indicators of powder deposi-
tion and coating formation. Comparison of the indicators
CV,, n, h, CV,, and the thickness distribution at the control
points showed that the configurations of the working zone
differed not only in the intensity of the electrostatic action,
but also in the nature of its spatial distribution. Electrostatic
differences between the configurations were accompanied
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by differences in the efficiency of powder deposition, varia-
bility of the coating thickness and the presence of zones of
local underspray. Within the framework of the comparison,
technological indicators were associated not so much with
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the maximum local values of electric field strength, but with
the nature of its distribution within the working volume.
The generalised electrostatic and technological character-
istics of the studied configurations are given in Table 4.

Table 4. Generalised comparative characteristics of working zone configurations
by electrostatic and technological indicators

The expressiveness

Work area Thickness distribution . Generalised
L CVy, . of geometrically e
configuration at control points characteristic
shaded areas
Moderately uneven; reduced .
Rectangular 0.261 68.4 74.8 0.146 thickness at the periphery Moderate Intermediate
. . Best overall
Cylindrical 0.178 74.9 77.5 0.093 . Most aligned; Minimum balance of
minimal local deviations P
indicators
Combined with local Contrast; local reduction in Increased
shielding elements 0.311 63.1 73.6 0.201 thickness in shaded segments Expressed heterogeneity
) ) Most uneven; significant ) Highest
Variable-distance 0.330  60.7 71.9 0.229 difference between central High heterogeneity

and remote areas

Source: compiled by the authors based on ISO 2360:2017 (2017), ISO 2808:2019 (2019), ISO 8130-10:2021 (2021)

As shown in Table 4, the lowest CV, and CV,, values
were recorded for the cylindrical configuration, which
were 0.178 and 0.093, respectively, while the powder dep-
osition efficiency n was 74.9%. This was combined with a
more uniform spatial distribution of the electric field and
a smaller spread in the coating thickness. The highest CV,
and CV,, values were recorded for the variable-distance
configuration, which were 0.330 and 0.229, respectively,
and n was 60.7%. This configuration also recorded the larg-
est thickness difference between the central and remote
areas of the surface. For the rectangular configuration, the
values CV,=0.261 and CV,,=0.146 corresponded to moder-
ate spatial heterogeneity, which was manifested mainly in
the peripheral segments. For the combined configuration
with local shielding elements, the values of CV,=0.311 and
CV, =0.201 reflected increased heterogeneity associated
with local redistribution of the field near internal obsta-
cles. A combined comparison of the results showed that
the technological indicators were associated not so much
with local intensity maxima as with the nature of the spa-
tial distribution of the field within the working volume.
A decrease in CV, was accompanied by a decrease in CV,
and higher values of n, while an increase in spatial heter-
ogeneity of the field was combined with an increase in the
variability of the coating thickness and a decrease in the
efficiency of powder deposition.

Therefore, within the studied configurations of the
working zone, a decrease in the spatial heterogeneity of
the electric field was accompanied by an increase in the ef-
ficiency of powder deposition, a decrease in the variability
of the coating thickness, and a weakening of the zonal con-
trast between the central, edge, and geometrically shaded
areas. According to the set of indicators CV,, n, CV,, h and
the nature of the thickness distribution for the cylindrical
configuration, the lowest values of spatial field heteroge-
neity and coating thickness variability were recorded with
the highest powder deposition efficiency at the same time.

For the combined and variable-distance configurations,
higher values of CV, and CV,, were established, which was
accompanied by a more uneven distribution of the coat-
ing. Thus, the spatial distribution of the electric field can
be considered as an indicator related to the technological
parameters of powder deposition and coating formation in
electrostatic powder coating systems.

