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Forming helical blades from flat blanks with minimal deformation

Abstract. Helical blades are increasingly used in the designs of forage harvesting equipment. They demonstrate better
cutting characteristics compared to traditional flat ones, but their manufacture is complicated by the non-developable
surface of the surface. The problem of creating an accurate flat workpiece for such knives necessitates the need for a
mathematical description of their geometry. The purpose of this study was to determine an analytical method for
constructing a flat workpiece for a helical knife, considering the minimum resistance during plastic deformation of the
workpiece. To achieve this goal, differential geometry methods were used, in particular, vector analysis of helical surfaces,
construction of a Frenet trihedron, and analysis of the first quadratic form of the surface. It was established that the working
surface of the knife is a straight open helicoid, which can be bent into a surface of revolution without changing the first
quadratic form. Parametric equations of bending of the knife surface using a variable parameter describing the process of
transforming the helicoid into a one-sheeted hyperboloid of revolution were constructed. It was proven that the latter is
approximated with high accuracy by a truncated cone, the sweep of which is determined by the design parameters of the
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Forming helical blades from flat blanks...

knife. Formulas for calculating the geometric dimensions of the sweep from the known parameters of the knife, in particular
the radii of the bases and the height of the truncated cone, were obtained. It was shown that the length of the blade arc and
the central angle that outlines the workpiece enable precise determination of its shape. The practical value of the study
consists in the creation of an effective method for constructing the most accurate flat workpiece for the manufacture of
a helical knife, which allows minimising the resistance during forming, reducing the labor intensity, and increasing the

accuracy of manufacturing parts of grinding drums

Keywords: Frenet formulas; curvature; torsion; vector equation of a surface; first quadratic form

INTRODUCTION

Helical blades are widely used in various industries due
to their unique shape and ability to process materials ef-
ficiently. In particular, they are used in the food industry
for grinding and mixing raw materials, in agriculture for
processing feed, and in the woodworking and processing
industries for grinding wood and secondary raw materials.
The main purpose of using such blades is to ensure uniform
cutting, improve equipment productivity, and reduce ener-
gy costs due to the optimised blade shape.

Helical surfaces find their application in a wide range
of technical fields. V. Bulgakov et al. (2024) theoretically
investigated the traction resistance of harrows with screw
working bodies. The authors analysed the factors affecting
the efficiency of such harrows, in particular their resistance
when performing soil cultivation, which is important for
improving agrotechnical characteristics and reducing en-
ergy costs in agriculture. The research of S. Liu et al. (2023)
focuses on optimising the surface texture of screw pairs in
screw hydraulic rotary actuator using surrogate methods.
The authors used an approach based on surrogate model-
ling to improve surface parameters, which is important for
increasing the efficiency and durability of such systems.
M. Mushtruk et al. (2020) considered mathematical model-
ling of the oil extrusion process with pre-grinding of raw ma-
terials in a twin-screw extruder. The authors analysed vari-
ous aspects of the process, in particular in food processing,
to optimise the technological process to increase oil yield
and reduce energy costs during raw material processing.

Scientists J.C.P.Ortiz et al. (2024) focused on optimising
the Gorlov screw turbine for hydrokinetic applications us-
ing surface response methodology and experimental tests.
This contributes to improving the turbine’s performance
when used in hydroelectric systems, optimising its charac-
teristics for maximum performance and minimum energy
consumption. J. Zhao et al. (2024) investigated the change
in the morphology of tooth surfaces and tribological prop-
erties of helical gears during lubricated sliding wear. This
made it possible to improve the operational characteristics
of helical gears by studying their behaviour under differ-
ent lubrication and wear conditions, which is important for
increasing their durability. The article of H. Liu (2024) was
devoted to the theory of formation and computer model-
ling of rotary cutting tools with helical teeth. The research
is aimed at improving the production technologies of such
tools, increasing their accuracy and efficiency in material

processing processes. J. Chen et al. (2024) considered a gen-
eral coupling model and dynamic analysis of a helical gear
pair with tooth surface deviations. This made it possible to
evaluate the effect of tooth deformations on the operation
of helical gears and their dynamics to improve the accura-
cy and reliability of such systems in mechanical devices.
A. Rucins et al. (2024) investigated the energy parameters
of a screw conveyor with a bladed working body for trans-
porting agricultural materials to improve efficiency and
reduce energy costs when using such systems for moving
grain and other agricultural cargo.

As a result of reviewing the sources on the selected
topic, it was found that the issue of finding an approximate
knife sweep in the form of a flat workpiece, which would be
the most accurate and would present the least resistance
when forming it into the surface of a helical knife, is rele-
vant. In this regard, the problem of mathematical descrip-
tion of the bending of the helical surface of the knife arises
(Filimonov & Bacherikov, 2022). This will make it possible
to find a flat workpiece for its manufacture based on a sci-
entific approach.

The article aimed to build an analytical model of the
bending of the helical surface of the knife of the grinding
drum, with the subsequent determination of an accurate
flat workpiece that provides minimal resistance to plastic
deformation during forming.

The scientific novelty of the research lies in the use
of methods of differential geometry, namely the theory of
bending of surfaces based on their internal geometry. Since
the surface of a straight open helicoid is non-developable,
the study of the bending process can contribute to the im-
provement of its manufacturing technology.

MATERIALS AND METHODS
The study used symbolic mathematics of the software
product “Mathematica”, as well as the MatLab software
environment for visualisation of the obtained results. To
achieve the goal, approaches based on the methodology of
differential geometry were used.

One family of coordinate lines of the helical surface
was adopted, as helical lines were taken to be helical lines.
The helical surface was bent by gradually decreasing its
pitch. In this case, the length of the helical lines did not
change, as a result of which the radius of the cylinder on
which they were located increased. When the pitch of the
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helical lines became zero, the helical surface was trans-
formed into a surface of revolution. The spatial curve was
characterised by two differential parameters — the curva-
ture k and the torsion o. For a helical line, these parame-
ters were constant and were determined from the following

expressions:

a_ . _ b
a?+p?’ o= a?+p?

k= @

where a is the radius of the cylinder on which the helix was
located; b is the helix parameter, through which the pitch
H was determined (H=2mb). The helix had a pitch angle p,
the tangent of which was the coefficient of proportionality
between twist and curvature, and which was determined
through a and b: tg8=b/a. Based on this, another expres-
sion was written to determine curvature and twist:

cos?’B __ sinBcosf
a '’ a

k:

@)

Having solved (1) for the constants a and b, we ob-
tained expressions for finding them from the known curva-
ture k and the torsion o:

k o

a= Zto?’ b= K?+0?" ©)

The parametric equations of a helix as a function of the
length s of its arc had the form:
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bs

S . S
= ——; y=aSin——; z= . 4
X=acosTme Y Va?+b? Va?+p? @)

The helical line (4) was taken as the guiding curve
through which the helical surface passes. For bending the
surface, its vector equation in the accompanying Frenet
trihedron of the curve (4) was used. In addition, the first
quadratic form of the surface was used, with the help of
which the length of the line on the surface was determined.
Since the lengths of the lines did not change during bend-
ing, the first quadratic form of the surface remained un-
changed during its bending. The achievement of such a re-
sult indicated that the analytical description of the process
of bending the surface was correct.

It is necessary to analyse the shape of the helical knife
of the chopping drum of a forage harvester. Figure 1a shows
the chopping drum of the New Holland with knives fixed
on it, and in Figure 1b - a separate knife with structural
dimensions and cross-section. The blade of the knife is a
helical line located on a cylinder of radius R with a lift an-
gle B,=90° - 7. The cross-section of the knife, the thickness
of which is conventionally taken as zero, is a segment per-
pendicular to the axis of the helical line, and which makes
an angle ¢ to the radial direction (Fig. 1c). The surface is
formed by the helical movement of this segment at a con-
stant value of the angle ¢, therefore the formed surface is a
straight open helicoid.

a) b)

Figure 1. Grinding drum
and design parameters of a separate knife
Note: a) shredding drum with knives; b) separate knife on the drum; c) knife cross-section: L — knife length; r — angle
between the drum axis and the knife blade; 2R - drum diameter; ¢ — angle between the knife cross-section line and the

radial direction

Source: a) Pull-type forage harvesters and flail harvester (n.d.); b), ¢) S. Pylypaka et al. (2017)

The guiding curve for forming the surface is taken to
be a helix located on a cylinder of radius r and with an el-
evation angle 8. At point A, a Frenet trihedron can be con-
structed, in which the orthogonal plane 7 is tangent to the
helix, the orthogonal plane 71 is the main normal of the he-
lix, and the orthogonal plane b is the binormal.

RESULTS

Figure 2a shows a frontal projection of a helix with a ver-
tical axis, so the orthogonal plane of the principal normal

il is projected to a point. The straight-line generators of a
straight open helicoid intersect the helix, are parallel to the
horizontal plane, therefore, are perpendicular to the axis
of the helix, but are transverse to it. This condition is met
by the straight-line generator u, which is located in the di-
rect plane of the trihedron parallel to the horizontal plane
(Fig. 2a). The direction vector wof the straight-line genera-
tor in the trihedron system has the coordinates:

W :{cosp; 0; - sinp}. (5)

Machinery & Energetics. Vol. 16, No. 3




Forming helical blades from flat blanks...

a)

Figure 2. Graphical illustrations for constructing the vector equation

of the surface of a straight open helicoid in the Frenet trihedron system of the helical line
Note: a) position of the rectilinear generator u of the surface in the direct plane of the trihedron; b) fragment of the helix
and the Frenet trihedron on it with the rectilinear generator: OX, OY, OZ - coordinate axes, units of measurement — linear
units; 7, i, b - orts of the Frenet trihedron; 7 =7(s) — vector equation of the helix R=R(s,u) - vector equation of a straight
open helicoid; w=w(s) — direction vector of the rectilinear generator, u — rectilinear generator; g — angle of elevation of the
helix, designated in the Frenet trihedron system concerning its orts; r — radius of the cylinder on which the helix is located
Source: developed by the authors based on research conducted

According to Figure 2b, any point on the surface of a
straight open helicoid can be expressed as the vector sum
of the distance r to the vertex of the trihedron and the dis-
tance u along the direction vector w:

R(s,u) =F(s) +zu cosp - bu sinp. 6)

It is known from differential geometry that when a
surface is bent, its first quadratic form does not change. It
is found through the partial derivatives of the surface (6),
taking into account the fact that the angle A= const:

oR _ — - .
a—rcosﬁ—bsmﬁ,

R _ d7 , dT db_ .
95 = 25 T ucos B ——cusinp. (7)
The vector (dr)/ds =7, the derivatives of the vectors T

and b are written in projections onto the vectors of the tri-
hedron according to the Frenet formulas:

7' =nk; ii'=-tk+bo; b'=-fic. 8)

After substituting (8) into the partial derivative (7) of
the surface along the arc s and grouping by vectors can be
obtained:

OR _ — , — ,
P T+ nu(k cos B + osinp). ©)

The coefficients of the first quadratic form will be writ-
ten: ,

R . dR OR
E= (—u) =cos’f +sin*B =1 F = o, = Cosp;

G = (@)2 =1+ u?(kcos B + o sinB)> (10

as

When bending the surface, it is necessary to maintain
the condition under which the value of the coefficients (10)
should not change. The coefficients E and F are constant
values. The coefficient G includes the curvature k and the
torsion ¢. They can be changed so that the expression in
parentheses of the coefficient G does not change in gen-
eral. The angle g remains unchanged, since it is included

in the coefficient F, which also should not change. After
bending the surface, the curvature and torsion of the heli-
cal base curve will change their value. They can be denoted
by k, and g, respectively. From the condition of invariance
of the expression in parentheses of the coefficient G, it can
be written:

kcosp + osinf =k cosp + o,sinp.

(11)

In equation (11) we can change the curvature k, or the
twist g,,. The twist ¢, will be changed by multiplying the in-
itial twist o by the factor p: o, =p - 0. Substituting into (11)
a,=p-o and solving for k, will give the result:

k,=k+(1-p)o-tgp.

Let the initial helix with the angle of rise g on a cyl-
inder of radius r be given. Then its curvature and twist are
determined according to expressions (2), in which instead
of a, it is necessary to take r. The obtained values of curva-
ture and twist should be substituted into the expressions
a,=p-oand (12) instead of k and o. After simplifications, we
can obtain new values of curvature and twist of the helix:

(12)

k, =%(1—p)sin2ﬂ;ab =%psinﬂcosﬁ. (13)

By giving different values of the coefficient p, the cur-
vature and torsion of the helix will change, and the pitch
angle B will remain constant. At p = 1, the initial helix will
be obtained. To construct a directional helix according to
parametric equations (4), it is necessary to find expres-
sions for the constants a and b. Substituting the expres-
sions for curvature and torsion (13) into formulas (3) gives
the result:

_ .. (1-p)sin® B+cos* B

a psinfcosp
1-2psin? B+p?sin?2 B’

=r (14)

1-2psin? B+p?sin? B’

At p=1 from (14) we can obtain a=r, b=r-tgp, i.e. the
parameters of the initial helix. A straight-line generator
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passes through the helix (4), the direction of which is giv-
en by the unit vector (5) in the accompanying trihedron
system. Therefore, it is necessary to pass from the trihe-
dron system to the fixed coordinate system in which the
helix is located. This can be done using the known transi-
tion formulas. After that, it is necessary to pass a straight-
line generator of the surface through the helix (4) in the
found direction. The parametric equations of the surface
take the form:

X = acos s __u(acosp+bsinp) in s .
VaZ+b? VaZ+b? Vaz+p?’
. s u(a cos B+bsin B) s
Y =asin + cos ;
va?+b? a?+b? VaZ+pZ’
bs u(b cos f—asin B)
7= + , (15)
a?+b? a?+b?

where u is the second independent variable - the length of
the straight-line generator, the count of which starts from
the point on the helix. The coefficients of the first quadrat-
ic form of the surface (15) take the form:

ax\2 ar\2 az\2
E=(5) +G) +(5) =1
_0x 0x_ av oY 0z 0z

F_Bu ds gu.as Zau £=2C05ﬁ;
= (XY 4 (20 4 (22) =
G _Z(Bs) +((25)2 + (Bs) -
_ u a*—b?)cos2B+2absin2p
=1+ 2(a?+b?) (1 + (a2+b?) ) (16)

The coefficients E and F coincide with the same co-
efficients (10). In equations (15), the constants a and b,
which are included in the coefficient G, will change during
bending according to (14). It is necessary to substitute the
expressions a and b from (14) into the expression for the
coefficient G (16):

2 2
G=1+22F (17)

Thus, none of the coefficients E, F, G includes the pa-
rameter p. This indicates that equation (15), where the
constants a and b are given in (14), describe a one-pa-
rameter set of bendings of a straight open helicoid. If the
curvature of the initial helical line from (3) is substituted
into the coefficient G (10) at a=r, an expression similar to
expression (17) will be obtained. This indicates that equa-
tion (15), when substituting expressions a and b from (14)
into it, describes the process of bending of a straight open
helicoid. The parameter p, which is included in the expres-
sions a and b, that is, in the equations of the surface (15),
affects the shape of the surface, but does not affect its first
quadratic form.

It is advisable to consider the obtained result on the
bending of a surface in which the initial helix has a lift
angle f=45° and is located on a cylinder r=15 linear units.
In Figure 3, intermediate positions of the surface (frontal
projections) are constructed for certain values of the pa-
rameter p. The guide helix is thickened. The length of the
straight generator is 10 linear units (separate figures are
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made at different scales for clarity, therefore, the length of
the generators on them is not proportional). When bend-
ing a straight open helicoid by reducing the torsion of the
guide helix, it turns into an oblique open helicoid (Fig. 2b)
and with further bending - into a single-cavity hyperbo-
loid of rotation with a torsion equal to zero (Fig. 2c). The
reduction of the pitch of the surface turn occurs by reduc-
ing the parameter p, that is, by reducing the twist of the
guide helix.

40

a)
b)
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Figure 3. Individual intermediate positions
of an open helicoid during its bending
Note: a) p=1; b) p=0.5; c) p=0: X, Z are coordinate axes,
units of measurement are linear units
Source: developed by the authors based on research
conducted

The task is to find the necessary constants and vari-
able parameters to describe the surface of the knife using
equations (15). To do this, we need to find the radius r and
the angle g of the helix. The straight-line generator of the
surface on the cross-section of the knife is tangent to a cir-
cle of radius r (Fig. 4a). The length of the cross-section of
the knife u, is part of the straight-line generator. From the
right triangle, it was found the radius r:

r=Rsing. (18)
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s

Figure 4. Graphical illustrations for finding the necessary
input data for constructing the surface of a helical knife
Note: a) the relationship between the radius of the cylinders
on which the helical lines are located; b) the relationship
between the angles of elevation of the helical lines: r —
radius of the cylinder on which the guiding helix is located;
R - radius of the cylinder on which the outer helix of the
knife (blade) is located; u, — width of the knife; ¢ — angle
between the radial direction and the cross-section of the
knife; L - length of the knife; s — length of the guiding helix;
B — the angle of elevation of the guide helix; g, — the angle
of elevation of the knife blade; r, — the value of the leg of
the triangle on the sweep of the guiding helical line, where
a is the angle of rotation of the point during its movement
along the guiding helical line, as well as along the blade line
within its length; R, — the value of the leg of the triangle on

the sweep of the helical line — the blade of the knife
Source: developed by the authors based on research
conducted

From the same triangle, we find the length of the
straight line generator to the point on the blade and the
limits of change of the parameter u, which correspond to
the width of the knife u,:

u=Rcosg - U,...Rcosp. (19)

Figure 4b shows helical lines on the sweeps of their
cylinders. Through the length of the drum L and the length
of the corresponding arc of the circle on the sweep, which
are the legs of right-angled triangles, it is possible to de-
termine the tangents of the angles of elevation g and g,
of the helical lines. The angles of rotation a of the ends
of the straight generatrix around the axis when moving
this generatrix along the helical lines within the distance

L are the same. The expressions for the tangents of the an-
gles are written:

tgh == tghy = (20)
B and B, can be found taking into account (18):
B = Arctg (g tg[)’R) Arctg (:;gf (’; ) (21)

It was needed to find the length s of the arc of the helix
on the cylinder of radius r. It can be found from the right
triangle through the length L and the angle j, having pre-
viously passed from the expression for the tangent g in (21)
to the sine j:

s = LctgBgy/sin?¢ + tg2fx.

When constructing the knife surface, the parame-
ter s changes from zero to the value (22). Let the heli-
cal knife be given by the following design parameters:
L=0.72m, R=0.25 m, t=20° ¢=65° u,=0.1 m. The nec-
essary parameters for constructing the knife surface can
be found by equations (15). According to (18) r=0.2266 m.
By formula (19), the limits of the variable parameter u are
determined: u =0.006...0.106 m. The angle of elevation f
of the guide helix for the radius r is determined by formu-
la (21), where 8,=90°-7=70°: f=71.75°. The limits of the
change in the length of the helix are determined by formu-
la (22): s=0...0.758 m. These data are sufficient to construct
the surface of the knife according to equations (15), taking
into account (14) at p=1 and its bending at other values of
p. In this case, the radius r acts as a constant a. However,
the surface of the one-sheeted hyperboloid of revolution,
to which the surface of the knife is bent at p=0, is inter-
esting. The hyperboloid of revolution is constructed in Fig-
ure 5, from which it can be seen that it is very close to a
truncated cone, which can be considered an approximate
sweep of the knife, that is, a flat blank for its manufacture.
The cone, in turn, is very close to a cylinder with a height h.
From this, we can conclude that the sweep of the knife will
be close to a rectilinear strip.

22)

[‘g si‘-——f.,,_n_

R

0.3 0.2

oA
A

. [

Ro C)

Figure 5. Section of a one-sheeted hyperboloid of revolution on which a knife has bent
Note: a) axonometric image; b) frontal projection with dimensions; c) approximate sweep of the knife: X, Y, Z — coordinate

axes, units of measurement - m; R, -

radius of the lower parallel of the one-sheeted hyperboloid of revolution;

r, — radius

of the upper parallel of the single-cavity hyperboloid of revolution; h — height of the compartment of the one-sheeted

hyperboloid of revolution; R,

- radius of the blade arc on a flat knife blank; r,,

- radius of the inner edge arc on a flat knife

blank; v, — central angle that limits the flat blank along the length
Source: developed by the authors based on research conducted
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It is necessary to find the dimensions of the truncated
cone (Fig. 5b). The variable radius p, which characterises
the helical lines on the surface of the knife and depends
on the variable u, must be found at p =0. In this case, ac-
cording to (14) a=r, b=0. For these data from the first two
equations (15):

p=VXZ+Y2=/r2+u?cos?p. (23)
At u=0.006 and f=71.75°, according to (22) the radi-
us of the upper base of the truncated cone can be found
r,=0.2266 m (Fig. 5b). Practically r,=r, since u=0.006 m is
a small value. At u=0.106 and the same value of f=71.75°,
according to (22), the radius of the lower base of the trun-
cated cone can be found: R,=0.229 m. The height h is deter-
mined from the last equation (15) at p =0, (at which b=0),
as the difference of heights at u=0.006 and u=0.106. From
here it can be found: h=0.095 m. With this data known,
as well as the known length s of the upper base of radius
r,(s=0.758 m), it is possible to construct a scan of a trun-
cated cone, which is an approximate flat blank of a helical
knife. The described sequence of finding the dimensions of
a truncated cone, which approximates the surface of a hel-
ical knife, can be generalised. The formulas, which include
only the design parameters of the knife, have the form:

_ Rsing .
RO " sint/sin2 27’ (24)
/sin2¢@+ctg?t

=i f 2 4 (o=Rcos@)?,
o =Ssing [R*+ sinproglt (25)
_ UyCtgT
h = Jsin2@+ctg?t (26)

Given the design parameters of the knife L=0.72 m,
R=0.25m, t=20° ¢=65° u,=0.1 m, according to formulas
(23), (24), (25), one can obtain: R, =0.229 m, r=0.2266 m,
h=0.095 m. The next stage is finding the sweep of the trun-
cated cone, which will be a flat blank for the helical knife.
The dimensions of the sweep are found by the well-known
formulas:

R, =

Ro 7 — 2 2.
Ro—To (RO rO) +h ’
.
Ty = Roi’b J(Ry —19)? + h2.

where R, is the radius of the knife blade on a flat workpiece,
r,,is the radius of the inner edge (Fig. 5c). The length of the
blade on the workpiece is equal to the length of the larger
base of the truncated cone, which is not closed (Fig. 5a). It
can be determined from a right triangle (Fig. 4b):

@7

_ L — L (28)

T sinfr  cost’

Sw

From formulas (27), (28), one can obtain: R,=9.07 m,
r,=8.97 m, s,=0.77 m. The knife blade on the workpiece
rests on the central angle y,, (Fig. 5¢), which is determined
from the expression (for the considered case y,,=0.08 rad
or 4.8°):

1/) _ L

Rycost’

29)

Nesvidomin et al.

Given that helical surfaces are widespread in technol-
ogy, great attention is paid to their manufacture. From an
engineering point of view, they all fall under the general
definition associated with a helical conoid - the common
name in technology of “screw”. However, from a geometric
point of view, there is a difference between the methods of
forming helical surfaces. This difference is taken into ac-
count in the study. And it is as follows: in a helical conoid,
which is also called a direct closed helicoid, the rectilinear
generators intersect the axis of the surface, and in a direct
open helicoid, they are parallel to the axis.

It is noteworthy that in the article, the finding of the
approximate sweep of the knife surface is closely related
to the theoretical description of the process of its bending.
According to the theory of differential geometry of surfac-
es, any helical surface can be bent into a surface of rev-
olution and vice versa. This implies the invariance of the
lengths of lines on the surface and its area during the bend-
ing process. The surface thickness is assumed to be zero.
This is a disadvantage of the method. However, with a rela-
tively small surface thickness, this method gives acceptable
results for practice.

In the theoretical description of the bending of helical
surfaces in the surface of revolution, it is important to obtain
reliable results. In the conducted study, this is confirmed by
the coefficients of the first quadratic forms of the surface of
the open helical conoid and the one-sheeted hyperboloid
of revolution. The correspondence of these forms is accom-
panied by the found coefficients (10) for the helical surface
and the corresponding coefficients (16) for its bending.

The construction of the sweep of a helical knife has its
specifics. The fact is that the angle of elevation of the helix
(knife blade) is quite large: f,=70°. With a drum radius of
R=0.25m, this corresponds to a surface pitch of H=4.3 m. If
there were only one knife on the drum, then for its contin-
uous operation, it would have to have a length of L=4.3 m.
L=0.72 m was taken, which requires mounting 6 knives on
the drum for continuous operation. The approximate sweep
of the sixth part of the full turn of the helical knife is close
to a straight strip. The small curvature of the knife blade
is also indicated by the radius found on a flat workpiece —
R,=9.07 m.With a blade length of s,=0.77 m and such a radi-
us, the workpiece can be replaced with a straight strip. How-
ever, the importance of the result is that it is directly related
to the process of bending the workpiece into the surface of
the knife. As its length increases, the effect of taking into
account the curved shape of the flat workpiece will increase.

Numerous studies have been devoted to the construc-
tion of developable surfaces. F. Tag & R. Ziatdinov (2023)
investigated developable ruled surfaces, which are formed
using the curvature axis of a spatial curve. The authors
analysed the geometric properties of such surfaces and
their construction. The work of A.S.M. Kamarudzaman &
M.Y. Misro (2024) is devoted to the comparison of envel-
oping developable surfaces constructed based on quintic
trigonometric Bezier surfaces. The study was conducted in
the context of evaluating their geometric properties for use
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in computer modeling and surface design. T.G. Nelson et
al. (2019) analysed how developable mechanisms can be
integrated into curvilinear structures while maintaining
the ability to fold and developable. This opens up new pos-
sibilities for creating flexible engineering solutions, par-
ticularly in robotics, aerospace, and biomedical devices.
The design of a helical blade of an agricultural tool from
a planar surface is proposed in the article by S. Pylypaka et
al. (2024). In this case, the planar surface can be precise,
which minimises deformation during bending, but in re-
turn, there is a significant limitation of the study. The main
difference in the design of surfaces in this work is that the
surface is non-planar.

The issue of constructing non-developable surfaces is
more complex from a mathematical point of view and is
of interest to many researchers. Scientists A. Bankova et
al. (2024) outlined a method for constructing intersection
lines at the transition of sheet material between different
surfaces,aswell as designing the sweep of such a surface. The
research is aimed at improving the processes of designing
and manufacturing parts from sheet materials in mechani-
cal engineering and construction. Research of L. Zawallich
& R. Pajarola (2024) is devoted to the method of develop-
able 3D models by approximating the mesh using surface
flows. The authors propose an algorithm that optimises the
developable process of complex geometric shapes, while
preserving their structure and minimising deformations.

E. Giiler & Y. Yayli (2023) considered the local isom-
etry of generalised helicoidal surfaces in four-dimension-
al space. The authors investigated the conditions under
which such surfaces are locally isometric to each other,
which is important for the geometry of multidimensional
objects and the theory of surfaces. The article of E. Giiler &
N.C. Turgay (2024) is devoted to the study of geometric iso-
metries of helical surfaces in five-dimensional Euclidean
space. The authors analyse the properties of such surfaces
and their behaviour under various transformations, which
is important for multidimensional differential geometry
and mathematical modelling.

A. Kumar et al. (2024) investigated multi-scale sur-
face folding during metalworking. The authors analysed
the mechanisms of fold formation and their impact on
the surface quality and characteristics of the machined
parts, which is important for optimising cutting process-
es in modern manufacturing. W. Zhang et al. (2024) pro-
posed an approach to selecting machining parameters
when milling helical surfaces, taking into account spindle
vibrations, to increase the efficiency and quality of ma-
chining in high-precision machining processes. Research
of I. Hevko et al. (2018) is devoted to the synthesis of meth-
ods for winding screw spirals, which is an important part
of the development and improvement of screw mechanism
manufacturing technology. The authors analysed various
winding methods that allow achieving optimal parameters
to ensure the effective operation of screw systems in vari-
ous industries, such as material processing or agriculture.
M. Pylypets et al. (2021) analysed the prerequisites for the

development of combined operations for the manufacture
of screw and auger blanks by the method of metal process-
ing by pressure. The authors considered the latest technol-
ogies that combine various processing methods to improve
the efficiency of manufacturing such blanks, in particular
to reduce material consumption and increase manufactur-
ing accuracy in modern mechanical engineering.

Research of O. Liashuk et al. (2019) is devoted to the
feasibility study of the manufacturing process of screw
working bodies to improve their manufacturing process.
S. Pylypaka et al. (2017) considered the bounding surfaces
of a one-parameter set of planes, as well as methods for
their construction and the construction of sweeps. The
authors focused their attention on the mathematical and
geometric aspects of creating such surfaces, which can be
useful for the development of new technologies in mechan-
ical engineering and architectural design. Zh. Li & J. Lig-
iang (2013) proposed an innovative approach to the design
and manufacture of combined propeller blades for use in
various industrial applications, in particular in turbine and
pump systems. This allowed for to improvement of the
technology of manufacturing propeller blades, increasing
the accuracy and efficiency of their operation. Ch.-M. Tan
& G.-Y.Lin (2016) proposed an innovative mould design for
the production of propeller blades for lawn mowers. The
authors developed effective methods for optimising the
casting process of such blades, which include improving
the quality of their manufacture and increasing the pro-
ductivity of the process.

V. Tarelnyk et al. (2019a) investigated the influence of
the main technological parameters on the microgeometry,
structure, and properties of electroerosion coatings creat-
ed using combined coatings and surface plastic deforma-
tion. The main attention is paid to improving the quality of
surface layers by optimising processing modes. Research by
V. Tarelnyk et al. (2019b) is devoted to the analysis of the
stress-strain state of the surface layer after surface plastic
deformation of electroerosion coatings. However, the influ-
ence of surface geometry on these characteristics was not
taken into account at the design stage, which creates pros-
pects for further scientific research in this direction.

Similar to this work V. Khropost & T.A. Kresan (2023)
considered finding the sweep of a section of a straight open
helicoid due to its bending onto a surface of revolution.
However, the description of the bending process was car-
ried out in a Cartesian coordinate system without involving
the vector equation of the surface and Frenet formulas. Ul-
timately, a result similar to that obtained in this study was
obtained, i.e., the surface of revolution is a single-cavity
hyperboloid. In addition, the construction of an approxi-
mate sweep was carried out for an entire turn without giv-
ing generalised formulas.

Thus, many scientific works are devoted to the study
of the properties, features of geometry, and methods of
constructing helical non-developable and expandable sur-
faces. At the same time, a significant part of these stud-
ies is mainly theoretical and is aimed at solving purely
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mathematical problems, without detailed consideration
of the practical aspects of their use in real structures and
technological processes. In contrast, within the framework
of this study, attention is focused not only on theoretical
principles but also on applied aspects, which makes it more
oriented towards solving engineering problems.

CONCLUSIONS

A mathematical model of the process of gradual bending
of the surface of a helical knife into a surface of revolu-
tion has been developed. For this purpose, the theory of
differential geometry regarding the bending of helical sur-
faces is used. It is based on the well-known position that
any helical surface can be bent into a surface of revolution
by reducing its pitch to zero. In this case, the helical lines
are transformed into parallels of the surface of revolution.
Based on this position, parametric equations of gradual
bending of a straight open helicoid into a surface of rev-
olution have been derived. These include the bending pa-
rameter p, which can be given constant values in the range
from unity to zero. At p = I, the equations describe the in-
itial helical surface, and at p =0, the surface of revolution.
At intermediate values of the parameter p from unity to
zero, the helical surface gradually bends into a surface of
revolution. In the obtained equations of gradual bending
of the surface corresponding to a helical knife, a transition

Nesvidomin et al.

with a drum radius R=0.25 m, an angular elevation of the
helix (knife blade) g, =70° and a knife length L=0.72 m, a
section of a one-sheeted hyperboloid of revolution was ob-
tained with a larger parallel of radius R,=0.229 m and a
smaller parallel r,=0.2266 m and a distance between them
h=0.095 m. These dimensions were taken as the dimen-
sions of a truncated cone, which closely approximates the
surface of a single-cavity hyperboloid. After that, an exact
sweep of the truncated cone was obtained, which is an ap-
proximate sweep of a helical knife. It is a flat ring with an
outer radius R,=9.07 m and an inner radius r,,=8.97 m.

The obtained result of constructing an approximate
sweep of a helical knife is directly related to the mathe-
matical model of the surface bending process, therefore, it
is logical. The prospects for further research are to study
the surface of helical blades for their improvement from a
geometric point of view and simplification of the manufac-
turing technology.
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dopMyBaHHA NMBUHTOMNOAIGHUX HOXKIB i3 MTOCKMX 3aroTOBOK
3a YMOBM MiHiManbHux gedopmauin

AHoTauis. Y KOHCTPYKILiSIX KOPMO306MPaTbHOI TEXHIKM BCE MIMPIIIe BUKOPUCTOBYIOTbCS TBUHTOIMOAIOHI HOXI, sIKi
JLeMOHCTPYIOTh Kpallli XapaKTepUCTUKM Pi3aHHS MOPiBHSIHO 3 TPaAULiMIHMMMU IJIOCKMMMU, IPOTE iX BUTOTOBIEHHS
YCKJIaHIOETHCSI HEPO3TOPTHOK (popMOIo oBepxHi. [Tpo6ieMa CTBOPEHHS TOYHOI IJIOCKOi 3arOTOBKM /IS TAKMX HOXKIB
3yMOBJIIOE TTOTPeOY B MaTeMaTUUYHOMY OTMKCi iX reoMeTpii. MeToo gocTigkeHHS 6y/10 BUSHAUYEHHS aHAITUYHOTO
CII0Co6Yy TT06YI0BY TIIOCKOI 3aTOTOBKM /IS TBMHTOIIOiGHOIO HOXKA 3 ypaxyBaHHSIM MiHiMalbHOTO OTIOPY ITPU TUIACTUYHI A
nedopmariii 3aroToBKu. /151 ZOCSITHEHHS IIOCTABI€HOI METH 3aCTOCOBAHO MeToau audepeHIianbHOi reoMeTpii, 30kpema
BEKTOPHMIT aHasi3 TBUHTOBMX ITIOBEPXOHb, ITOOYIOBa TpUrPaHHMKA DpeHe Ta aHaJi3 Mepiioi KBagpaTUIHOi Gpopmu
MoBepxHi. BCTaHOBJIEHO, 1110 Po60Ya ITOBEPXHS HOXKA € MPSIMUM BiIKPUTUM TeTiKOILOM, SKUit MOske 6yTH 3irHYTHUIA
y IOBepxHI0 06epTaHHSs 6e3 3MiHM Mepiioi kBaapaTuuHoi dopmu. [To6ygoBaHO MapamMeTpUUHi PiBHSIHHS 3TMHAHHS
MOBEPXHi HOXa 3 BUKOPUCTaHHSIM 3MiHHOTO IIapaMeTpa, 110 ONMCYE IIPOLecC TepeTBOPEeHHS relikoifa B OIHOIIOPOXKHUHHMIA
rinep6onoin o6epraHHs. [JoBeIeHO, 10 OCTaHHi i3 BUCOKOIO TOUHICTIO alIPOKCMMYEThHCS 3pi3aHMM KOHYCOM, PO3TOPTKA
SIKOTO BM3HAYAETHCS Yepe3 KOHCTPYKTUBHI mapameTpy Hoka. OTpuMaHo GopmMyin Ajis1 06UMCIeHHS] TeOMeTPUUHUX
PpO3MipiB pO3ropTKM 3a BilOMMMM ITapamMeTpaMy Hoska, 30KpeMa pafiiycaMy OCHOB i BUCOTOIO 3pi3aHOTo KoHyca. [TokasaHo,
1110 JOBXKMHA OYTH jie3a Ta LeHTPaIbHUI KyT, IK1it OKPeCTIOE 3ar0TOBKY, JO3BOJISIIOTh TOUHO omucatu ii dopmy. [TpakTiyHa
LiHHICTb JOC/iIKEHHS TIOJISITAa€ Y CTBOPEHHI e(heKTMBHOT MEeTOAMKY MOOYI0BY Ha61/IbIll TOYHOI TVIOCKOT 3arOTOBKY JIJIsT
BUTOTOBJIEHHSI TBUHTOIOAIOHOTO HOKA, 110 AO3BOJISIE MiHIMi3yBaTH omip npu GOpMyBaHHi, 3HU3UTU TPYLOMIiCTKICTB i
MiZBULIVTY TOYHICTh BUTOTOBJIEHHS AeTalleli oA pi6bHIOBaIbHMX 6apabaHiB
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Improving energy efficiency of double-disc coulters
using boundary estimation method of seed furrow profile influence

Abstract. The relevance of this study lies in the global demand to increase the energy efficiency of agricultural implements
while maintaining high agronomic performance. The purpose of the article was to analytically assess the effect of furrow
profile parameters on the operational energy performance of tillage tools, using double-disc openers as an example. The
methodology was based on geometric modelling of the working components of the coulter in a Cartesian coordinate
system, derivation of parametric equations for furrow contours, and analytical calculation of the furrow cross-sectional
area depending on tillage depth, disc diameter, and disc alignment angles. The study demonstrated that the furrow area
for discs with a 350 mm diameter increased from 415 mm? to 4106 mm? as the tillage depth rose from 20 mm to 80 mm.
With a fixed depth of 50 mm and angles a=50°, #=20°, the furrow area varied from 1762 mm? to 1935 mm? as the disc
diameter changed from 300 mm to 400 mm. A quadratic approximation formula was proposed to express this dependence.
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The results showed that reducing the tillage depth from 50 mm to 45 mm led to a decrease in furrow area from 1851 mm?
to 1277 mm?, while increasing the depth to 55 mm resulted in an increase to 2516 mm?. The influence of disc inclination
angles on the cross-sectional area was also demonstrated: decreasing the angles to «=40° and = 15° reduced the area
to 1522 mma?. The proposed approach enabled further configuration optimisation of coulters under real conditions. The
methodology presented in this publication makes it possible to determine the most rational configuration of tillage tools

for the existing circumstances through appropriate analysis

Keywords: energy efficiency of agricultural machinery; disc tillage tools; mathematical modelling; computer-aided

design; computer information technology

INTRODUCTION

In the context of increasing demands for sustainable agri-
culture and resource-efficient food production, improving
the energy performance of tillage implements remains a
pressing technical challenge. With the rising cost of fuel,
depletion of non-renewable resources, and the need to
reduce environmental impacts, modern agricultural ma-
chinery must be designed to ensure high productivity with
minimal energy input. This necessitates the optimisation
of structural and operational parameters of tillage tools,
particularly those adapted for conservation agriculture,
such as disc-type openers.