DISCUSSION
The study found that the influence of the geometry of the
working zone on the technological result was realised pri-
marily through the degree of spatial alignment of the elec-
tric field. The determining factor was not the fact of the
local increase in the electric field strength itself, but the
nature of its spatial distribution within the spraying zone.
With less inhomogeneity of the electrostatic field, the ef-
ficiency of powder deposition increased, the variability of
the coating thickness decreased, and the contrast between
the central, edge, and geometrically shaded areas of the sur-
face weakened. This result is consistent with the approach
of B. Siyahhan et al. (2018), who linked the reliability of the
numerical reproduction of the application process with the
comparison of the calculated and experimental spatial dis-
tribution of the material. Within the framework of this work,
this pattern is specified for powder coating systems through
the interpretation of the spatial pattern of application as a
consequence of the degree of electric field alignment. The
revealed consistency is explained by the fact that in both
cases the final state of the coating was determined not by
the isolated action of a separate parameter, but by the spa-
tially organised distribution of deposition conditions within
the application zone. A similar pattern was observed when
comparing the obtained results with the work of M.-R. Pen-
dar & J.C. Pascoa (2019). In the study, it was found that the
nature of the material transfer in the electrostatic field is
directly related to the local distribution of the layer with-
in the application zone. The results obtained in this work
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are consistent with this approach and specify it for powder
coating systems, since a spatially more aligned field corre-
sponded to higher deposition efficiency and lower variabil-
ity of the coating thickness, while the contrasting electro-
static state was accompanied by local areas of insufficient
powder deposition. Such consistency is explained by the
common mechanism of the transition of spatial differences
in electrostatic action into differences in the accumulation
of powder material on the surface of the product. The study
also found that the geometry of the working space changed
the structure of the electric field and the nature of powder
deposition even with unchanged operating parameters.
A similar conclusion is given in the work of N. Guettler et
al. (2020), where it is shown that the numerical description
of electrostatic rotary atomisers significantly depended on
the correct specification of the initial conditions of spray-
ing and the parameters of the injection model. Within the
framework of the work conducted, this pattern acquired a
different interpretation, since it was not the input condi-
tions of the formation of the torch that were decisive, but
the configuration of the working zone in which the electro-
static interaction of the flow with the surface of the product
was realised. The correspondence of the results is explained
by the fact that in both cases the parameters of the spatial
organisation of the process determined the final pattern of
deposition, but at different levels: in one case, the condi-
tions of the initial formation of the flow played a decisive
role, in the other, the spatial conditions of its further trans-
fer and deposition within the working zone.

Similar results are also observed when compared with
the work of K. Sidawi et al. (2021). In it, the geometrically
determined effect is associated with a change in the mi-
crogeometry of the spraying element, which restructured
the atomisation conditions and the initial structure of the
flow. In the study, a consequence close in physical logic was
formed at a different level — due to a change in the mac-
rogeometry of the working zone. The commonality of the
conclusions is that the geometrically determined viola-
tion of the spatial symmetry of the process in both cases
increased the inhomogeneity of the application. The dif-
ference is explained by the localisation of this factor: in
one case, it was concentrated in the spraying unit itself,
in the other - in the configuration of the working space,
which determined the further conditions for the transfer
and deposition of the powder material. It is advisable to
consider the results on the zonal distribution of the coat-
ing thickness in a materials science context. M. Szala &
E. Kot (2017), analysing the properties of polyester powder
coatings after repainting, showed that the features of lay-
er formation are important for the subsequent state of the
coating as a material system. Although a direct analysis of
the geometry of the working zone was not carried out in
this work, such a comparison is appropriate, since in both
cases the initial prerequisite for the following differences
was the conditions for the formation of the coating layer.
In view of this, the relationship established in the study
between the geometry of the working zone, the variability

of the thickness and the severity of local zones of reduced
deposition can be considered as a factor that further affects
the surface and operational characteristics of the coating.
A comparison with works devoted to the optimisation of
the application process also shows that the results ob-
tained do not contradict the general logic of technological
control, but clarify it at the level of spatial mechanisms.
A.D. Karaoglan & E. Ozden (2021) linked the optimisation
of electrostatic powder coating with the stabilisation of
coating parameters through the rational selection of pro-
cess factors. The data obtained in this work are consistent
with this approach, but make it possible to specify that one
of the sources of this stabilisation is the spatial alighment
of the electric field. This correspondence is explained by
the fact that in both cases the final technological effect was
determined not by an isolated change in a separate param-
eter, but by the consistency of the conditions under which
the coating layer was formed. The data of S. Kulothungan et
al. (2022), who established the dependence of the material
transfer efficiency on the conditions of electrostatic spray-
ing, are interpreted in the same direction. The study shows
that the increase in the spatial heterogeneity of the elec-
tric field was accompanied by a decrease in the efficiency
of powder deposition. The consistency of these results is
explained by a common mechanism: the spatially uneven
nature of the material transfer increases powder losses and
reduces the stability of its deposition on the target sur-
face. That is why the spatial state of the electrostatic field
should be considered not only as an accompanying charac-
teristic of the process, but as one of the factors that directly
determines the effectiveness of the application.