V. Damanauskas & A. JanuleviCius (2022) noted that
due to the existing high environmental requirements and
the need to ensure proper energy efficiency, the intensity
of tillage is now significantly decreasing. Using the exam-
ple of a cultivator with elastic tines and a disc harrow, they
show that the required soil structure and the desired appli-
cation of plant residues are realised by fuel consumption,
which is determined by the type of tractor, its speed, tillage
depth, and soil condition. It is recommended to save en-
ergy resources by reducing the depth of cultivation rather
than reducing the speed of agricultural units. M. Malasli &
A. Celik (2023) studied the effect of ploughing depth, an-
gles of discs in the horizontal plane and relative to the ver-
tical, emphasising the importance of these parameters for
furrow formation, traction forces, and energy consumption.
This information shows the relevance of determining the
optimal position of tillage tools during their operation. The
geometric modelling of furrow profiles of disc tillage tools
is the subject of a study by P. Yablonskyi et al. (2023; 2025).
O. Vorobiov (2024) outlined the principles of analytical
and computer reproduction of the structural and opera-
tional parameters and characteristics of these tillage tools.

The authors A. Hamid & A. Alsabbagh (2023) studied
the effect of shelf types, depths, and cultivation speeds on
the obtained agrotechnical characteristics. The prospects
of disc tools are associated with the current progressive
trends in minimum tillage. Discs, unlike shelf ploughs,
significantly reduce energy costs, ensure soil moisture re-
tention, and contribute to its erosion resistance. G. Xu et
al. (2023) and Z. Zeng et al. (2021) performed an experimen-
tal study of several disc tillage tools to compare their effec-
tiveness at different furrow profiles, measuring the acting
forces and crushing of plant residues. K. Aikins et al. (2020)
investigated the basic characteristics of coulters, including

soil destruction, low traction resistance, and accurate seed
and fertiliser placement. D. Parihar et al. (2023) compared
openers in terms of furrow formation, energy consumption
and sowing performance. The publication of F. Chandio et
al. (2020) is devoted to the mathematical prediction of the
forces acting on the discs and the resulting soil deforma-
tions depending on the speed and depth of cultivation.
O. Ranta et al. (2021) note that there is a growing interest
in farming, which involves sowing into untreated soil by
forming the necessary furrows. This preserves moisture in
the soil and prevents soil erosion. Several types of discs and
sowing speeds have been studied to define rational agro-
nomic regimes. It is emphasised that more attention should
be paid to the design of soil-adapted coulters, as well as
the possibility of their real-time adjustment to improve the
quality of work performed. In the work of S. Nikolaenko et
al. (2021) indicated that the training of mechanical engi-
neers, technologists and designers in agricultural higher
education institutions requires innovative integrated ap-
proaches that provide relevant in-depth theoretical knowl-
edge, sufficient practical skills, and an appropriate level of
proficiency in modern computer information technologies.
In this regard, the information presented in this publica-
tion will also be quite useful. Thus, the analysis of existing
approaches shows that further improvement of disc tillage
tools is quite relevant. This is due to the need to solve ur-
gent problems of food security with minimal energy costs.

This article is aimed at solving some of the problems of
this topic. In particular, this concerns optimisation of the
operation of double-disc openers by selecting rational disc
diameters, their installation angles, tillage depths, travel
speeds, etc. The scientific novelty of the study lies in the pro-
posed method of boundary estimates of the influence of the
furrowprofileontheoperationalenergycharacteristics oftill-
age tools, presented on the example of double-disc coulters.

MATERIALS AND METHODS

For soil cultivation, their main components (Fig. 1) were
the riser 1, axle 2 and flat discs 3. Such components as seed
pipes, wrappers, etc. that were not essential for determin-
ing the required furrow were not considered in the cited
articles. This also applied to additional structural elements
that can remove the ridge formed between the discs and
the soil from the furrow walls. These tasks should be the
subject of further scientific research.
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Figure 1. Main tillage components
of the double disc coulter
Note: 1 - riser, 2 — axle, 3 — disc with hub and rolling
element
Source: developed by the authors

The image in Figure 1 corresponds to the view in the
direction of travel of the opener. The round flat discs are
placed symmetrically with respect to the longitudinal ver-
tical plane of symmetry of the implement. They are posi-
tioned in the Cartesian coordinate system Oxyz with the
origin O at the point of intersection of the disc axes, the
x-axis opposite to the direction of the coulter movement,
the horizontal plane Oxy and the vertical axis z. The discs
are rotated by an angle of a relative to the x-axis in the
horizontal plane and deviated by an angle B from the ver-
tical. During operation, they rotate around their axes, cut,
spread and compact the soil to form a furrow. Its profile, i.e.
cross section, depends on the diameter D of the discs, the
required processing depth a, and the angles a and B. The
latter also determine the location of the convergence point
S, which corresponds to the minimum distance between
the discs (Fig. 2). To simplify the analytical calculations,
the original Oxyz coordinate system was moved to the cen-
tre of the left disc by parallel transfer.

e

Figure 2. Point S of disc convergence
Source: developed by the authors

According to O. Vorobiov (2024), the parametric equa-
tions of the contours are as follows:
O for the left (first) disc:

x(u)= g(COSa cos(u) +sino. sinfs sin(u)),
y(u) = ze(cosa sing sin(u) - sino cos(u)), z(u) = -22605ﬁ sin(u); (1)

O for the right (second) disc:

x(u) = g(COSa cos(u) + sina sinp sin(u)),
YU) =25+ g(sina cos(u) - cosa sinfs sin(u)),
zZ(u)= —g cosp sin(u), (2)

where D is the diameter of the discs; a € (0°, 90°), B € (0°,
90°) are the intervals of change in the angles a and B; y,
is the ordinate of the point S of the discs’ convergence;
u €[0° 360°] is a parameter corresponding to the angle
in the plane of the disc with the vertex in its centre, the
base side directed to the rear point of the horizontal di-
ameter (Fig. 2), and is counted counterclockwise, looking
against the direction of the y-axis. Conforming to O. Voro-
biov (2024) shows that the vanishing point S corresponds
to the parameter:

u,=arctg(-ctg-sinf) + 180°. 3)

By substituting the value from expression (3) into ex-
pression (1), the required value of y, for the ordinate y in
ratio (2) is obtained. The furrow pattern of a double disc
coulter is illustrated in Figure 3, where h is the distance
from the centre of the discs to the ground.

The applications of formulas (1) and (2) show that for
the lowest positions of the first and second discs-the param-
eter u=90°. Then the distance between these points (Fig. 3):

=~ by

Figure 3. Furrow profile depending on the tillage depth a

Note: h - distance from the centre of the discs to the
ground; a - tillage depth; S - point of minimum distance
between discs; b, — distance between the lowest points of
the discs; b, — width of the top of the furrow profile

Source: developed by the authors

b,=2y,+ g(sina c0s(90°) - cosa sinf sin(90°))-
- 12—)(c05a sinf sin(90°) - sino. cos(90°)) = 2y,-D cosa sinf. (4)

In practice, considering the gap d, between the discs
at the point of their convergence, the following expression
is obtained:
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b,=2y,- D cosasinf+d;. (5)

The study by O. Vorobiov (2024) shows that the initial
upper position of the furrow profile is determined by the
parameter:

u, = arcsin(1 -~ CZZS B)' 6)

The maximum processing depth a,,, of the disc at
twothirds of its radius corresponds to the gap:

U E [Upyy Una] =[19.5°,160.5°], (7)
For a specific furrow:
u€fu,180°-u,], ®)
where:

U, € [ty 90°). €

min?

As can be seen from Figure 3 and expressions (1) and
(2), the width b, of the top of the furrow profile is equal to:

b,=2y,+ g(sina cos(u,) - cosa sinf sin(u,)) -
-5 (cosa sing sin(u,) - sina cos(u,)) =
=2ys+D(sina cos(u,) - coso sinf sin(u,)). (10)
Considering the minimum distance d; between the
discs at the point of their convergence, the following ex-
pression is obtained:

b,=2y¢+D(sina cos(u,) - cosa sinf sin(u,)) +ds.  (11)

Thus, relations (1)-(11) for the double disc coulters
under consideration make it possible to analytically deter-
mine the theoretical profile of the furrow they form. These
data are necessary, but not sufficient for rational manage-
ment of the energy efficiency of the studied agricultural
implements. The useful work performed by a tillage im-
plement W, under stable operating conditions (or proper
average values over a certain period of time) is determined
by the formula:

W,=F,-Ly, (12)

where F, is the force of resistance of the soil and the imple-
ment; L, is the distance travelled.

In dependence (12), it is assumed that the tillage tools
are moving in a straight line with a constant speed. There-
fore, the total traction force applied to them acts along the
specified trajectory, is equal to the resistance force of the
soil and the implement, and has the opposite direction to
it. The term “total traction force” refers to the total effect of
traction. For example, driving downhill reduces the actual
traction force of the tractor, while driving uphill increas-
es it, and so on. Also, the “soil and implement resistance
force” includes both the direct resistance of the deformed
soil and additional components related, in particular, to
the features of the structure used, its operational condi-
tion, etc. It is once again emphasised that the method of
boundary estimation of the influence of the furrow profile
on the operational energy characteristics of tillage tools, as

Nikolayenko et al.

proposed in this study, is based on parameters and proper-
ties averaged over a specified time interval T
By dividing both left and right sides of expression (12)
by the interval T, under study, the following result is ob-
tained:
Ptiz‘/»lr/_ngti';_Zthi'Vti’ (13)
where P, is the required power; V, is the operating speed
of the implement. The components F, and V, of formula

(13) are functions of many different factors. For example:

F,=f(SP, TL PP, ..), (14)
where soil properties:
SP=(MC, SST, SM, PC, HM, SA, ...); (15)
its mechanical composition:
MC=(SS, CS, LM, BS, ...), (16)

where SS - sandy soils, CS — clay soils, LM - loams, BS —
black soil; soil structure:

SST=(SLST, LMST, LSST, ...), (17)

where SLST - solid, LMST - lumpy, LSST - loose; SM - soil
moisture, PC — previous crops, HM — humus, SA — soil aera-
tion; tillage implements:

TI=(MLB, DSC, CHL, ..., (18)

where MLB - moldboard, DSC - disc, CHL - chisel; process-
ing parameters:

PP=(a,V,,A, .., (19)

where a is tillage depth, V is the speed of the tillage tool,
and A is the area of the furrow profile. The functional de-
pendence for the speed of the implement as a component
of the tractor unit can be represented as:

_ Ptr'kpttr

Vi = (20)

g Fy
where P, is the nominal power of the tractor; power trans-
mission ratio of the tractor to agricultural implements:

0 <k, <1, 1)

n, is Thus, operational energy performance, see expres-
sions (12)-(21), depends on many parameters and charac-
teristics (see for example Ya. Pavlova & D. Litvinov (2024)).
Therefore, it is quite problematic to accurately reflect them
with one universal analytical mathematical apparatus. It is
proposed to solve this complex problem by dividing the lat-
ter into several simpler ones.

An increase in the operational speed (20) of agricul-
tural implements increases the productivity of agricultur-
al processes. The analysis of this formula shows that this
is facilitated by an increase in tractor power and the co-
efficient of its transmission to tillage tools. However, the
former requires adequate energy, financial and other costs.
The second approach is more economical but has certain
limitations (21). An increase in the number of aggregated
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implements n, slows down their speed but increases the
area worked. Therefore, this value requires the definition
of an optimal value. The most appropriate is to reduce the
force F,;of soil and tool resistance. This article is devoted to
these issues.

The main idea is to use the experience gained in culti-
vating certain agricultural lands. This applies to both small
and large farms. Each of them cultivates fields with certain
soil properties (15), their mechanical composition (16), and
structure (17). There is also statistical information availa-
ble, at the required time periods, on soil moisture, humus,
aeration, previous crops, etc. There is data on the tillage
tools used, the appropriate tillage parameters (19), the
tractor fleet used, and its technical characteristics. There
are also corresponding farming results. The question is
whether the latter can be improved, for example, in terms
of increased yields, labour productivity, reduced energy
and financial costs, etc.

The above studies, approaches, mathematical appara-
tus and considerations served as the basis for determining
the methodology for conducting scientific research aimed
at improving the energy efficiency of tillage tools on the
example of double-disc coulters. The proposed methods
consist in establishing analytical dependencies between
certain parameters of the design of agricultural imple-
ments (for the studied openers, these are the diameter
of the discs D, the minimum distance d, between them,
the installation angles o, B) and the resulting operational
characteristics associated with energy consumption (in
this case, these are the depth of cultivation a, the furrow
profile and its area A).

Their increase or decrease enables the estimation of
the relative increase or decrease in fuel consumption for
the implementation of the technological process. The fol-
lowing general approach of marginal estimates, illustrated
on the example of double disc coulters, can be extended to
other tillage tools and other, not only agricultural, equip-
ment. However, this is the subject of further research. The
proposed methodology for some aspects of improving the
energy efficiency of agricultural tillage tools, presented
on the example of double-disc openers, is as follows. The
accumulated cultivation experience is selected as the
starting point for the optimisation. The direction of the
desired improvements is determined based on analyti-
cally determined limit estimates of the influence of the
furrow profile on the operational energy characteristics
of tillage tools.

RESULTS AND DISCUSSION

As can be seen from formulas (13)-(21), for certain exist-
ing soil properties (mechanical composition, structure,
moisture, previous crops, etc.), the tools used (in this
case, double-disc coulters), cultivation parameters (in the
form of the required depth, operating speed, furrow pro-
file, furrow area) and the available technical park, certain
agricultural results are achieved due to specific energy in-
puts (tractor power).

Increasing productivity, i.e. V, and n,, by increasing
the power P, of tractors, see dependence (20), is obvious,
but it does not improve energy efficiency. Increasing the
coefficient k,, is important, but does not correspond to the
chosen topic of this research. An effective way is to reduce
the resistance force F, of the soil and the implement. Then,
with other operating parameters remaining constant, la-
bour productivity increases due to an increase in V,; or en-
ergy costs are reduced by reducing the required power P,,.

Based on expressions (1)-(11) and Figure 3, an ana-
lytical determination of the area A of the furrow profile
formed by a double disc coulter is carried out, as this pa-
rameter is particularly significant for the resistance force
F <sub > ti</sub> acting between the soil and the tool. To
do this, move the Oxyz coordinate system vertically down-
wards so that the Oxy plane coincides with the level of the
furrow bottom. Then the applications in relations (1) and
(2) will be equal to:

D D D
z(u) =-3cosp sin(u) +5cosf=7cosp(1-sin(u)). (22)

Further, based on the integral for calculating the area
of the curved trapezoid bounded by the parametric curve
and the symmetry of the furrow profile relative to the ver-
tical axis passing through the point S of the discs’ conver-
gence, the following is obtained:

A=2- (5= +P-a- T2y @dw, (23
where y(u) is the ordinate of the first disc, z(u) is deter-
mined according to formula (22). The components of de-
pendence (23) are as follows:

D
Vs=Y(ug) =3 (cosa sinf sin(ug) - sina. cos(u)),

V.=yu,)= 12—)(605(1 sing sin(u,) - sina. cos(u,)), (24)

where u, = arctg(-ctgo - sinf) + 180°, u
(D-cosp));

= arcsin(1l - 2a/

u

y'(u) = 22 (cosasinf cos(u) + sina sin(u)),

fu 2y (W du =

Uy 2

fuse cos (1 —sin(u))- 2 (cos asinf cos(u) + sina sin(u))du =

2

D? , Ug . Ug . _
— cos B (cosasinf fuu cos(u)du +sin afuu sin(uw)du

—cos asinﬁfﬁssin( u) cos(u)du — sinafuussinz(u)du =
u u

uu uu
D2 us us
= cos B (cosasinf sin(u) | —sinacos(u)| —
uu uu
, . 2( w) uls u  sin(u) S
—cos asinfsin —si u _sintew)
B sina (3 — 1) (25)

2
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where angles o, #, parameters u,, u, are measured in radi-
ans. Expressions (23) and (25) make possible to determine
the area A of the furrow profile of a two-disc coulter with
diameters D of the discs and the minimum distance d, be-
tween them, their installation angles « and . To illustrate
the proposed approach, the furrow profile defined by the
design parameters of the opener in O. Vorobiov (2024) is
used as the initial condition:

D=350 mm, a=5°, 5= 20°. (26)

In addition to the values specified in expression (26), it
is necessary to consider a zero minimum distance between
the discs and working range of tillage depths.

a€[20 mm, 80 mm)]. (27)

The proper furrow profile is illustrated in Figure 4. The
second image shows the ridge that forms at the bottom of
the furrow. Its width at heights greater than one millimetre
is mostly less than a millimetre. In other words, in practice,
the shape of this ridge would be described by an approxi-
mately equilateral trapezoid with a height of 1 to 1.5 mm
and a lower and upper base of 3 mm and 1 mm, respec-
tively. These geometric parameters are acceptable. These
aspects will not be considered in further detail.

Table 1 contains the results of calculations based on
expressions (23)-(27) of the area A of the furrow profile for
D=350 mm, a=5°, #=20° depending on the depth a of tillage.

Nikolayenko et al.

100
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0 ; !
0 20 40 60 80 100 120
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60 61 62 63 64
b) mm

Figure 4. Furrow profile for D=350 mm, a=5°, #=20°
Note: a) general view; b) crest
Source: developed by the authors

Table 1. Variation of furrow profile area A for D=350 mm, a=5°, f=20°

40 50 60 70 80

Tillage depth a, mm 20 30
Furrow profile area A, mm? 415 796

1,277

1,851 2,516 3,268 4,106

Source: compiled by the authors

The corresponding quadratic approximation formulais:
A(a)=k, a2+k, a+k,, (28)

where k,=91/200, k, =1,129/70, k,=-1,305/14. The corre-
sponding graph is shown in Figure 5.

4000{

3000

200

A, mm?2

1000

1

(0,
20 30 40 50 60 70 80
a, mm

Figure 5. Visualisation of expression (28)
Source: developed by the authors

It is obvious that the first depth saves energy and fi-
nancial costs, but can lead to a deterioration in agronomic
performance. In the second case, the opposite is true. The
assessment of agrotechnical factors, unlike energy factors,

is not the subject of this publication. Consideration is given
to a case where the current tillage depth is a ,=50 mm, and
the suitability of two alternative depths, a, =45 mm and
a,=55 mm, is evaluated. To determine the most appropri-
ate option, the following procedure is applied. It is obvious
that the first depth saves energy and financial costs, but
can lead to a deterioration in agronomic performance. In
the second case, the opposite is true. The assessment of
agrotechnical factors, unlike energy factors, is not the sub-
ject of this publication. In accordance with the proposed
approach, expression (28) provides a means to determine
the limits of variation in energy costs, whether increasing
or decreasing.

A(a,)=1,851 mm2, A(a,)=1,554 mm?, A(a,)=2,170 mma?. (29)

Using the data provided in expression (29), the follow-
ing boundary estimates of R (rating) are obtained, reflect-
ing the impact of changes in the furrow profile on the op-
erational energy characteristics of the double disc coulter
under consideration.

Alay) 1,851 mm?
R, = & =——~1.19,
17 a(a) ~ 1,554 mm?
A(ag) _ 1,851 mm?
=—"=—"———=~(.85.
27 A(ay) ~ 2,170 mm?2

(30)
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The values of (30) show that the savings Sav (saving) of
energy resources and their overspending Ovs (overspend-
ing) are approximately:

Sav=(1-1/R,)-100% = 16%,

Ovs=(1/R,-1)-100% ~ 17%. (31)

Thus, if the savings (31) of energy resources in finan-
cial terms cover the possible losses from the deterioration
of agronomic performance, then the analysed tillage depth
a, =45 mm is appropriate, otherwise — not. By analogy, if

the additional costs (31) are less than the gains from im-
proved agronomic performance, then the new tillage depth
a,=55 mm is appropriate, otherwise it is not. In the follow-
ing, the financial efficiency of the proposed changes in the
furrow profile is assessed in a similar way and is therefore
no longer emphasised. The mathematical apparatus pre-
sented above makes it possible to assess the influence of
disc diameters D on the energy efficiency of the coulter. It
is assumed that the values presented in Table 2 need to be
calculated.

Table 2. Variation of furrow profile area A for a=50 mm, a=5°, #=20°

350 380 400

Diameter D of discs, mm 300 320
Furrow profile area A, mm? 1762 1,798

1,851 1,902 1,935

Source: compiled by the authors

The proper expression of the quadratic approximation
is:
AD)=k, D>+k, D+k,, (32)
where k,=0.000981, k,=2.41766, k,=1,124.9387. The corre-
sponding graph is shown in Figure 6.

194

1920

1900
188
£ 1860 —F
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Figure 6. Visualisation of dependency (32)
Source: developed by the authors

Figure 7 shows the variation of the furrow ridge for two
disc diameters D.

Suppose that from the point of view of agrotechnical
requirements, the ridge of Figure 7b is too large, and the
furrow variant of Figure 7a is acceptable. In the latter case,
the energy savings will be:

_ A(D=320 mm) _
sav = (1= 52 mg) - 100% =
2
= (1 - 2222 - 100% ~ 2.9%. (33)

The formula (32) allows processing arbitrary disc di-
ameters from the range:

D€ [300 mm, 400 mm]. (34)

By comparing the respective values of expressions (31)
and (33), it is concluded that the depth a of tillage has a sig-
nificantly greater impact on energy saving than the diam-
eters D of the discs used. The integrated effect of the con-
sidered operational and design parameters is possible. For

instance, given a = 45 mm, a = 50, = 200, and D = 320 mm,
the following result is obtained:

s _ (1 _ A(a=45 mm, a=5°, f=20°, D=320mm)) .
av = A(a=50 mm, a=5° =20° D=350mm)
1,507 mm?
. 0 — —= . 0 ~ 0
100% = (1 1,851mm2) 100% =~ 18.6%. (35)

6.

5.

4..

mm 3

2_
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a) o
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0
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b) mm

Figure 7. Furrow ridges for a=50 mm, a=5°, =20°
Note: a) D=320 mm; b) D=380 mm
Source: developed by the authors

The value (35) describes the relative estimate of the
energy reduction. A proper furrow profile is shown in
Figure 8.

The dependencies (23) and (25), for example, for a=5°,
B =20° and the intervals (27) and (34), can be visualised
using Table 3. The previously calculated values by expres-
sions (28) and (32) are highlighted in blue.

Figure 9 illustrates the calculated results.
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Figure 8. Furrow profile for D=320 mm, a=5°, #=20°, a=45 mm

Note: a) general view; b) crest
Source: developed by the authors

Table 3. Furrow profile area A, mm?

Diameters of discs
Tillage depth a, mm
D=350 mm
20 390 400 415 430 440
30 753 771 796 822 838
40 1,212 1,238 1,277 1,314 1,338
50 1,762 1,798 1,851 1,902 1,935
60 2,401 2,448 2,516 2,591 2,624
70 3,126 3,184 3,268 3,350 3,402
80 3,933 4,004 4,106 4,205 4,269
Source: compiled by the authors
500 60 44—
400 50 :
40
mm 30 mm 2
20
1
10
0
30 40 50 60 70 80 90 55 56 57
2503603407% 4050 60 7 60 , 6
400 D, mm a, mm &8
50 5
Figure 9. Dependence of the area A 4 %
of the furrow profile for o= 5°, #=20° mm 30 mm 3
Source: developed by the authors 20 2
10 1
The proper formulas are as follows:

AD, @)=k, (D)-a*+k, (D)-a+k, (D), (36)

where k,(D) = -13/2046240000 - D2 + 16361/70992000 - D +
+7254577/19325600, k,(D) = -6803/204624000 - D2 + 9618
1/1987776 - D + 6261669/1932560, k,(D) = 281/426300 - D2 -
-231883/414120- D + 2184507/96628. Figure 10 shows, for
example, the effect of changing the angles o and S of the
discs on the resulting furrow profile.

In the first and second cases, the furrow profile area is
respectively:

A,=1,330 mm?, A,=1,160 mm?. 37)

42 43

20 30 40 50 60 70 44 45

b) mm

Figure 10. Furrow profiles
and ridges for D=320 mm, a=45 mm
Note: a) 0 =4°, f=20°; b) a=4°, f=15°
Source: developed by the authors

As evidenced by the values of (37), reducing the an-
gles a and S significantly affects the decrease in the furrow
profile area. However, it is necessary to take into account,
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in addition to agrotechnical indicators, the possibility of
constructive implementation of the analysed geometric

A(a=45mm, a=4°, =200 D=320 mm)

parameters. Thus, compared to the initial state, the reduc-
tion in energy resources can be as follows:

1,330 mm?

Sav, = (1—

A(a=50mm, a=5°, =209 D=350 mm)
A(a=45 mm, a=4°, B=15%, D=320 mm)

)-100% = (1 — o) - 100% ~ 28%,

1,160 mm?

Sav, = (1 -

The values of (38) show that energy consumption var-
ies widely for different crops grown. However, the issue of
ensuring flexible adaptation of coulters to specific oper-
ating conditions is not clear. It is understood that these
actions should have positive generalised effects, and not
lead to an increase in the cost of adjusting the openers It
should also be noted that the methods described above
allow for the calculation, for the angles o and g, of the
dependencies of the form (36) reflecting their influence
on the size of the area A of the furrow profile and, accord-
ingly, on energy efficiency.

To compare the results obtained with similar studies
by other authors, additional study of the available litera-
ture on the selected topic was conducted, see Figure 11.
Common and distinctive features of the approaches and
methods employed, the nature of the aspects investigat-
ed, as well as the theoretical and practical significance of
the results, have been identified. Thus, the publication of
M. Sadek et al. (2021) is devoted to the prediction of trac-
tion force during high-speed (12 km/h and more) tillage
with disc tools. These parameters are important dynamic
components of these energy processes. As mathematical

\

A(a=50 mm, a=59, $=20°, D=350 mm)

)- 100% = (1 — )-100% ~ 37%. (38)

1,851 mm?
and computer tools, the discrete element method was used,
which is designed to analyse the movement of a large num-
ber of specific particles that interact with each other as
a result of external influences on them. It is shown that,
compared to real values, the model error ranges from 8%
to 14%. To eliminate this defect, the model was adapted
and an accuracy of 1% was achieved. After that, the influ-
ence of the angles of deviation of the disc from the verti-
cal and horizontal planes, its diameter, depth, and tillage
speed on the traction force was evaluated. The advantage
of the considered methodology is the sufficient accuracy
of the description of these parameters in limited intervals
of their change for a certain state of the analysed soil. It
should be noted that the results obtained will be satisfacto-
ry in practice only if the existing conditions coincide with
the studied ones, which is generally unlikely. The approach
proposed by the authors of this article, in order to optimise
the operational energy characteristics of agricultural im-
plements, is based on the existing circumstances of the lat-
ter’s functioning. This ensures the necessary adequacy of
the applied theoretical model to the specific conditions of
practice (Pavlova & Litvinov, 2024).

Figure 11. Graphic illustrations of the results of works on the selected topic by other authors
Note: a) M. Sadek et al. (2021); b) F. Ahmad et al. (2020); c) D. Karayel et al. (2024); d) A. Sugirbay et al. (2023); e) B. Rosu et

al. (2024)
Source: developed by the authors

F. Ahmad et al. (2020) used the discrete element meth-
od to study several different designs of disc coulters. The
emphasis is placed on various mechanical properties of
the soil, such as its density, shear modulus, Poisson’s ratio,
friction coefficients, etc. The error between the calculated
and actual values of the required traction force, depending

on the speed of the double-disc coulter, ranges from 1%
to 21%. This information to some extent complements
the information presented in the previous paragraph. But,
unfortunately, in reality, there are a huge number of such
possible combinations of parameters and characteristics.
Therefore, the probability of the existence of the options
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considered in advance in specific business circumstances is
quite small. The described methodology is of practical val-
ue for direct application in the relevant agricultural fields,
as indicated in the title of this publication. D. Karayel et
al. (2024) studied the issue of ensuring the required pro-
ductivity of a seeder without plowing by finding the right
balance between the design of the coulter and the available
soil coverage with plant residues. Corn sowing after wheat
harvest was analysed. Plain and ripple coulters were test-
ed as variant components of the seeder. Recommendations
for their practical use were formulated. This work demon-
strates the relevance of analysing, in addition to conven-
tional discs, also their design modifications.

A double-disc coulter for a no-till seeder with simul-
taneous fertiliser and seed application is presented by
A. Sugirbay et al. (2023). The proposed design is based on
an improvement of the conventional coulter shown in Fig-
ure 11d. In the furrow, granular fertilisers are placed 2 cm
deeper than the level of wheat seeds. Comparative experi-
ments of the basic and developed double-disc coulters were
conducted in a soil bunker. Horizontal and vertical forces
were determined, and the accuracy of fertiliser and seed
placement was analysed. The behaviour of soil particles
interacting with the coulter was simulated using the dis-
crete element method. The agreement between the model-
ling results and physical experiments is satisfactory. Based
on the information presented in this publication, it can be
concluded that the design of multifunctional implements
based on double-disc openers and the proper use of com-
puter software implementations of the discrete element
method are promising.

B. Rosu et al. (2024) believed that agricultural special-
ists should pay more attention to the capabilities of disc
tools, their adaptation to specific operating conditions
by adjusting the angles of the discs, speed, etc. in order
to increase the accuracy of sowing, especially for no-till
cultivation, see Figure 11e. This emphasises the aspect of
changes in parameters such as the size and weight of the
coulter discs due to soil contact. For the studied range of
openers, it was found that, on average, the discs thinned
by about 0.25 mm per 100 hectares sown, and their diam-
eter decreased by 0.17-0.35% for the sown area from 80
to 380 hectares. It is noted that new research is needed to
generalise the results obtained for other types of seeders,
as well as to determine the dependence of the above values
on various soil properties. Thus, the analysed publication
from the standpoint of a systematic approach properly
complements the above methodology for the creation and
use of double-disc coulters. N. Kumar et al. (2021 examined
the shredding of plant residues using various disc coulters
by different disc coulters (plain, notch, curved teeth, cutter
bar and star wheel).

Thus, the considered literary sources were analysed
similar design and operational parameters of openers (disc
diameters, their installation angles, depth of cultivation),
but for certain working speeds and tractors, used soils, their
condition, etc. As can be seen from formulas (12)-(21), the
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number of possible combinatorial variants of the above
factors is almost infinite. In other words, the research car-
ried out makes practical sense only if the existing specif-
ic conditions of agricultural production coincide with the
analysed ones quite accurately. In cases where these con-
ditions differ, there is a need for a more flexible methodo-
logical approach. To some extent, the approach proposed
in this article is aimed at resolving this complex issue. Its
basic idea is, so to speak, to start from the existing eco-
nomic circumstances and identify promising areas for their
improvement. In particular, this applies to the increase in
energy efficiency of tillage tools considered on the example
of double-disc coulters without deterioration of the agro-
technical indicators obtained.

The conducted study confirmed the feasibility and
practical value of a methodological approach based on
marginal estimates of the impact of the furrow profile on
the energy characteristics of tillage tools. Using the ex-
ample of double-disc openers, the analytical relationships
between design parameters and energy performance in-
dicators were derived and validated, allowing for justified
optimisation decisions. The obtained results demonstrate
that even minor adjustments in disc diameter, installation
angles, or tillage depth may lead to significant variations
in energy consumption, offering a potential reserve for re-
source savings.

CONCLUSIONS

Improving the energy efficiency of tillage implements, in
particular seed sowing machines, while ensuring a high
level of agrotechnical and environmental requirements is
an urgent scientific and applied problem. In this direction,
the double-disc coulters of modern seeders are quite prom-
ising, and at the same time, the most used in production.
The article analytically evaluates the influence of the pa-
rameters of the seeding furrow profile on the energy per-
formance of double-disc openers. By geometric modelling
of the working surfaces of the coulter, the parametric equa-
tions of the contours of the seed furrow in the Cartesian co-
ordinate system were derived and the analytical calculation
of its cross-sectional area was performed depending on the
depth of cultivation, disc diameter, and disc alignment an-
gles. Using a quadratic approximation formula, it was found
that the furrow area for a disc with a diameter of, for ex-
ample, 350 mm increased from 415 to 4106 mm? when the
processing depth increased from 20 to 80 mm. With a fixed
depth of 50 mm and alignment angles of a=50°, #=20°,
varying the disc diameter from 300 to 400 mm changes the
furrow area from 1762 to 1935 mm?. Reducing the working
depth by 5 mm leads to a decrease in the furrow area from
1851 to 1277 mmz2, while increasing the working depth by
the same amount, the furrow area increases to 2516 mm?2.
At the same time, when the angles o and £ are reduced to
40° and 15°, respectively, the cross-sectional area of the
seed furrow decreases to 1522 mm?2.

Thus, the method of boundary estimates of the influ-
ence of the seed furrow profile on the energy characteristics
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of the seeder proposed in this publication is the main
scientific and applied achievement of this work, and the
methodological approach on the example of disc coulters
with the help of appropriate analysis allows optimising the
configuration of the working surfaces of disc tillage tools
in real-world conditions. The main difficulty in this case
is the need to properly take into account the rather dif-
ferent conditions associated with the geometry of specific
working surfaces of the disc type, soil condition, size and
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NiaBuweHHA eHeproedpeKTUBHOCTI ABOANCKOBUX COLUHUKIB
Ha OCHOBiI MeToAly rPaHUYHMX OLLIHOK BMN/IUBY Npo@inio nociBHOi 60po3HMU

AHOTaLifA. AKTyaJbHICTh JOCTIAKEHHS T0JIATa€ Y CBiTOBIit HeOOXiMHOCTI MmigBUINeHHST eHeproedeKTMBHOCTI
CiIbCHKOTOCTIONAPCHKMUX 3HAPSIAb MPU 30€pesKeHHI BUCOKMX arpOTeXHIYHMX IMOKa3HMKiB. MeToI0 cTaTTi 6y/10 aHATI TUIHO
OILIiHMTY BIUIMB apaMeTpiB podio 60pOo3HM Ha eKCITyaTalliliHi eHepreTUYHi XapaKTepUCTUKY I'PYHTOOOPOOHX 3HAPSIAb
Ha MPUKIIAZi ABOAMCKOBYMX COLTHYKIB. MeTOAOIIOTiS I'PyHTYBa/Iacsl HA TeOMETPUYHOMY MOZETIOBAHHI PO60OUMX KOMITOHEHTIB
COIIHMKA B IEKAPTOBill cucTeMi KOOpAMHAT, BUBEIEHHI ITapaMeTPUUYHMUX PiBHSIHb KOHTYPiB 60PO3HM Ta aHATI TUMHOMY
06uMCIIeHH] IUIOILI i1 IToIepeyHoro nepepisy 3aJeskKHO Bil MOUHY 06p06iTKY, NiaMmeTpa IMUCKiB i KyTiB iX BCTAHOBJIEHHSI.
V¥ xopi mociigkeHHsT 6yJIo BCTaHOBJIEHO, IO TUIONIA 60PO3HM AJIs1 AUCKIB giameTpoM 350 MM 3pocTtasa Bif 415 mm2 1o
4106 mMm? 3i 36i/bLIIEHHSIM IMOWHYM 06p06iTKY Big 20 MM mo 80 mm. 3a ¢ikcoBaHoi rmbuHM 50 MM i KyTiB a=50°, f=20°,
rronia 60po3Hu 3MiHIOBaiacst Big 1762 mm2 mo 1935 MM? 3a/ieskHO Big 3MiHM miameTpa ayuckiB Big 300 mm go 400 M.
Bysio 3amponoHOBaHO KBaAPaTUUYHY allpOKCUMAIIilo /ISl OTIMCY Ii€i 3a/IeKHOCTi. Pe3ynbTaTy mokasaiu, 1o 3MeHIIeHHS
M6uHM 06po6iTKy 3 50 MM 0 45 MM 3MeHIITYBasIO IuIolny 60po3Hu 3 1851 Mmm2 o 1277 mm2, a ii 36ibIneHHS 70 55 MM
MPU3BOAMIIO 10 3POCTaHHS IO 10 2516 MM2. Takok 6Y/10 IIPOAEMOHCTPOBAHO BIUIMB KYTiB BCTAHOBJIEHHS IUCKIB: IIPU
3MeHIIeHHi 10 ¢.=40° i #=15° ruiomma 60po3HM 3MeHIITyBaiacs 10 1522 Mm2. 3aporioHOBaHMIA MiAXig JO3BOMUB 3MiICHUTI
MOJaJIbIIly ONITMMi3allifo KOHGirypailii COIHMKIB y peaqbHMX YMOBax. MeToauka, pefcTaBaeHa B JaHiii myosikaiii,
JIO3BOJISIE BU3HAUMTY HAMOI/IbII pallioHa/IbHY KOHQIrypallito I(pyHTO0OpOOHMX 3HAPSIAb AJIS iCHYFOUMX 00CTaBUH HUISIXOM
MpOBeeHHS BiATIOBiJHOTO aHali3y

KniouoBi cnoBa: eneproeGekTUBHICTh CilTbChKOTOCIIONAPCHKOT TEXHIKM; IVICKOBI IPYHTOO6PO6HI 3HAPS/IST; MaTeMaTUUHe
MOZeMIOBAaHHS; aBTOMATH30BaHe MTPOEKTYBAHHST; KOMIT I0TepHi iHdbopmariiliHi TexHomorii
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Mathematical modelling and investigation of the grain drying process
in bunker units with radial supply of drying agent

Abstract. One of the key tasks of modern grain processing equipment is to increase the efficiency of drying in bunker
installations with a ring-cylindrical grain bed. The aim of this study was to investigate the unsteady processes of heat and
mass transfer in the annular layer of grain in a bin-type dryer with a radial supply of drying agent to assess the uniformity
of temperature and moisture distribution and determine the effect of drying parameters on dehydration efficiency. To
improve the energy efficiency and quality of drying, a two-level mathematical model was proposed to study the processes
of internal heat and mass transfer and external heat and mass transfer. At the first level, the drying kinetics of a single
grain in the form of a sphere in contact with a drying agent of constant temperature and humidity was modelled. The
second level described the process of filtration drying of a dense ring-cylindrical layer of grain with a radial supply of the
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drying agent. The thermophysical coefficients of the models were identified based on the results of field experiments.
The obtained analytical and numerical solutions of the presented mathematical models made it possible to determine
the rational design parameters and calculate energy-efficient operating modes of bunker-type grain dryers depending on
the initial grain parameters. It was substantiated that the highest efficiency is achieved when using a periodic circulation
mode, which ensures uniform heating and dehydration of the grain mass along the radial coordinate of the bed. The
dependences of the influence of temperature, moisture content and air filtration rate on the exposure of grain drying in
the bed were determined, which allows for flexible control of the drying process depending on the operating conditions.
The study results confirmed that the use of a batch-circulating drying mode allows achieving high uniformity of the final
grain moisture content, increasing the energy efficiency of the process and significantly reducing the unevenness of grain
heating compared to traditional continuous modes of drying grain in a thick radial layer. The results can be used both for
the modernisation of existing drying plants and for the design of new energy-saving grain dryers

Keywords: mathematical modelling; heat and mass transfer; bunker dryer; cyclic-periodic mode; ring-cylindrical layer

INTRODUCTION

Grain drying is a mandatory post-harvest process that
serves as a crucial step in preparing crops for long-term
storage and subsequent processing. Freshly harvested
grain continues to undergo post-harvest ripening process-
es; therefore, drying not only reduces moisture content but
also accelerates maturation, inhibits the development of
pathogenic microflora, and homogenises the grain mass in
terms of ripeness. Drying also significantly enhances the
technological efficiency of subsequent grain processing in
mills and groat factories.