Comparison with the results of A.N. Khan et al. (2022)
additionally showed that the target characteristics of the
coating cannot be interpreted outside the spatial structure
of the formation. The study found that a local increase
in thickness in individual zones did not in itself provide
higher uniformity of the coating as a whole. This conclu-
sion is consistent with the approach of the aforementioned
authors, who considered process optimisation through
achieving the specified parameters of the coating layer. The
consistency of the results is explained by the fact that lo-
cal material growth does not eliminate inter-zone contrast
if the spatial distribution of deposition generally remains
uneven. A similar logic is also observed when comparing
with works devoted to modelling the spatial structure of
the torch and flow. R.I. Saye et al. (2023), in high-precision
modelling of rotational spraying, showed the sensitivity
of the process to the spatial organisation of the torch for-
mation. Within the framework of the study, a similar re-
sult was obtained for the electrostatic field in the working
zone. The consistency is explained by the fact that both the
change in the spatial structure of the flow and the change
in the spatial structure of the field are ultimately reflected
in the local distribution of the material on the receiving
surface. That is why the spatial parameters of the process
should be considered as a direct prerequisite for the inho-
mogeneity or levelling of the coating layer.
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The work of M. Scholl et al. (2023), in which electro-
static powder coating is considered as a technology for
forming high-voltage insulation, also provides grounds
for a meaningful correlation with the results obtained.
Despite the different functional context, what is common
is that in both cases the spatial control of the layer forma-
tion acquired a decisive importance. Such consistency is
due to the fact that for coatings with specified functional
properties, not only the presence of the layer itself is crit-
ical, but also the predictability of its spatial distribution
over the surface.

The methodological dimension of the established re-
sults is additionally emphasised when compared with the
approach of B. Christensen & M. Owkes (2023). These au-
thors showed that a spatially detailed description of the
process provides more explanation of the material distri-
bution than integral averaged characteristics. The study re-
vealed the same principle regarding the coating non-uni-
formity: it cannot be fully explained by integral indicators
alone without taking into account the spatial structure of
spraying and deposition. The consistency is explained by
the fact that it is the spatial description that allows inter-
preting local differences in thickness that remain hidden
when using only averaged parameters. Partial, but not
complete, coincidence is observed when comparing with
the results of J. Huang et al. (2023). In the authors’ work,
the improvement of the characteristics of the formed layer
is associated with the use of ultrafine powder. In the study,
a similar result was achieved due to another factor — the ge-
ometry of the working zone. What these approaches have
in common is that a more controlled layer formation cre-
ated the prerequisites for higher structural integrity of the
coating. The difference is due to the nature of the control
influence: in one case, the dispersion of the powder was of
decisive importance, in the other, the configuration of the
application space. A similar pattern is also revealed when
correlated with the study by Y. Matsushita et al. (2024),
where modelling of the painting process was used to re-
produce the spatial structure of the application. Within the
framework of this work, it was also established that the fi-
nal distribution of the material was determined not only by
the spraying mode, but also by the spatial organisation of
the working zone. This consistency is explained by the fact
that the spatial reproduction of the process in both cases
was a necessary condition for explaining local differences
in the thickness of the coating and the nature of its distri-
bution over the surface.

The results also showed that local heterogeneity of
material deposition can translate into differences in the
structure and properties of the coating layer. A similar
conclusion is given in the study by J. Xie et al. (2024),
where the influence of particle size distribution on the
flowability and film properties of organic powder coatings
was established. Such a comparison is appropriate, since in
both cases the coating properties depended on the condi-
tions of layer formation, although the nature of the initial
factor was different: in one case it was the granulometric
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composition, in the other — the geometry of the working
zone. This confirms that the final state of the coating is de-
termined not only by the material composition or the ap-
plication mode, but also by the spatial conditions in which
the powder deposition occurs. The study also showed that
increasing the local electric field strength in itself did not
provide the best technological result without spatial field
alignment. This conclusion correlates with the results of
A. Benmoussa et al. (2025), who showed the possibility
of increasing the efficiency of electrostatic painting by
modifying high-voltage conductors and using a pulsed
electric field. The difference is that in the mentioned work
the efficiency increased due to a change in the electrical
conditions of the system, while in the results presented
here, an independent role of the geometry of the working
zone was traced. The mechanism itself remained common,
since in both cases the control of the spatial distribution
of the electrostatic action was of decisive importance, and
not only the increase of individual local parameters. The
results obtained also showed that the target coating thick-
ness cannot be considered in isolation from the spatial
uniformity of its distribution. This conclusion is consistent
with the data of T. Soli¢ et al. (2025), who also considered
the coating thickness as one of the central criteria for op-
timising the process parameters. In the conducted study,
this indicator acquired a different analytical content, since
it was evaluated not only by the average level, but also by
the spatial variability and contrast between individual sur-
face zones. The consistency is explained by the fact that in
both cases the coating thickness was meaningful only in
connection with the conditions of its formation, and not
as an isolated self-sufficient indicator. The numerical as-
pect of the spatial organisation of electrostatic spraying
is presented in the work of M. Herkins et al. (2026), de-
voted to the computational modelling of the electrostatic
application system. Its results showed the possibility of
increasing the efficiency of the process by optimising the
spatial configuration and reducing losses in the flow. The
obtained data are consistent with this approach, since the
application efficiency was also determined by the spatial
conditions of material transfer within the working zone.
The coincidence of the conclusions is due to the fact that
in both agro-engineering and coating applications, elec-
trostatic spraying remains sensitive to the configuration
of space, which determines the completeness of particle
transfer to the target surface and the nature of the subse-
quent deposition.