The primary method for grain drying in agricultural
enterprises is thermal drying with convective heat supply.
Despite its numerous advantages, this method has sig-
nificant drawbacks, including the high energy consump-
tion of the process and the low efficiency of dryers due
to substantial heat losses with the exhaust drying agent.
Consequently, optimising the parameters of the convec-
tive drying process is critically important by H.S. El-Me-
sery et al. (2024). Most grain drying installations utilise
straight-through shaft designs with gas distribution boxes,
commonly known as shaft dryers, with capacities ranging
from 24 to 50 tons per hour. These dryers are characterised
by their high metal consumption and uneven grain heat-
ing as shown in the study by P. Demissie et al. (2019). This
unevenness arises from the large contact area between
the distribution boxes and the grain, leading to localised
overheating. Such localised overheating significantly con-
tributes to drying non-uniformity. Non-uniform drying
poses significant microbiological risks and ultimately re-
sults in a reduction in the quality of the final dried product.

In high-temperature convective drying, the distribu-
tion of the air flow and the heat carrier supply modes sig-
nificantly impact drying efficiency. According to research
by W. Wang et al. (2020), implementing an effective heat
carrier distribution within the grain layer can reduce local-
ised overheating and increase drying efficiency. The high
throughput of shaft dryers complicates the processing of
small grain batches, as highlighted in a review by K.A. Ji-
moh et al. (2023), which emphasised the low flexibility of
such installations for decentralised processing. For micro,
small, and medium-sized enterprises involved in grain pro-

duction, the application of columnandbatch dryers presents
an effective solution. Studies by A. Sokolenko et al. (2020)
demonstrated that these dryers offer lower metal con-
sumption and cost while providing sufficient capacity. Sim-
ilar conclusions were drawn by A.I. Onderova et al. (2019),
who investigated the drying processes of biomaterials in
vacuum dryers and noted their adaptability to various grain
types and batch volumes. The use of column dryers in con-
junction with heat generators powered by solid alternative
fuels significantly reduces drying costs. However, this ap-
proach necessitates a separate bunker for grain cooling.
This requirement was analysed by Z.Y. Xu et al. (2019), who
explored the prospects of low-temperature heat recovery
and its potential application in grain drying infrastructure.

Improving the technological and energy efficiency of
grain dryers is intrinsically linked to the intensification of
heat and mass transfer processes and the utilisation of new
heat supply schemes for grain material. The fundamentals,
methods, and means of drying intensification were iden-
tified by I. Palamarchuk et al. (2023). Among the effective
methods are: vibro-loosening of the grain layer, non-con-
tact infrared (IR) and microwave energy supply, and 0zo-
nation of the drying agent. These methods substantially
accelerate the dehydration process, thereby increasing
dryer productivity. While microwave drying offers some
advantages, it also presents limitations, including uneven
heating, limited penetration into thick materials, and the
risk of surface damage due to excessively rapid moisture
evaporation. Therefore, researchers N. Ahmad et al. (2021)
were studying the combined application of microwave dry-
ing with other technologies to integrate the benefits of
each method, enhance drying efficiency, and improve grain
quality. Combining microwave and infrared drying enhanc-
es process efficiency and optimises energy utilisation. Mi-
crowave heating penetrates deep into the material, heating
it through the oscillation of water molecules, while infra-
red radiation primarily heats the surface, rapidly increas-
ing its temperature. This combined approach was investi-
gated by P. Mukwevho & M.N. Emmambux (2022). Infrared
(IR) drying technology is a promising method for moisture
removal due to its high energy conversion efficiency and
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direct transfer of thermal energy to the material’s surface.
V.R.G. Nascimento et al. (2019) noted that unlike tradi-
tional hot-air drying, IR drying minimises heat losses to
the environment, ensures a rapid increase in product tem-
perature, and allows operation at lower temperatures. This
contributes to a reduced process duration and decreased
energy consumption.

However, the limited penetration depth of IR radia-
tion reduces its effectiveness when processing thick-lay-
er or low-moisture materials. Therefore, N.D.S. Timm et
al. (2020) combined this technology with other drying
methods to enhance the overall process efficiency. P. Yu et
al. (2025) determined that one common challenge with the
aforementioned methods for increasing dryer productivity
is that they often lead to higher capital or operational costs
due to increased power requirements, equipment com-
plexity, and energy consumption. An alternative approach
is to optimise dryer operating modes and technological
schemes to ensure stable productivity with minimal ener-
gy consumption.

This optimisation necessitates accurate mathemati-
cal models that describe heat and mass transfer in specific
drying configurations. Research by O. Tsurkan et al. (2022)
confirmed the feasibility of using combined analytical and
numerical modelling methods for convective drying to
predict temperature and moisture fields. However, aspects
such as the distribution of temperature and moisture along
the radius of thick-layer annular dryers with radial air flow
remain insufficiently studied.

The aim of this study was to investigate unsteady heat
and mass transfer processes in the annular grain layer of a
bunker-type dryer with radial supply of the drying agent to
assess temperature and moisture distribution uniformity
and evaluate the impact of drying parameters on dehydra-
tion efficiency.

Research objectives:

O to develop a mathematical model of unsteady heat
and mass transfer in a ring-cylindrical layer of grain mass,
taking into account changes in the radial coordinate of
temperature, moisture content, and filtration rate of the
drying agent;

O to identify thermo physical coefficients (effective
thermal conductivity, effective diffusion), similarity crite-
ria (heat and mass transfer Bio) from classical analytical
solutions of heat and mass transfer equations for a spheri-
cal body to calculate the heating and drying coefficients of
the external heat and mass transfer model.

The scientific novelty of the study was that a mathe-
matical model of unsteady heat and mass transfer in the
grain layer of a bunker dryer was developed, taking into
account changes in the radial flow rate of the drying agent
and the empirical dependence of grain equilibrium mois-
ture content on drying parameters. The model allowed
identifying the distribution patterns of temperature and
humidity along the bed height and radius, as well as the
risk zones of overdrying or underdrying. A new approach
to reducing uneven drying by means of cyclic grain mixing

Kotov et al.

was substantiated, suitable for implementation in single or
serially connected bunker-type dryers.

MATERIALS AND METHODS
To determine the rational modes of drying grain (seed) ma-
terial and optimise the technological and structural param-
eters of grain dryers, it was necessary to study the kinetics
of dehydration and heating of both single grains and the
entire dense layer of grain in its interaction with the drying
agent. The drying kinetics of individual grains was deter-
mined by interrelated processes of internal heat and mass
transfer, and the drying of the grain layer was determined by
the hydrodynamic regime of drying agent filtration in the
intergrain space of the moving material. At the same time,
the parameters of the drying agent changed both in time
and in the coordinates of the drying volume of the grain
dryer. Therefore, the research was based on an analytical
and experimental method based on a two-level mathemat-
ical model of internal heat and mass transfer and external
heat and moisture exchange of grain with the drying agent.

At the first level (micro level), a mathematical descrip-
tion of the drying kinetics (changes in moisture content
and temperature) of a single spherical grain in the form of
a ball when it interacts with a drying agent with time-var-
iable parameters was formulated. The thermophysical co-
efficients of the mathematical model were identified from
the experimental data. At the second level (macro kinetics),
a two-stream mathematical model of heat and mass trans-
fer of the drying agent, variable parameters, and a gravi-
tationally moving ring-cylindrical grain layer during radial
filtration of the drying agent was formulated.

The interconnected transfer of heat and mass (in the
form of liquid and vapor) inside a wet material is described,
as is well known, by the system of differential equations by
I. Palamarchuk et al. (2023), which were written in the form:

99 _ 2g 4 Ev OV
at aTV o+ c 0t
U U
o = a,V2U + a,,6;: V20 + e5 €))

where 0, U — temperature and moisture content of the
material; a,, a,, 6, — coefficients of thermal conductivity,
moisture conductivity, and thermo gradient coefficient; ¢ —
the phase transformation coefficient; ¢ — specific heat ca-
pacity of the material; r, — specific heat of vaporisation; Vé,
VU - gradients of the temperature and moisture content
field in the body.

The system of equations (1) can be solved numerically
with the defined coefficients a,, a,, ¢, J,. However, existing
methods for determining the transfer coefficients involve
separate experiments for each coefficient, which leads to
rather complicated empirical dependencies that compli-
cate calculations and reduce their reliability. The problem
arose of determining the coefficients of the equations from
experimental information using known analytical solu-
tions of the equations of thermal conductivity and mass
transfer separately. To do this, the equations of system (1)
were simplified.
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The second term on the right-hand side of the first
equation determines the amount of heat for moisture
evaporation. Using the Reblnder criterion Rb == ﬁ was
replaced r - ZZ = é o The coefficient of thermal and
moisture conductivity is set to zero, given the practical
absence of thermogradient moisture transfer in the grain
under the adopted drying regimes.

It was supposed that the grain shape is a sphere with
an equivalent radius:

Rol [

2 T

) @)

where V, - volume of the grain.

Taking into account the adopted simplifications, the
equations of heat and mass transfer in a single grain can be
written in the form:

00(r,T) _ . 2%0(r,1) 200(r1)\.,
gr def ( a%r +r ar )’ ©)
U _ . 9%U(r,1) 29U(rr)
gt omef ( 2r + r ar )’ S

—_r
where a.p = —+
Rb

.. a . . .
tivity; a,,,= 1, - coefficient of effective moisture conduc-

tivity; € = d:;"

Interphase heat and moisture exchange (grain — drying
agent) occurs by convective-diffusion, therefore, boundary
conditions of the third kind were used to solve equations
(3) and (4):

~PED L Lt —0R D) =020 =0, (5)
PR L (VR D = Uy (6,9)) = 0; ;2@ o )
Initial conditions:

6(R,T) =0y, URR,T) = U,. ™

The solutions of equations (3), (4) under boundary
conditions (5-7) are known (Kaletnik et al., 2024) and for
changes in time of the average (over the radius) values of
the sought parameters 6(z) and U(r) take the form:

0010 S e e, (g)

U0 =Up Uy Uy) Sipes e o7, (9)
tgn = —5 (10)

where y - roots of characteristic equation (10);Bi = af ;

Bi,, = —— — heat and mass transfer criterion “Bio”; a —
heat trandfer coefficients (W/(m2K)); f — moisture transfer
coefficient (m/s); A — thermal conductivity coefficient, W/
(mK); a,,.— coefficient of effective moisture conductivity
(mz/s), - coefficient of effective thermal conductivity
(m2/s); tc - temperature of drying agent (°C); U,;, (¢, ¢) —
equilibrium moisture content (kg/kg); ¢ — relative humidity
of drying agent (%).

To reduce the influence of random experimental errors
on the result of calculating the coefficients of equations
(8), (9), the obtained experimental kinetics data were ap-
proximated by dependencies in the form of equations:

() =t,-(t,-0,) et;
U@)=U,+(U,-U,) ek,

(11)
(12)

where 0,, U}, t,, U, — initial and final values of the parame
ters; k,, k, — heating and dehumidification coefficients, re-
spectively. For calculations and numerical modelling, the
mathematical software Mathcad was used, enabling the
solution of transcendental equations and implementation
of the Levenberg-Marquardt algorithm via the genfit func-
tion. The Statistica 10 package was employed for approx-
imation and construction of empirical dependencies, al-
lowing for highly accurate polynomial models with strong
correlation coefficients.

RESULTS AND DISCUSSION
To search for unknown coefficients in equations (8), (9) us-
ing the inverse problem method, numerous solutions of the
transcendental equation (10), obtained in the mathemati-
cal environment Mathcad, are approximated by empirical
dependencies. Figure 1 shows a screen fragment of the nu-
merical solution of equation (10).

M Mathcad - [Numerical calculation of the roots of a transcendental equation.]
m File Edit View Insert Format Tools Symbolics Window Help
BHISGRAY| BB o T: e =
vNormaI ~ | Arial v 110 V\| B 7 U ‘
p=1 Bi=108
/“P') = cot(p) + l-(Bi— 1
[
i=1.8
B = root[f(p).p.(1 = 1)-7 + 0.001,(i)-7 — 0.001]
}LT=(1.432 46696 7.8284 109774 14.123 172672 20.4106 23.5535)

Figure 1. Numerical determination
of the roots of the transcendental equation (10)
in the mathematical package Mathcad

Source: compiled by the authors

For p,, after numerical experiments with various ap-
proximating mathematical structures in the Statistica 10
package, an empirical dependence with the highest level of
multiple correlation (R=0.99981) of the form:

11,=by+b, Bi+b, Bivs, (13)

where the coefficients: b, = -0.090821; b, = -0.27041;
b,=1.924477; b,=0.461608; Bi=0.02 + 10.5. For p, - i, the
approximating dependences on the Bio criterion are de-
fined as a polynomial of the second degree:

p=b,+b, Bi+b, Biz. (14)

The values of the dependence coefficients (14) were
determined in the Statistica 10 package and are given in
Table 1.
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Table 1. Values of dependence coefficients (13)

u b, b, b, R (multiple correlation coefficient)
u2 4.49427 0.228132 -0.0108 0.9998
u3 7.72303 0.136715 -0.00428 0.9999
723 10.90255 0.09611 -0.00206 0.9999
us 14.06520 0.07373 -0.00112 0.9999
ué6 17.22012 0.05973 -0.00067 0.9999
Source: compiled by the authors
Substitute the determined dependencies y, - i, into  studies (Kaletnik et al., 2024). A screen fragment of calcu-

dependency (8) and (9) and, using the built-in genfit func-
tion in the Mathcad mathematical package implementing
the Levenberg-Marquardt algorithm. Determine the val-
ues of Bi, Bi, and a,, a,, at which dependencies (8) and
(9) will most accurately describe the sets of given points
determined from (11) and (12). Take the initial a priori ap-
proximate values of Bi, Bi,, and a,, a,,, for the given param-
eters of the heating and drying process in the elementary
layer of wheat grain from reference books and preliminary

lations of a and Bi by formulas (8), (13)-(14) in the Mathcad
package is illustrated in Figure 2.

Figure 3 shows graphs of changes in moisture content
and grain temperature in a layer 0.02 m thick during air fil-
tration with a temperature of t.=60°C and a velocity at the
entrance to the layer of 0.22 m/s. The graphs show points
obtained from empirical dependencies (11) and (12) and a
curve determined by the genfit function in MathCad ac-
cording to equations (8) and (9).

M Mathcad - [Identification of grain heating 2025]
m File Edit View Insert Format Tools Symbolics Window Help
BHSRY| 2@ o o|T: | MDD = 50| 0 VH@“MySIhe
|Norma. <[l Vo VB ru|ElEE|EE| < < |||kAYOME
6B
tc — (tc — t0)- 2
(-0.000821 - 0.27041.5i + 1.924477.5:0-461608) -[[—0.090821 —C
- 2
F(r.2.Bi) : L1 . (te- t0)" . 6-Bi
a
(-0.090821 - 0.27041.8i + 1.924477.5:0-461608) [ -0.090821 -

d 68

& tc — (tc — t0)- 2

i (-0.090821 - 0.27041.5i + 1.924477.5:0-461608) »[(-0,090821 -

-8 .

_l12:10 approximate values:
&= a - thermal diffusivity;
02 Bi
P = genfit(r.Y.g.F)
-8 identified values:
p|4-88256x10 athermal diffusivity;
0.0739 Bi
a:=P)=4.88256x 10 $ Bi=P, = 00739

Figure 2. Screen fragment of the implementation of the genfit function
in the Mathcad mathematical package for determining the thermal diffusivity coefficient a and the criterion Bi

Source: compiled by the authors

6,°C U. kg/kg
60 — 0.25
l\\ % 4
50
0.2
40
/
/K 1 2 Jo.1s
30
20 0.1
0 10 20 30 40

T, min

Figure 3. Kinetics of grain temperature 1 and grain moisture content 2
Note: temperature of drying agent t. =60°C; velocity at the entrance to the layer v, =0.22 my/s

Source: compiled by the authors
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For further analytical studies, simplify equations (8)
and (9). As is known, in the stage of regular mode, the func-
tions that describe the drying and heating processes can be
described by one (first) term of the series and the depend-
ence (8) and (9) can be presented in a simplified form:

6(1) 0 = By - (£, — tg) - e R H; (15)
U(t)—U, =B, (Up—Uy)-e r M (16)
where B; = OB __.p - 6Biky

p2-[u2+Bi2-Bi]’ 2 p2-[u2+Bi% —Bip]’

2_ (1, 1 ‘%(z L)'l
ul_(n+3-Bim) ~GtE) -

The rate of change of temperature and moisture con-
tent of grain in time was determined by differentiating
equations (15) and (16) with respect to time. After differen-
tiating equations (15) and (16) and comparing the obtained
derivatives with (15) and (16), B, and B, were eliminated,
and the following was obtained:

PO — ke (¢~ 6); a7
% =~k (U@ = Ui (t, ), (18)
et =31 =)
U | 6
[T ]

The equilibrium moisture content of grain is usually
determined as a function of temperature t and relative hu-
midity ¢ of the drying agent and can be calculated using
the empirical formula obtained from research:

Ua(t, ) =by+b,-t+b,- g, (19
where b,=0.02343; b, =0.114-103; b,=0.002067; t — tem-
perature of the drying agent ("C); ¢ — relative humidity of
the drying agent (%). But a more informative parameter of
air is the moisture content d, therefore formula (18) is ap-
proximated as dependence:

U, (t, d)=b,-to-d», (20)
where b,=0.725; b, =-1.2133; b,=0.8826; d — absolute hu-
midity of the drying agent (g/m3). Equations (15) and (16)
are obtained under the condition that the temperature of
the drying agent is constant over time. However, when air
is filtered through a dense layer of grain material, its tem-
perature changes both in time and along the coordinate r.

The calculation diagram of the grain material drying
process in a bunker dryer with radial supply of the drying
agent is shown in Figure 4.

ael % ol

Uil
frl
Va
A I
a) Or.Ur

b)

Figure 4. Calculation diagram of the grain material drying process

in a bunker dryer with radial supply of drying agent (a) and general view of the bunker type dryer (b)
Note: U, is the initial moisture content of grain, kg/kg; U, is the final average moisture content of grain, kg/kg; 6, is the
initial temperature of grain, °C; 6;is the final average temperature of grain, °C; r, is the radius of the inner cylinder of the
bunker, m; R is the radius of the outer cylinder of the bunker, m; r is a variable radial coordinate, m; h is a variable vertical
coordinate, m; t, is the temperature of the drying agent at the inlet to the grain layer, °C; d_ is the moisture content of the
drying agent at the inlet to the grain layer, g/m3; t(r) is the variable temperature of the drying agent at the radial coefficient,
°C; d(r) is the variable moisture content of the drying agent at the radial coefficient, g/ms3; V (r) is the filtration rate of the
drying agent in the grain layer, at the radial coordinate, m/s; V,(h) is the speed of grain movement, by vertical coordinate,
m/min; 6(r, h) is the temperature of grain by radial and verticafcoordinates, °C; U(r, h) is the moisture content of grain by

radial and vertical coordinates, kg/kg
Source: compiled by the authors
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To formulate a mathematical model of unsteady heat
and mass transfer in the process of grain drying in a mov-
ing annular-cylindrical layer (macro level model), will ex-
pand the full dlfferentlals in equations (17) and (18) were
expanded: dB = —d + dh du —a—d + o Y dh. Consid-
ering that <& o= vgr - veloc1ty of graln material and using
(19) the following was obtained:

26
a_+vgr ah_kt (t. —0); (21)
2t vgr 2=~k - (U = by - t1 - d2). (22)

The heat balance equation for the drying agent can be
written as:

Cgrdf—mg-r-dU.  (23)

Considering the complete differentials dd,d8,dU
and taking into account the obvious signs: m, =V, - p,;
my=V,,-py; m,=V, -p,; e=V,/V_, equation (23) was rewritten
as:

sp?

a6 a6 au au
(Gt v ) - (5 +vor )

The equation for the material balance sheet was sim-
ilar:
ad ad au au
e pp (Grrursy) =0 (57 + v 5y)

Thus, the dynamic drying regime of grain material was
determined by solving the system of equations (21, 22, 24,
25) under the following boundary and initial conditions:

U0, h)=U,; 6(0, h)=0,; t(z, 0)=t,; d(z, 0)=d,. (26)

24

(25)

In equations (24)-(25), the value V,=V(r) is the actual
filtration speed of the drying object through the layer. The
overall, calculated for the entire cross-section of the un-
filled volume v, is related to the actual speed of the drying
agent by the ratio v, , = =
along the coordinate in the direction of movement:

v = @7
where L_, — volumetric flow rate of drying agent; H — height
of the working zone of the grain dryer. In the stationary
mode of operation of the drying unit, the process param-
eters at each point of the drying volume will have values
that do not vary in time; therefore, time derivatives can be
excluded from the differential equations.

The stationary operating mode of the grain drying pro-
cess in a gravitationally moving annular-cylindrical layer
describes the following level system:

at Pgr'Cgr 26 Po'To ou

u(r ZEL 0Ty, —

C )6r eppcy IT an e PpCp Yo 51
Py, U
'€ Yor an

u(r )52—

vgr oh =k, (t.—0)

Ugr 2= —ke (U = by - £+ - d??)

28)
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Since the relative speed of the drying agent in the
grain layer (filtration rate) varies along the coordinate, it is
necessary to take into account the change in the intensity
of heat supply to the material and the intensity of mois-
ture removal, which leads to a change in the parameters of
the drying agent t(r), d(r). For this, it is necessary to have a
dependence of the heat exchange criterion Bi and the mass
exchange Bi,, on the filtration speed of the drying agent v,,
its temperature t for the mass exchange criterion: Bi(v,),
Bi,, (v, t).

The dependence of the Bio heat transfer criterion on
the speed of the drying agent (due to the fact that the value
of Bi is practically independent of ¢, d) can be used with the
known criterion dependencies Bi(Nu), namely:

Bi(Nw) = Nu-%-}“c

where Nu=0.0745 - Re%25; Re = -2 gf;, ¢ — porosity of the
grain layer; d,, - equlvalent diameter of grains; [=7nR; 4,
), — coefficients of thermal conductivity of the drying agent
and grains; v — coefficient of kinematic viscosity of the dry-
ing agent.

From the expanded mathematical expression (29) it
follows:

Bi(v,) =

UT0.625_

o Gas) ™ (50)

The dependence Bi, (v,, t, d) can be determined from
the relation for k. :

-1
am
ke = G (02+—) (31)
Then:
-1
. _ am _
Bi,,(v,) = (7(““_1).“2 02) . (32)

The drying coefficient k_ is also determined directly
from the data of the experimental determination of drying
kinetics according to the well-known formula (Kaletnik et
al., 2024):

1 U;—up

k.==-In

T, u—uy’

(33)

where 7, - drying time from grain moisture content u, to u,.
Based on the generalisation of tabular data from the
work of P.C. Coradi & A.F. Lemes (2019), the experimental
studies of H. Kaletnik et al. (2024), and the approximation
of dependence (31), empirical relationships of the drying
coefficient with the drying agent parameters were ob-
tained, which, for wheat grain, take the form:
k (v, t)=0.025t0,0625, (34)
where k, - drying coefficient (1/h); t — temperature of the
drying agent (‘C); v, — filtration speed of the drying agent,
(m/s).
The dependence of the mass transfer criterion Bi,, on
the parameters of the drying agent, respectively:
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-1
. _ am _
Bim (v, £) = ((1+Rb‘1)-kc(u,.,t)-R2 0'2) :

(35)

The results of solving the system of equations (28) un-
der boundary conditions:

r=ry; t(h,r))=t,; d(h,R))=d,; h=0; (0, r)=6,; U0, n)=U,.

Taking into account (31-32, 34-35), numerical solu-
tions were obtained in the Mathematica computer envi-
ronment in the form of changes in grain parameters 6(r, h),
U(r, h)and drying agent according to the coordinates of the
drying space of the bunker dryer. Calculations were car-
ried out with the following ranges of initial data: height
of the drying space 6.8 m?, thickness of the grain lay-
er r,=0.4-0.6 m, R=1.54 m specific consumption of the
drying agent L =3,000-4,000 m3/(hour-ton) of dried grain,;
W, — initial moisture 20%. The final grain moisture, which

is allowed by the standards for grain dryers 14.0-15.5%, is
determined as the grain humidity in the outer grain layer.
The temperature of the drying agent at the entrance to the
grain material layer was 80-100°C.

A graphical interpretation of the numerical calculation
of the wheat grain drying process parameters according to
model (28) in the Mathematica mathematical environment
is shown in Figure 5. The calculated data correlate well
with the experimental data of grain wheat drying in the
SBS-5 bunker dryer. The uneven distribution of grain mois-
ture at the dryer outlet is up to 20% (Aw=16.1-12.8%). The
uniformity of drying, i.e. the difference in grain moisture in
the zones of the inner and outer cylinder of the dryer, can
be increased by increasing the consumption of the drying
agent Figure 6, but at the same time the energy losses with
the spent drying agent increase several times.

Figure 5. Simulation results with parameters L=3,000 m3/(hour-ton); R-r,=0.4 m; W,=20%; t=90°C
Note: a) - field of moisture content of the grain layer; b) — temperature fields: 1 — grain layer; 2 — drying agent in the

grain layer
Source: compiled by the authors

Figure 6. Grain layer moisture content field
Note: L=4,000 m3/(hour-ton); R-r,=0.4 m W,=20%; t=90°C
Source: compiled by the authors

To simplify numerical calculations of the periodic cir-
culation mode, it was assumed that after each cycle of grain
passing through the drying zone, the grain material was
completely mixed, and its parameters were averaged along
the radial coordinate:

Uout(r) = Uuut.a; (9Ullt(r) = UO (36)

ut.a’

where U, (1), 0,,(r) - distribution of moisture content and

temperature along the radius at the exit from the drying

zone when h = H. The magnitude of the average values of
temperature and moisture content is determined by the
obtained formulas:

N 2 (R
Oout.gr = Ffror -6(r)dr;

2 rR
= Efror -U(r)dr.

(37)

Uout.gr (38)

The scheme of implementation of the process of peri-
odic-circulating grain drying is shown in Figure 7.
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Figure 7. Technological scheme for implementing the process of cyclic drying of grain in a bunker unit
Note: 1 — outer cylinder of the bunker; 2 — inner distribution cylinder; 3 — heat generator; 4 — grain material mixer

Source: compiled by the authors

The schematic diagram of the calculation of the
process of periodic-cyclic drying of grain in a moving
annular-cylindrical layer is shown in Figure 8, which is

based on the mathematical description (model) of the
equations of the system (28) taking into account (33),
(37), (38).

5l e, oy
& o'(nh) il J. w | g e"(r.h) 0 (1) | g
< 3
U ”(r, h) U 7 (r) on) U U "(I’, h) Un] ) J. o U
Y
dca ca _@) dm T @
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Figure 8. Schematic diagram of the calculation of periodic-cyclic drying of grain in a moving annular layer

Note: 1, 2, 3...n - cycle; 6,, U, - final values
Source: compiled by the authors

Calculation algorithm for periodic circulation drying
(based on model (28) and illustrated in Figure 9) consists
of the following steps:

1. Selection of the number of cycles n=1-5...n(z,).

2. Calculation of the speed of movement of a gravita-
tionally directed grain:
= Hn@o)

.

v (39)

where 7z, — drying time; H - height of the drying agent
distributor.

3. Calculation in the first cycle of grain dry-
ing under the following boundary conditions: h = 0;
0(r,0)=0,; U(r, 0)=Uy; t.,=t;; d.,=d;; h=H; 0(r, H) = 0,(r);
U(r, Hy=Uy(1).

4.Determination of the average values of 6, (r) and U,(r)
of the grain parameters at the exit from the drying zone
h=H using equations (37) and (38) 0,(r) =6, and U,(r = U,.

5. The obtained average values of 0, and 2U, are re-
quired as boundary (initial conditions) parameters of the
grain at the entrance to the drying zone during the second
drying cycle.
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6. Next, the modelling scheme of the process of chang-
ing the temperature and moisture content of grain is re-
peated for the following cycles. The parameters of the
drying agent at the entrance to the grain layer remain un-
changed throughout the grain drying process.

7. Drying time (residence time) of grain in the dryer

W, % 20

after reaching the conditional value of average moisture

content - U,=17% (W= 14%):

Yhn
Vg

T=

(40)

Figure 9 shows a test graph of changes in grain param-
eters along the length of the “drying path” L=H,_-n.
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Figure 9. Kinetics of drying (a) and heating (b) of grain
Note: 1 - on the inner and outer wall of the layer in a continuous process, 2 — on the inner, outer and average value in a

cyclic-periodic process
Source: compiled by the authors

Convective drying of grain in a dense, thick ring-cy-
lindrical moving layer is a complex physical and techni-
cal process accompanied by simultaneous heat and mass
transfer and complex dynamic interaction between the sol-
id and gas phases. As substantiated in the study by V. Mes-
serle & A. Ustimenko (2024), an adequate description of
this process requires solving a system of nonlinear partial
differential equations that take into account external and
internal heat and mass transfer, changes in parameters,
and hydrodynamic conditions of the medium. Such equa-
tions, even in a simplified form, can be effectively solved
only by numerical methods. The results of the numerical
modelling conducted in this study allowed for a detailed
analysis of the patterns of temperature and humidity dis-
tribution in a thick grain layer of a bunker dryer with a
cross-feed drying agent, and enabled the establishment
of optimal drying modes. The proposed model takes into
account unsteady processes and features of drying agent
filtration in the ring-cylindrical layer, which is an adequate
simulation of the geometry of the grain dryer. Preliminary
analytical solutions of mathematical models for bodies of
classical shape, particularly the work by Y. Sniezhkin &
Z. Petrova (2023) provided a theoretical description only
for constant thermophysical coefficients. The present work
demonstrates the effectiveness of the inverse problem
method for identifying thermophysical coefficients based
on the experimental kinetics of grain drying and heating.
This approach allowed modelling the development of tem-
perature and humidity fields in a single grain modelled as
a sphere. However, analytical mathematical solutions are
cumbersome and unsuitable for practical engineering use,
so it is advisable to use simplified balance models to de-
scribe processes in a thick grain layer.

This observation aligns with the findings by Sh.A. Sul-
tanova et al. (2024), who demonstrated that energy-based
mathematical modelling enables the precise control of
temperature fields within a rotary thermosyphon dryer.
Their model accounted for the dynamics of heat and mass
transfer during the drying of pumpkin seeds, confirming
that simulation tools can accurately reflect the kinetics of
moisture removal and inform the selection of optimal dry-
ing trajectories. Importantly, they highlighted the critical
role of boundary conditions - such as internal airflow ve-
locity and rotating drum speed — in determining drying effi-
ciency, suggesting that unified models must be sensitive to
geometric and operational variability. A similar perspective
is found in the work by H. Kaletnik et al. (2024), where a vi-
bratory mill with spatial circulation was applied as the ba-
sis for constructing a drying rig. Their research underscored
the benefit of incorporating elements of forced particle
movement to overcome stagnation zones and non-uniform
heat distribution. The proposed technical configuration
improved the intensity of convective flows and reduced
local temperature differentials, pointing to the advantag-
es of mechanical agitation for energy-efficient moisture
extraction. Notably, their design was adapted for granular
agricultural products with high bulk density - highlight-
ing the relevance of process-specific parameterisation.

The approach developed in the current study, which
recommends precise regulation of bed thickness and filtra-
tion velocity, is particularly relevant when integrated with
findings from by I. Kuznietsova et al. (2020), who applied
differential scanning calorimetry (DSC) to evaluate the
thermal behaviour of tomato tissue during drying. The DSC
analysis enabled the identification of critical temperature
thresholds associated with structural collapse or case hard-
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ening, indicating that empirical calibration of mathemati-
cal models with thermal analysis data can significantly im-
prove predictive capacity. Their results confirmed that even
slight deviations in thermal input could result in non-lin-
ear responses in moisture migration, which reinforces the
need for adaptive control strategies in drying systems. The
obtained results confirm the effectiveness of using mathe-
matical modelling to optimise key technological parame-
ters such as temperature, moisture content and duration of
drying. A similar modelling approach was applied by R. Chu-
iuk (2025), who developed a kinetic model of the transes-
terification process of waste oils into biodiesel. In his work,
the dynamic changes in the concentrations of reactants
and products were taken into account, along with tempera-
ture-dependent reaction rates. This modelling enabled the
identification of optimal process conditions to ensure high
yield and energy efficiency. These findings further demon-
strate the versatility of mathematical models as tools for
improving technological processes in different fields.

Taken together, the reviewed studies validate the inte-
gration of physical modelling and experimental diagnostics
as a robust framework for the development of energy-opti-
mised drying processes. They also emphasise the necessity
of tailoring model parameters to reflect material-specific
properties and equipment geometry, thereby supporting
the direction adopted in this work. Numerical modelling
of the effect of drying agent temperature confirmed that
increasing the temperature from 80°C to 100°C reduces the
drying time by 25-30%, which is consistent with the results
of A. Kraiem et al. (2023). However, further analysis showed
that an excessive increase in the temperature of the drying
agent leads to overheating of the grain, especially in areas
near the inner cylinder of the dryer (up to 72°C), which can
negatively affect the sowing quality of the grain. It is rec-
ommended to use a drying agent temperature in the range
of 85-90°C, which ensures sufficient process intensity and
reduces the risk of thermal damage to the grain. The anal-
ysis of the effect of air flow rate confirmed the conclusions
of I. Shevchenko & E. Aliiev (2020) that it is inexpedient
to increase it above 0.5 m/s, as this leads to an unreason-
able increase in energy costs (up to 6 MJ/kg of evaporated
moisture) without a significant improvement in dryer per-
formance. The optimum air flow rate was determined to be
0.3 m/s at the entrance to the grain layer up to 0.4 m thick,
which ensures an acceptable moisture gradient and mini-
mal energy losses.

Modelling of the drying process for different radial lay-
er thicknesses (0.3, 0.4, 0.5 m) at a drying agent tempera-
ture of 90°C and an air flow rate of 0.3 m/s showed that the
optimal vertical movement rate of the layer was 0.17, 0.13,
and 0.10 m/min, respectively. At the same time, the dryer’s
productivity was 19.9, 20.2, and 19.5 t/h, the average grain
outlet temperature was about 50°C, and the temperature
difference between the inner and outer walls increased
from 13 to 18°C with increasing layer thickness. The hu-
midity unevenness according to the layer thickness ranged
from 6% to 9%, and the energy consumption for moisture
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evaporation decreased from 5.2 to 4.2 MJ/kg. The results
clearly demonstrate the existence of a discrepancy between
energy efficiency and drying quality: increasing the layer
thickness reduces energy consumption but increases drying
unevenness and the risk of overheating of the inner layers,
while reducing the thickness leads to lower performance
and increased energy losses with the spent drying agent.

The organisation of a cyclic-periodic drying regime
with grain stirring is proposed in this paper as a rational
solution to eliminate these contradictions. This ensures
uniformity of drying with a moisture deviation of 1-1.5%
and avoids overheating of the grain material. In addition,
stirring promotes the activation of further moisture trans-
fer due to the diffusion of moisture from the inner layers
of the grain to its surface during the stirring period, which
is confirmed by an increase in the moisture transfer coeffi-
cient g by 8-14% after stirring, according to the identified
mass transfer criteria Bio for different process regulations.

Comparison of the results with the modes imple-
mented in serial grain dryers by Fratelli Pedrotti, Agrimec,
Mecmar, Agrex and others (Fig. 10) showed that although
these installations provide high uniformity of drying, the
intensity of mixing in them is much higher, which leads to
increased grain injury in the augers and increased energy
costs for mixing.
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Figure 10. Appearance of grain dryers
Note: a) Fratelli Pedrotti XL-420; b) Agrimec AS 1150
Source: Fratelli Pedrotti mobile grain dryers (n.d.), Agrimec
grain dryer (mobile) (n.d.)
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The results of the study confirm that the specific en-
ergy consumption for the evaporation of 1 kg of moisture
in the proposed periodic-circulation drying mode ranges
from 4.2 to 5.2 MJ/kg, which is fully consistent with the
values characteristic of modern energy-efficient grain
dryers. This range correlates with the findings of I. Bez-
bah et al. (2022), who developed new dryer constructions
aimed at reducing energy costs without compromis-
ing drying quality, and with the results of P.C. Coradi &
A.F. Lemes (2019), who applied CFD-based optimisation
to improve energy utilisation in silo-dryer systems. The
obtained results highlight the high energy-saving poten-
tial of bunker-type dryers operating under periodic re-
gimes, especially when combined with adaptive control of
the drying agent flow and the vertical movement rate of
the grain layer.

An important direction in increasing energy efficiency
is the integration of waste heat recovery technologies. The
study confirmed the relevance and applicability of such ap-
proaches in bunker systems, which resonates with the work
by F. Huang et al. (2017), who investigated industrial-scale
heat recovery schemes, and by Z.Y. Xu et al. (2019), who
emphasised the feasibility of low-temperature waste heat
recovery in agricultural drying systems. According to these
studies, up to 20-30% of thermal losses in conventional
dryers can be recuperated using plate or rotary-type heat
exchangers. In the present research, the modelling results
suggest that up to 27% of the exhaust heat energy can be
effectively returned to the drying process without compro-
mising the thermal stability of the system. This effect is
especially evident when using a two-stage heating zone
with variable drying agent temperatures and flow control,
which stabilises the internal gradients of temperature and
humidity within the grain mass. This effect is especially ev-
ident when using a two-stage heating zone with variable
drying agent temperatures and flow control, which stabi-
lises the internal gradients of temperature and humidity
within the grain mass.

Moreover, the numerical experiments conducted in the
Mathematica environment confirm that energy savings are
not only a result of improved insulation or material prop-
erties, but also strongly depend on the rational configu-
ration of drying cycles and the reduction of peak thermal
loads. The integration of heat recovery modules becomes
particularly effective when combined with periodic grain
mixing, which equalises thermal fields and enhances the
efficiency of heat transfer in the layer. These findings sup-
port the thesis that future dryer designs should be guid-
ed by the principle of thermal self-sufficiency, where the
waste heat of the system is partially or fully reintegrated
into the process, reducing the reliance on external thermal
energy sources. Such an approach is not only economically
viable, but also aligns with the broader goals of sustainable
agriculture and carbon footprint reduction.