The set of obtained results and the comparison with
the data of related studies indicate that the geometry of
the working zone is an independent engineering factor
that determines the spatial organisation of the electric
field, the conditions for the transfer of powder material
and the nature of the formation of the coating layer. The
established dependencies showed that the technological
result in powder coating systems is determined not by the
local increase of individual parameters, but by the degree
of spatial alignment of the electrostatic action, on which
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the efficiency of powder deposition, the uniformity of the
coating thickness and the severity of zones of reduced
deposition depend. The revealed patterns are consistent
with experimental, numerical and technological approach-
es, within which the spatial description of the process
makes it possible to explain local differences in the appli-
cation more accurately than the integral averaged char-
acteristics. Therefore, the geometry of the working zone
should be considered not as a secondary condition of the
process, but as an independent factor controlling the spa-
tial structure of the electrostatic action, through which the
connection between the field parameters, the complete-
ness of powder deposition, the uniformity of the coating
and the potential quality of the formed layer is realised.

CONCLUSIONS

The study showed that the geometry of the working zone
is an independent factor that determines the spatial distri-
bution of the electric field in the electrostatic powder coat-
ing system, and through it affects the efficiency of pow-
der deposition and the uniformity of the formed coating.
A comparison of four configurations of the working zone
established that a change in the shape of the working vol-
ume, the presence of local shielding elements and varia-
tions in the interelectrode distance were accompanied by
a change in the spatial heterogeneity of the electric field,
local zones of concentration of electric field strength and
areas of its weakening. For the cylindrical configuration,
the lowest value of the coefficient of variation of the elec-
tric field strength CV, =0.178 was recorded, while for the
combined and variable-distance configurations this indica-
tor was 0.311 and 0.330, respectively. For the rectangular

configuration, the highest value of powder deposition ef-
ficiency n=74.9%, the largest average coating thickness
h=77.5 ym and the smallest value of the coefficient of vari-
ation of the coating thickness CV,, =0.093 were established.
For the combined and variable-distance configurations, n
decreased to 63.1% and 60.7%, and CV,, increased to 0.201
and 0.229, respectively. This distribution of indicators re-
flected the transition of electrostatic heterogeneity into
technological layer non-uniformity and an increase in
the contrast between the central, edge and geometrically
shaded areas of the surface. Statistical analysis confirmed
the significance of inter-configuration differences. The
most pronounced between-group effects were established
for CV, (F=18.72; p<0.001) and CV;, (F=21.35; p<0.001).
Integral correlation analysis showed a close positive re-
lationship between CV, and CV, (r=0.84; p=0.001), and
local correlation analysis between electric field strength
and coating thickness confirmed a statistically significant
positive relationship (r=0.79; p <0.001). According to the
set of electrostatic and technological indicators, the most
appropriate within the studied options was the cylindrical
configuration of the working zone. The limitations of the
study include the consideration of a limited number of ge-
ometric configurations and standard flat samples without
taking into account complex-profile products and a wider
range of spraying modes. Further research should be di-
rected towards expanding the range of geometric models
of the working zone, analysing spatial powder deposition
on products with complex surface configurations, and
combining electrostatic modelling with prediction of local
coating thickness.

configuration, the value CV, =0.261 corresponded to the ACKNOWLEDGEMENTS
intermediate nature of the spatial distribution of the field, = None.
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AHani3 BnnmBy reomeTpii po6040oi 30HU Ha PO3NoAIN eNeKTPpUYHOro nong
B CUCTeMaXx NopoLUKoBoro pap6yBaHHS