Thus, the numerical modelling confirmed the high
sensitivity of the process to the technological and design
parameters of the plants and allowed for the formulation of

new approaches to the design of efficient grain dryers with
radial drying agent feeding. The proposed mathematical
models can be used to create automated control systems
for the drying process with feedback based on the temper-
ature and humidity of the drying agent and grain, which
will help reduce energy costs and ensure consistently high
quality of finished products.

CONCLUSIONS

The developed two-level mathematical model of the pro-
cess of drying seed material in bunker dryers with radial
supply of the drying agent allows to adequately describe
the kinetics of dehydration and heating of both a single
grain and a dense ring-cylindrical layer of grain. This pro-
vides a reliable theoretical basis for further optimisation
of drying regimes. The thermo physical coefficients of the
models are identified based on the results of experimental
studies, which allows for quick engineering calculations
and prediction of results when changing the input param-
eters of drying, such as temperature, speed, and moisture
content of the agent.

A significant effect of the distribution of temperature
and humidity of the drying agent along the radius of the
bed was found, which increases the unevenness of drying.
The largest energy losses and a decrease in drying quality
are observed in a single direct-flow mode due to uneven
heating of the grain mass. The use of a periodic-circulat-
ing drying mode based on the repeated passage of grain
through the drying zone with subsequent mixing is pro-
posed. This allows to significantly reduce the moisture
difference between the inner and outer layers of the grain
mass and increase the overall energy efficiency of the pro-
cess. Based on modelling and calculations, the rational
design parameters of bin dryers (layer thickness, filtration
rate, height of the working area) were determined, which
ensure the lowest energy losses while maintaining high
grain quality.

Further research should focus on determining the
optimal number of grain mixing cycles depending on in-
itial moisture content, considering energy consumption
and drying quality. Promising directions include studying
heat and mass transfer under variable drying agent feed
and grain movement rates, which may enable uniform dry-
ing without mixing. This will require refining mathemat-
ical models by incorporating dynamic moisture changes
into the drying coefficient. Particular attention should be
given to the impact of high-temperature regimes on the
biological characteristics of grain, including seed viabili-
ty and nutritional quality. In addition, the synthesis and
implementation of automated control systems based on
modern microprocessor feedback devices-especially com-
puter vision sensors, real-time grain moisture sensors, and
artificial intelligence elements — remain highly relevant for
adaptive regulation of drying parameters.
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MaTeMaTuUyHe MoAeioBaHHSA Ta AOCIAXXEeHHS Npouecy CyLWiHHA 3epHa
B 6yHKepHMX YCTAaHOBKaX 3 padiallbHOIO NofayYelo CyLUUbHOIo areHTa

AHoTauifa. OqHNM i3 K/III0OYOBUX 3aBJaHb CY4aCHOTO 3€pPHOTIEPEPOOHOT0 06/IaHAHHS € TiABUIEHHS e(eKTUBHOCTI
CYIIiHHS B GYHKepHMX YCTAHOBKAX i3 KiJbI[€BO-IWIIHIPUYHMUM IapOM 3epHa. MeToI0 JaHOi po60TH 6Y/I0 LOCTiAKeHHS
HecTallioOHapHUX MPOIeCiB TeIIoMacooOMiHy B KiJIbIIeBOMY IIapi 3epHa B CylIapiii 6yHKepHOTO TUITY 3 pajiiaJbHOI0
roJavelo CyIWIbHOTO areHTa AJ1s1 OLiHKY PIBHOMIPHOCTI pO3NOAiMy TeMIlepaTypH i BOJIOTM Ta BU3HAUYEHHS BILUIUBY
rnapaMeTpiB CyIIiHHS Ha e(eKTUBHICTb 3HeBOAHEHHS. [IJIS1 MiABUIEHHSI eHeproeeKTUBHOCTI Ta SIKOCTi CYIIiHHS
3aIIPOIIOHOBAHO ABOPiBHEBY MaTeMaTUYHYy MOJIeIb, SIKa 103BOJISIE AOCIIAUTY IIPOLeCH BHYTPIIIHBOTO TEIVIOMacoIepeHoCy
Ta 30BHIIIHBOTO TEIUIO- i MacoobMiHy. Ha mepiiomy piBHI MozenoBanacs KiHeTuka CyIliHHS OKpeMoi 3epHiBKM Y BUITISIAL
cdepnu, 1110 KOHTAKTYE 3 CYMIMIBHUM areHTOM IOCTiifHOi TemMIepaTypHu i Bosorocti. Ha ipyromy piBHi omycaHo mpoiec
GbinpTpaniifHoro CyuriHHS WiMbHOTO KiblleBO-MIIHAPUYHOTO IIapy 3epHa MpH pajianbHil mogaui CyummibHOTO areHTa.
TeruiodiznuHi kKoedinienTn moneneit ineHtndikoBaHi 3a pesynbraTaMu HATYPHUX eKCIIepuMeHTiB. OTpuMaHi aHaIiTUYHI
Ta YMCeIbHi PO3B’SI3KM MMPEeACTaBIeHUX MaTeMAaTUIHMUX MOJiesieit JO3BOMMAM BUSHAUMUTY pallioHaIbHI TapaMeTpu
KOHCTPYKIIii Ta po3paxoByBaTu eHeproedeKTUBHI PeXKMMM POOOTH 3epHOCYIIapPOK GYHKEPHOIO TUITY B 3aJI€SKHOCTI
Bim mouaTkoBMX mapaMeTpiB 3epHa. OBIPyHTOBAHO, 1110 HalbinbiIa eeKTUBHICTD JOCITAETHCS MIPU BUKOPUCTAHHI
MepioAMYHO-IMPKY/ISIiHOTO peXUMY, 110 3abe3euye piBHOMipHe ITPOTPiBaHHS Ta 3HEeBOLHEHHS 36pPHOBOI Macu 3a
paziaabHOI0 KOOPAMHATOIO Iapy. BCTaHOBIEHO 3a71€SKHOCTI BIUIMBY TeMIIEpaTypy, BOJIOTOBMICTY Ta MIBUIKOCTI (inpTparrii
TOBIiTPSl Ha eKCII03MUILil0 CYLIiHHS 3epHa B LIapi, 1[0 J03BOJISIE 3/iliCHIOBATY THYUYKe KePYBaHHS CYIIMIbHUM IIPOLIECOM
3aJIeXKHO BiJ] yMOB eKcIlTyaTtallii. Pe3ynbTaTy JOCTiIKeHHS i TBePAIIN, IO 3aCTOCYBAaHHS N1ePioANYHO-IVPKYISLiHOTO
PEXMMY CYLITiIHHS O3BOJISIE JOCSTTU BMCOKOI piBHOMiPHOCTI KiHIIeBO1 BOJIOTOCTI 3epHa, MiABUIIUTY eHeproeeKTUBHICTh
Mpollecy Ta 3HAYHO 3HU3UTU HePiBHOMIPHICTb HArpiBy 3epHa B MOPiBHSIHHI 3 TPaAULIITHUMM Ge3TiepepBHUMY PeskuMaMu
CYIIiHHS 3epHa B TOBCTOMY pajiialbHOMY I1api. Pe3yabTaTit MOKYTh OYTM BUKOPUCTAHI SIK [JIs1 MOJlepHi3allii icHyoumx
CYUIMJIBHUX YCTAHOBOK, Tak i IpM MPOeKTYBaHHI HOBMX €HeproolagHMUX 3epPHOCYLIapOK

Knio4yoBi crioBa: maTeMaTHYHE MOIETIOBAHHS; TEIJIOMAcOOOMiH; GYHKepHa CyIIapKa; IVKIiYHO-MepiognaHmit
PeXMM; KiJIbLIeBO-IMIIHIPUYHMI [Iap
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Mathematical modelling of the gas burner air intake damper drive

Abstract. In the context of modern requirements for energy efficiency and automation of thermal systems, particularly
gas burners, the development of accurate mathematical models to describe the operation of electric drives that ensure
the functionality of key system components plays a crucial role. One such component is the air intake damper drive,
which regulates airflow to the combustion chamber, directly affecting combustion efficiency and burner stability. The
objective of this study was to develop a mathematical model of the gas burner’s electric drive system, accurately describing
the dynamics of the fan motor, air intake damper drive, drying drum drive, and other system elements. To achieve this,
methods of mathematical modelling of dynamic systems and numerical methods for solving differential equations in the
MATLAB environment were utilised. Modelling these processes ensured high accuracy in predicting system performance and
energy efficiency at all operational stages. The main results included the development of a mathematical model describing
dynamic processes in the drive system, accounting for the inertial characteristics of the damper drive, gearbox parameters,
damper mass, moment of inertia, and the influence of the actuator’s mass on system dynamics. Graphs were constructed to
analyse the system’s temporal characteristics. Dynamic processes in the drive system, critical for stable and efficient airflow
regulation, were described. The developed model enabled analysis of transient processes and optimisation of controller
settings, particularly PID controllers, to enhance system responsiveness. An important aspect was the evaluation of the
impact of drive parameters on the energy efficiency and stability of the gas burner. The model can be integrated into gas
burner automation systems, enhancing energy efficiency, ensuring reliable operation under various conditions, and reducing
drive overload risks through optimised control parameters

Keywords: electric drive; simulation model; gas burner; automation system; drive dynamics; stepper motor

INTRODUCTION

Gas burners play a key role in a wide range of thermal sys-
tems, particularly in drying, heating, and process equip-
ment. One of the important factors determining their
energy efficiency and operational stability is the accuracy
and reliability of actuators, particularly electric drives that
control air intake dampers. These elements provide air flow
regulation, which, in turn, affects the combustion quali-
ty, flame stability, and overall efficiency of the heat-gen-
erating unit. In the context of growing requirements for

energy efficiency and automation of industrial processes, it
becomes relevant to create mathematical models capable
of accurately reflecting the dynamics of the operation of
damper electric drives, considering their interaction with
other system elements.

Research in the field of electric drives and con-
trol systems indicates a growing interest in integrating
mathematical models into design and optimisation pro-
cesses. For example, in the work of D. Shugiao (2022), a
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mathematical analysis of three-phase inverters for elec-
tric drives is presented, demonstrating improved efficiency
when using wide-bandgap semiconductor technologies.
The researchers proposed an energy-saving model for an
induction motor based on voltage regulation with com-
pensating devices, which allowed achieving better stability
under variable loads. Additionally, the study by M. Abadi et
al. (2024) focuses on the dynamics of microcombustion and
micropropulsion systems, emphasising the importance of
accurate modelling to ensure flame stability. The publica-
tion discusses numerical approaches to modelling arc dis-
charge in electric furnaces, which have the potential to be
adapted for analysing energy processes in burner systems.

In the context of gas burners, the studies by M. Se-
kar et al. (2024) and H. Zvarych & H. Mateik (2024) demon-
strated dynamic modelling of a shipboard propulsion sys-
tem using dual-fuel engines and energy storage, allowing
for an assessment of trade-offs between transit capacity
and system efficiency. The authors M. Sekar et al. (2024)
focused on the simulation of methane-hydrogen mixture
combustion, which showed reduced emissions and im-
proved thermal efficiency (EFF), relevant for fuel systems
with adaptive control. In turn, the work by H. Zvarych &
H. Mateik (2024) is dedicated to improving the gas tem-
perature regulation system before the turbine, where the
proposed modelling enabled increased control accuracy
and responsiveness under variable conditions. These ap-
proaches can be adapted for the analysis and optimisation
of electric drives in thermal systems.

The mathematical description of electric drive systems
is based on the fundamental laws of electrodynamics, me-
chanics, and automatic control, as reflected in the work
of P. Krause et al. (2021), which generalises approaches to
analysing electromechanical systems, taking into account
both electrical and mechanical aspects of their dynamics.
Specifically, Ohm’s law and electromagnetic induction
equations are used to describe electrical processes in mo-
tors. These laws ensure the formalisation of the interaction
of currents, voltages, and electromagnetic fields in the sys-
tem. Newton’s second law is used to describe mechanical
processes, such as the rotation of motor rotors, fan dynam-
ics, and drum dynamics. The principles of automatic con-
trol theory allow describing transfer functions and control-
lers responsible for maintaining the stability and accuracy
of the system. F. Silva (2022) in his publication emphasised
the importance of formalising the relationships between
elements of electromechanical structures to further ex-
pand the possibilities of digital design, particularly in the
context of drive control and dynamic behaviour prediction.

The creation of mathematical models is necessary for
a deep understanding of the physical processes occurring
in the system, their analysis, and optimisation. Despite
the existence of modern software products, such as AN-
SYS Maxwell, Ansys Twin Builder, or MATLAB/Simulink,
which can be used for numerical modelling of electric
drive systems, an analytical approach using mathematical
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formulas and equations is equally important. V. Pliuhin et
al. (2022) developed a simulation model of an electrome-
chanical energy converter with a solid rotor in the ANSYS
RMxprt, Maxwell, and Twin Builder environments, which
enabled comprehensive modelling of electromagnetic and
mechanical processes. The model accounted for the non-
linear characteristics of the magnetic circuit and allowed
for the validation of theoretical calculations in a digital en-
vironment with high accuracy. V. Herasymenko et al. (2023)
performed modelling of a DC traction motor in the ANSYS
RMxprt environment, focusing on the formation of param-
eterised models for efficiency analysis. They demonstrat-
ed the ability to accurately reproduce the dynamics of the
traction drive, taking into account electromagnetic losses,
which is particularly important for designing transport
systems with increased reliability requirements. The appli-
cation of an analytical approach enables obtaining initial
system parameter estimates, optimising them, and creat-
ing simplified models that can be used to develop or refine
the settings of complex models in software products.

Analytical modelling allows for a deeper understand-
ing of the relationships between electric drive parameters
and the dynamics of the entire system (Harasymiv & Har-
asymiv, 2020). Using equations, it is possible to assess the
impact of changes in voltage, frequency, or motor moment
of inertia on the operation of the damper drive. This is par-
ticularly important when modernising equipment, where it
is necessary to consider the system’s sensitivity to the pa-
rameters of individual elements. The constructed models
also serve as a basis for verifying calculations in numerical
simulations and creating simplified control algorithms that
do not require significant computational resources. Thus,
the mathematical description provides a holistic approach
to the analysis and optimisation of the electromechanical
part of the gas burner.

The purpose of the article was to develop mathematical
models of electric drives serving key components of the gas
burner, such as the fan, drying drum, and air intake damper.
The scientific novelty of the work lies in the integration of
analytical models of electric drives in the context of ther-
mal engineering processes, which allows for a more accu-
rate description of the interaction between electrical and
mechanical components of the system. This contributes to
increasing the efficiency and reliability of gas burners and
opens new opportunities for their modernisation and im-
provement.

MATERIALS AND METHODS

This study focused on the DC electric motor commonly
used in air intake damper drives. The mathematical model
incorporated equations for electrical and mechanical pro-
cesses, analogous to those for an induction motor (Jaber &
Abdulhasan, 2022). For a DC motor, the voltage equation
was expressed as:

dig

U= Raiq + Lo 5t

+E, D
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where u represented the armature winding voltage, R, and
L, denoted the armature resistance and inductance, respec-
tively, i, — the armature current, and E - the electromotive
force (EMF) induced by rotation. The EMF was proportional
to the angular velocity:

o Oy @)

where k, — the electromechanical coefficient and m - the
angular velocity. The mechanical moment equation for the
drum was defined as:

dwy,

Jo 5 = M, — M, 3)

where ], represented the drum’s moment of inertia and M, -
the resistance torque due to friction and load. The electro-
magnetic torque M, was given by:

M,=k,i,, 4)

where k,, - the torque constant.

The electric fuel supply drive controlled the flow of
gas through gearboxes or valves, ensuring flow stability.
The model was similar to that of the damper drive. The air
intake damper drive regulated the volume of air supplied
to the furnace, providing optimal conditions for combus-
tion. Its electromechanical component was typically im-
plemented using an asynchronous or stepper motor with a
gearbox (Buriakovskyi et al., 2021). The model of this drive
was described in a simplified form through the transfer
function (Robinette et al., 2023):

K
Ts+1

G(s) = ®)
where G(s) — the transfer function of the system drive in
Laplace space; K - the gain that characterised the static
sensitivity of the system, i.e., the dependence of the damp-
er displacement on the input signal (e.g., voltage); T — the
time constant of the system, which determined the inertia
of the drive; and s - the Laplace operator used to describe
the system in the frequency domain.

This model enabled the analysis of the dynamics of the
damper’s movement and the influence of controllers on its
position. Equation (5) described how the output value of
the system (e.g., the angular position of the damper or its
linear displacement) responded to the input signal. In (5),
the gain K determined the extent to which the damper po-
sition x(t) changed when the input signal u(t) was applied.
It depended on the design of the drive and the physical
properties of the gearbox and damper:

©)

where k. — the stiffness coefficient of the gearbox, ac-
counting for its deformations under load; G, - the gear
ratio of the gearbox, which reduced the rotational speed
but increased the torque. Higher values of K resulted in

faster attainment of the set position but could lead to
oscillations or instability, particularly if the system was
insufficiently damped. The time constant T in (6) deter-
mined how quickly the system responded to changes in
the input signal. It accounted for the inertia of both the
electric motor and the mechanical components (damper,
gearbox, drive system):

! (7

where J — the total moment of inertia of all rotating parts
of the system (motor rotor, gearbox, damper); km was the
torque constant of the electric motor. A lower value of T'in-
dicated a faster system response, but excessively low values
could cause instability or oscillations. The complete equa-
tion of the damper drive dynamics was formulated using
the Laplace operator. The equation of system dynamics was
obtained in the following form:

X&) _ K
U(s)  Ts+1

®)

where X(s) — the damper position and U(s) — the input sig-
nal (e.g., motor voltage). In the time domain, this equation
was expressed as a differential equation:

dx(t)
dat

T

+x(t) =K -u(t), 9)

where x(t) — the damper position and u(t) — the input signal.

The control signal u(t) in (9) originated from a con-
troller that determined the required damper position
based on measured parameters, such as air volume or
fuel/air ratio. The damper position x(t) served as the in-
put parameter of the system, indicating the actual state
of the damper (open or closed position). The output value
could be linear (in the case of displacement) or angular
(if the damper rotated). The system’s inertia T account-
ed for the limited response speed to signal changes due
to the mass and moment of inertia of the components.
The gain K characterised how accurately and quickly the
damper reached the set position. The resulting equation
was integrated into software to simulate the dynamics of
the entire drive system, enabling the evaluation of the
interaction between the damper and other elements of
the gas burner.

The computer model of the air intake damper drive was
implemented in the MATLAB software environment using
a scripted approach to modelling. The fundamental equa-
tions of electrical and mechanical dynamics were coded as
functions and program blocks, with numerical solutions of
differential equations achieved using standard MATLAB
functions, particularly ode45. This approach facilitated
flexible control of the model’s parameters, straightfor-
ward modification of input signals, and the development
of custom integration algorithms that accounted for the
specifics of the drive dynamics. The simulation produced
time dependencies of the armature current, angular ve-
locity, and damper position, as well as spatial and phase
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trajectories, which enabled the analysis of the system’s sta-
bility and dynamic behaviour. The implemented model was
suitable for further expansion, particularly for integration
into more complex automated control systems or digital
twins of thermal installations.
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RESULTS AND DISCUSSION

This study developed a mathematical model of the gas
burner’s electric drive system, encompassing the fan mo-
tor, drying drum drive, and air intake damper. Calculation
results are presented in Figures 1 and 2.