AHoTauig. MeToo gociigkeHHs 6yJI0 BCTAHOBJIEHHS 0COGIMBOCTEN MPOCTOPOBOTO (OPMYBAHHS €JIEKTPUUYHOTO
MOJISI B CUCTeMaX eeKTPOCTaTUYHOTO MOPOIIKOBOro ¢hapObyBaHHS Ta Oro BIUIMBY HA MOKAa3HUKM OCAJKEeHHS
MOPOIIKY i pPiIBHOMipHICTh NOKPUTTS. MeTOLOMOrisl TO€HYBa/Ia CTeHA0BUI TOPiBHSIIbHUIL €KCIIepUMEHT, TPUBMUMipHE
eIeKTPOCTAaTUUYHE MOJe/NI0BAaHHSI CUCTeMM “KOPOHHMUI eleKTpon, — 3apsiiKeHnit ¢paken — 3azemyieHuit Bupi6”,
HepyliHiBHe BUMipIOBaHHS TOBLUIVMHM CYXOi IUTiBKM, BU3HAUEHHS e(DeKTUBHOCTI OCaIsKeHHS IMOPOIIKY Ta CTATUCTUYHMIA
aHaJli3 eJIeKTPOCTATUYHMX i TEXHONIOTIUHMX MMOKA3HUKIB IJI1 YOTUPbOX KOHGirypariii po6ouoi 30H1. YCTaHOBJIEHO, L0
UWIiHApMYHA KOHIiTypallis xapakTepusyBaiacs HaliMeHIIO0 MTPOCTOPOBOI0 HEONLHOPIAHICTIO eIeKTPUYHOTO OIS :
KoediuieHT Bapialii HAMPy>KeHOCTi €JIeKTPUUYHOTO 1MoJis ctaHoBUB 0,178 npotu 0,261 miist mpsimokyTHOi, 0,311 miist
KombiHoBaHOi Ta 0,330 a1 koHirypariii 3i 3MiHHOIO MikeJIEKTPOIHO BifcTaHH0. [ 1iei KoHbiryparii Takox 6yn10
3adikcoBaHO HaliBuIIe 3HAUeHHS e()eKTMBHOCTI 0CaIsKeHHS TIOPOLIKY — 74,9 %, Haii6iNblTy cepeqHIO TOBUIMHY TTOKPUTTS
77,5 MxM i HaliMeHIlle 3HauUeHHs KoedilieHTa Bapialii ToBuMHY MOKpUTTS — 0,093. [y kKomb6iHOBaHOi KOHirypaii
Ta KoH®irypaii 3i 3MiHHOIO Mi>ke/JIeKTPOAHOIO BiJICTaHHIO e(heKTUBHICTh OCaJKeHHS MMOPOLIKY 3HIKyBaacs Ao 63,1 %
i 60,7 %, a koediuieHT Bapialii TOBIIMHM MOKpUTTS 3pocTas mo 0,201 i 0,229 BimmoBigHO, 1110 Bimo6paskasio rnepexif,
eJIeKTPOCTaTUUYHOI HEOAHOPIAHOCTI Y TEXHOJOTIYHY HePiBHOMIPHIiCTh TOKPUTTS. CTaTUCTUUHMIL aHAli3 MiATBEPAUB
3HAYYLIicTh MIXXKOHGIiTypaniiiHux BigMiHHOCTe 05 KoedinieHTa Bapiallii HAMPy>XeHOCTi eeKTPUIHOTO OIS i
KoedimieHTa Bapiallii TOBIIMHM MOKPUTTS. IHTErpasbHMIT KOPEISIiAHNWI aHAaTi3 TOKa3aB TiCHMIT TO3UTUBHUI 3B’SI30K
MiX KoedilieHTOM Bapiallii HampykKeHOCTi eIeKTPUIHOTO OIS Ta KoedillieHToOM Bapialii TOBUIMHM TOKPUTTS (1 =0,84;
p=0,001), a 10KaIbHNIT KOPEJISALLiTIHMIA aHai3 MiXK HAlIPY>KEHiCTIO 110/ Ta TOBILMHOIO IIOKPUTTS - CTATUCTUYHO 3HAYYIINIA
TO3UTUBHMI 3B’130K (r=0,79; p<0,001). IIpakTMUHEe 3HAUEHHS PE3Y/IbTATIB MOJIATAE B MOXKIMBOCTI iX BUKOPUCTAHHS
TiJl yac MPOEKTYBaHHSI, HAJIAIITYBAHHS Ta ONITUMi3allii po60UMX 30H y CUCTEMAx eJIeKTPOCTATUUHOTO MOPOIIKOBOTO
bapb6yBaHHs A1 MigBUILEHHS ePeKTUBHOCTI 0CaIsKeHHS MOPOIIKY Ta PIBHOMiPHOCTI TTOKPUTTSI

KniouoBi cnoBa: enekTpocTaTMyHe HaNMIeHHs; e(QeKTUBHICTh OCa[KeHHsI; IPOCTOPOBAa HEOMHOPIMHICTh;
MiXeJIeKTpOIHA BificTaHb; TOBIIMHA CyXOi IUIiBKM; KoedillieHT Bapiarii
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