Dynamics of the motor armature current
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Dynamics of the motor angular velocity
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Figure 1. DC motor characteristics of the air intake damper drive
Note: a) armature current dynamics; b) angular velocity dynamics

Source: developed by the authors

The model is based on the equations of electrome-
chanical dynamics, which allows describing the dynamics
of the operation of these components. The application
of this model contributes to accurate forecasting of the

100

system’s operation, ensuring its energy efficiency and opti-
mising control parameters. The resulting models can be in-
tegrated into automation systems to improve the burner’s
performance in real production conditions.

Angular velocity (actual and set)
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Figure 2. Control characteristics of the air intake damper drive
Note: a) angular velocity (actual vs. setpoint); b) armature current; c) external load
Source: developed by the authors
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The obtained analytical dependencies allowed simu-
lating the dynamic characteristics of the DC motor used in
the damper drive. It was found that the constructed mod-
els provide an adequate reflection of real processes in the
system, which is confirmed by the graphs obtained in the
developed MATLAB program. They demonstrate charac-
teristic transient processes and allow identifying energy
losses at various stages of functioning. In particular, it was
established that the system demonstrates high dynamic
stability, provided the motor and control system parame-
ters are correctly adjusted. In the context of the reviewed
existing studies, it can be argued that the proposed ap-
proach is appropriate for creating digital twins of electro-
mechanical systems. The resulting model allows for more
accurate consideration of the interaction between different
drive elements, which is important for the comprehensive
automation of the gas combustion process. This approach
contributes not only to improving energy efficiency but
also facilitates the implementation of adaptive control
systems based on digital data in industrial conditions. The
proposed mathematical model of the gas burner’s electric

drive system allows describing the dynamics of the opera-
tion of key components, including the fan motor, the dry-
ing drum drive, the air intake damper, and other elements.
The use of these models contributes to accurate forecasting
of the system’s operation, ensuring its energy efficiency
and optimising control parameters. The resulting models
can be integrated into automation systems to improve the
burner’s performance in real production conditions.

The simulation of the dynamics of the air intake damp-
er drive was performed using a stepper motor and a gear-
box. The constructed model allowed accounting for the
inertial properties of the system, including the damper’s
mass, moment of inertia, and gear ratio of the gearbox.
The simulation conducted in the MATLAB environment
(Fig. 3-5) enabled the construction of dependencies be-
tween the system’s parameters and its responsiveness,
which is critically important for maintaining a stable air
supply to the combustion zone. According to the results,
optimal tuning of the K and T coefficients allows reducing
dynamic overloads and ensuring rapid achievement of the
set damper position without overshoot.
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Figure 3. Simulation results of the air intake damper drive
Note: a) dynamics of the motor current; b) dynamics of the angular velocity; c¢) dynamics of the damper opening

Source: developed by the authors
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Figure 4. Spatial trajectory of the damper
Source: developed by the authors

The results of modelling the air intake damper drive,
which uses a stepper motor with a gearbox, showed the
possibility of accurately describing the dynamics of the
drive and accounting for its delays or inertia in the overall
control system. The model allows adjusting the parame-
ters of controllers, such as PID controllers that control the
damper, analysing the impact of the damper’s mass, the
moment of inertia of the gearbox, or the gear ratio on the
system’s responsiveness, and increasing energy efficiency
by minimising drive overloads through optimal tuning of
the K and T coefficients. Based on the simulation of the air
intake damper drive, graphs of the dynamics of the main
quantities were obtained: armature current, angular ve-
locity, and damper opening angle (Fig. 3). The analysis of
these graphs allows concluding that the proposed mathe-
matical model adequately reflects the dynamic processes
in the system. All key parameters demonstrate physically
justified behaviour, confirming the correctness of the cho-
sen model structure and the parameters used. The graph
in Figure 3a shows the characteristic shape of the tran-
sient process of the motor armature current. In the ini-
tial phase, when the control signal is applied, the current
increases rapidly, which corresponds to the need to over-
come inertial and frictional forces in the drive. After that,
a decline to a stationary level is observed, corresponding
to the steady-state operating mode. Such dynamics indi-
cates the correct consideration of the motor’s electrical
parameters, particularly the inductance and active re-
sistance of the armature winding. The graph in Figure 3b
demonstrates the change in angular velocity over time. It
is evident that the system quickly reaches the set speed
value without excessive oscillations or prolonged oscil-
latory processes. The transient process is smooth, with a
slight initial oscillation, indicating the presence of some
damping in the system, provided by viscous friction and
correctly selected structural stiffness. In the stabilisation
phase, the speed is maintained at the set level, indicating
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Figure 5. Damper phase diagram
Source: developed by the authors

adequate controller operation and appropriate system in-
ertia. The graph in Figure 3c, depicting the damper open-
ing angle, confirms the linearity and predictability of the
actuator’s movement. In the activation phase, the system
demonstrates a gradual increase in the opening angle to
the set value, and after the termination of the control sig-
nal, a smooth return to the initial position. The absence of
sudden jumps or delays indicates the harmonious interac-
tion of the electrical and mechanical subsystems.

For a deeper analysis of dynamic processes in the sys-
tem, a spatial trajectory was constructed (Fig. 4), which
reflects the evolution of the system’s state in the three-di-
mensional phase space (coordinates: current — velocity —
position). The analysis of Figure 4 demonstrates that the
drive’s movement has clearly defined transient phases
characteristic of the activation and deactivation phases of
the control signal. During the current increase (initial ac-
tivation phase), the angular velocity and damper position
increase simultaneously. At the final stage, a damping of
dynamics is observed — the current and velocity gradually
decrease to zero, and the position returns to the starting
point. Such a scenario indicates the physical consistency
of all model parameters and confirms its correct parame-
terisation. The absence of reciprocating motions or twisted
cycles in phase space confirms the well-tuned damping of
the system. The phase diagram (Fig. 5), constructed in the
plane “angular velocity — opening angle,” demonstrates a
characteristic hysteresis loop that arises in response to the
reversible movement of the actuator. The diagram clearly
shows a closed cycle, which reflects the sequence of open-
ing and closing the damper. At the same time, the direction
of the loop indicates the presence of energy losses due to
friction and inertia. The loop’s shape is asymmetric, which
is typical for systems with nonlinear mechanical proper-
ties. The presence of hysteresis is an important charac-
teristic, as it indicates the specifics of energy exchange
between the electrical and mechanical parts of the drive.
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The small width of the loop indicates high stability and low
vibration in the system.

The behaviour of the electromechanical system sig-
nificantly depends on the key parameters of the model. In
particular, the stiffness of the damper drive K, directly af-
fects the dynamics of oscillations in the phase space. With
an increase in K, the system becomes stiffer, leading to a
reduction in the amplitude of oscillations of the opening
angle during transitions between phases. At the same time,
excessive stiffness can cause mechanical stresses, which are
undesirable for the structure. The armature winding resist-
ance R, and inductance L, determine the response speed of
the system’s electrical part. An increase in R, leads to a de-
crease in the armature current at a constant voltage, which
reduces the torque and slows down the opening/closing
of the damper. At the same time, an increase in L, slows
down the current rise, thereby extending the transient pro-
cesses. The torque constant K,, determines the efficiency
of converting current into torque. With an increase in K,
the damper opens faster, but this also increases the likeli-
hood of oscillations in case of insufficient damping. For its
part, the EMF constant K, acts as negative feedback - its
increase stabilises the system, reducing the current as the
speed increases. The variation of the control signal also
critically affects the behaviour of the drive. The proposed
model uses a rectangular shape of the control voltage with
phases “off — on — off.” This approach effectively illustrates
the system’s response to instantaneous voltage activation,
but in real conditions, it is advisable to consider smoothing
the edges or using harmonic signals to reduce peak loads.
Thus, the obtained graphs allow not only analysing the ba-
sic dynamics of the system but also investigating the in-
fluence of specific structural and electrical parameters on
the stability, responsiveness, and smoothness of the drive’s
operation. This serves as a basis for the further synthesis
of control systems and digital twins with a high degree of
correspondence to real objects.

Significant attention to the problems of electric drive
dynamics was found in the work of D. Magalhaes & F. Ka-
zanc (2022), which analyses electric drive systems in the
context of combustion process control. The authors em-
phasise the need to adapt drives to variable loads and un-
stable operating modes. In this work, as in the mentioned
publication, it is shown that the inertia and controller
structure of the drive significantly affect the accuracy of air
supply and flame stability. However, unlike D. Magalhaes &
F.Kazanc (2022), where attention is focused on the system
level of thermal process control, this study emphasises de-
tailed modelling of one of the actuators — the damper drive,
taking into account inertial, electrical, and structural char-
acteristics. In the study by H. Jia et al. (2024), multi-drive
configurations of gas burners were considered, and it was
established that the synchronisation of the operation of
individual drives (fan, damper, drum) critically affects
combustion efficiency. This is confirmed by the obtained
results: in particular, according to the dynamics graphs
(Fig. 3), it is evident that with proper tuning of the Kand T

coefficients, the system ensures rapid and stable achieve-
ment of the set damper position, which contributes to re-
ducing transient oscillations and increasing the accuracy
of fuel-air mixture regulation. A. Pulatov et al. (2023) and
S.S.H. Bukhari (2023) investigated methods for optimising
asynchronous drives, focusing on improving energy effi-
ciency by adapting drives to load changes. Their approach,
as in this work, is based on creating models sensitive to en-
vironmental parameters. However, in the mentioned pub-
lications, the object is mainly pumps and ventilation units,
whereas in this work, it is a stepper motor with a gearbox,
the specifics of which require a different structural con-
struction of the model and different approaches to its pa-
rameterisation.

The results of P.A. Masset et al. (2023) are interesting,
as they demonstrated the effectiveness of using permanent
magnet synchronous motors for drives in burners. In their
work, they emphasised the stability of the temperature
profile achieved through high-precision control. A simi-
lar effect — minimising overshoot and rapid transition to
steady-state mode — is observed in the phase and spatial
trajectories of the presented model (Figs. 4-5). The differ-
ence is that this study analysed energy losses in the drive
dynamics, particularly through the analysis of the hystere-
sis loop, which is not presented in the work of P.A. Masset et
al. (2023). The study by M. Kaminski et al. (2023) proposed
the use of neural networks for automatic tuning of electric
drives. In this case, although deep learning was not ap-
plied, it was shown that parameter tuning based on spatial
and phase dynamics can produce a similar adaptive effect,
particularly ensuring overload reduction and performance
stabilisation under load changes. The publication by K. OI-
iinyk (2021) examined hybrid electromechanical spindle
systems. Although the modelling object differs, the author
also focused on the integration of electromechanics and dy-
namic analysis, as we did. The use of phase diagrams to as-
sess system stability is also common. The advantage of the
studies presented in this work lies in the deeper consider-
ation of electromagnetic feedback through the (ke) param-
eter, which is important in drives with precise positioning.

S.D. Bangera et al. (2021) studied automatic tempera-
ture regulation using drives. They showed that the accura-
cy of opening/closing dampers affects the thermal inertia
of the system. This study confirms this: when modelling
a damper with an opening angle of up to 0.12 rad (=7°), a
stable system response without oscillations was observed,
which is critical for burners with sensitive temperature
zones. In the publication by S. Zhang et al. (2023), the
impact of different motor types on energy efficiency was
investigated. Their results confirm the observation made:
with an increase in the motor’s torque (Km), there is a re-
duction in the time to reach the required damper position,
but this can cause oscillations if the system is insufficiently
damped. This trade-off is also reflected in the phase dia-
gram, where at certain parameter values, the trajectory
demonstrates asymmetry related to the nonlinearity of
feedback processes. Against the background of other works,
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such as T. Gammaidoni et al. (2023), R.R. Singh et al. (2023),
and S. Verma et al. (2024), which consider modelling as part
of the digital twin concept, the presented model has a high-
er level of detail for a specific actuator component — the
damper drive. This makes it suitable for use not only in
global modelling but also in real-time for adaptive diagnos-
tics, which is its practical advantage. An important aspect
that distinguishes this study among the reviewed works is
the presence of an integrated analysis of drive dynamics in
both the time, phase, and spatial domains. This approach
allows not only describing transient processes in the sys-
tem but also forming criteria for stability, damping, and ad-
aptability, significantly expanding the possibilities of prac-
tical model application. For example, the damper phase
diagram obtained as a result of simulation enables visually
determining the zones of stability and inertial sensitivity of
the system to changes in the input signal or load. This was
not demonstrated in the works of other authors, where the
focus is mainly on output characteristics or thermal effects.

Another important result of the conducted study is the
quantitative assessment of the influence of electrical pa-
rameters R, L, K,, K, on the responsiveness and stability
of the drive. This allows optimising the system at an early
design stage without the need for an extensive numerical
experiment. The performed work combines the accuracy of
analytical modelling and the efficiency of simulation anal-
ysis, ensuring a high level of model correspondence to the
real system. Comparison of the results with similar stud-
ies confirms the feasibility of using a stepper motor with
a gearbox in such a system, given its positioning accura-
cy and simplicity of implementing digital control. At the
same time, the created model demonstrates an advantage
in terms of adaptive tuning of controller parameters, con-
sidering load changes, which distinguishes it from the ap-
proaches discussed above.

CONCLUSIONS

Within the framework of the conducted study, a mathe-
matical model of the gas burner’s electric drive system was
developed, which describes the dynamic behaviour of the
main components, particularly the fan motor, the drying
drum drive, and the air intake damper. The constructed
model reflects the relationship between electrical and me-
chanical parameters, allowing its integration into automat-
ed control systems to enhance the overall energy efficiency
and reliability of the thermal engineering process. Particu-
lar attention was paid to the analysis of the dynamics of the
air intake damper drive, implemented based on a stepper
motor with a gearbox. The created model allowed account-
ing for inertia, time delays, and damping properties of the
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drive, which is crucial for accurate damper position regu-
lation. The performed computer simulation showed that
the maximum armature current at the start of operation
was approximately 0.85 A, corresponding to the starting
mode for overcoming the static moment of resistance. The
angular velocity reached a steady value of 13 rad/s in 0.8
seconds, after which it remained stable without excessive
oscillations. The damper opening angle was approximately
0.12 rad (about 7°), which is sufficient to ensure the neces-
sary air supply to the combustion chamber. This behaviour
confirms the correctness of the choice of motor parameters
and the consistency between the electrical and mechanical
parts of the model.

Further analysis of the spatial trajectory (in the coordi-
nates current — angular velocity — position) revealed typical
transient processes with a smooth transition to steady-state
mode, indicating the presence of effective internal damp-
ing in the system. In the phase plane (angular velocity —
opening angle), a hysteresis loop is clearly traced, which
indicates the stable operation of the drive and the specif-
ics of energy exchange between subsystems. The loop’s
shape demonstrates the absence of oscillations, allowing
the conclusion that the system’s dynamics are non-oscil-
latory and well-damped. The obtained results confirm the
feasibility of using complex modelling of electromechani-
cal systems for the purposes of designing and optimising
digital control systems for thermal engineering equipment.

The developed model can serve as a basis for imple-
menting digital twins, which provide not only accurate re-
production of the behaviour of a real object but also the
possibility of predictive diagnostics, adaptive tuning of
control parameters, and effective forecasting of operation
under variable load conditions. The application of such ap-
proaches contributes to improving energy efficiency and
creates a reliable foundation for further digitalisation of
thermal control systems. Prospects for further research
lie in expanding mathematical models by accounting for
nonlinear effects, such as backlash, hysteresis, or real-time
load changes, as well as creating an integrated environment
for modelling, verification, and implementation of digital
twins of electric drive systems in industrial conditions.
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MaTteMaTuuHe MogenioBaHHSA NpuBoay Wwnbepa
noBiTpo3abipHuKa razoBoro nasbHUKa

AHoOTaUif. B yMoBax cy4acHUX BUMOT 0 eHeproedeKTMBHOCTI Ta aBTOMaTH3allii TEIUIOTEXHIYHUX CUCTEM, 30KpeMa
ra3oBUX NaJbHMKIB, BASK/IMBY POJIb Biflirpae po3pobKa TOUHUX MAaTeMaTUIHUX MOZeieii ISl OMMUCY POOOTH eNeKTPUYHUX
TIPUBOJIB, 1110 3a6e31euyioTh QYHKI[IOHYBaHHS KII0UOBMX KOMIIOHEHTIB TakuX cucteM. ONHUM i3 TaKMX KOMIIOHEHTIB €
NpuBiL mubepa MoBiTpo3abipHuKa, M0 PEryIioe TIofavy MOBITPs SO KaMepy 3rOpsiHHS, 110 6e3mocepesHbO BIUIMBAE Ha
eheKTMBHICTb TOPiHHS Ta CTA6GIIBbHICTh POOOTH MagbHMKA. MeTo0 po60TH 6y/I0 CTBOPEHHSI MaTeMaTUYHOI MOJesTi CHCTeMMU
€JIeKTPMYHOTO TPUBOAY Ta30BOT0 MaJbHMKA, SIKa TOYHO OMMCYE AMHAMIKY POOOTH eeKTPOIBUIYHA BEHTUISATODA, TPUBOLY
mmbepa MoBiTpo3abipHMKa, MPUBOLY CYIIMIBHOTO 6apabaHa Ta iHIIMX eJleMeHTiB cucTeMMu. [IJist JOCSTHEHHS i€l MeTu
6y BUKOPUCTaHI METOAM MaTeMaTUYHOTO MOZEeMIOBAHHS JMHAMIYHUX CUCTEM, & TAKOXK YMCeTbHI METOAV PO3B’SI3aHHS
IudepeHLianbHUX PiBHSIHD B cepenoBuili MATLAB. MogemioBaHHS I[MX MIPOIECiB LOTIOMOIJIO 326e31eUNTH BUCOKY
TOUHICTb MPOTHO3YBAHHSI PO6OTU cucTeMU Ta ii eHeproedeKTUBHICTh Ha BCiX eTamnax ekcruryaTalii. OCHOBHI pe3yibTaTu
IOCTiIKeHHST BKITIOUaIy Mo6yqoBy MaTeMaTUMUHOI MOJei, L0 OMMCY€E JMHAMIUHI ITPOIecH B CUCTeMi IPUBOAY, 30KpemMa
BpaxyBaHHS iHePIIiTHMX XapaKTepUCTUK IPUBOLY Inbepa, mapaMeTpiB peAyKTopa, Macu Imnbepa Ta MOMEHTY iHepIii,
BIUTMBY Macy BUKOHABUOTO OpraHa Ha AMHaMiKy po6oTu cuctemu. B po6oTi mobymoBaHo rpadiku 1jis aHami3y TMUMYaCOBUX
XapaKkTepuCTUK cuctemu. OMmUcaHo JMHAMIUHI TPOLIeCH B CHCTeMi IPUBOY, 1[0 MAIOTh BayK/IMBe 3HAYEHHSI /IS CTabiTbHOTO
Ta e(eKTUBHOTO PEryJl0BaHHS MOBITPSHOTO MOTOKY. PO3po6iieHa Mozesb 1ajia 3MOTY ITPOBOAMUTY aHai3 MepexiqHuX
TMIPOLIECiB Ta ONITMMi3yBaTy HalalllTyBaHHS Pery/asiTopiB, 30KkpeMa PID-perynasiTopis, 4181 MOKpaIleHHs LBUIKOAII CUCTEMU.
BaskiMBMM acrieKTom Oysia TakoxK OlliHKa BIUIMBY ITapaMeTpiB MpUBOLY Ha eHeproeeKTUBHICTb Ta CTabiIbHICTh POOOTU
ra3oBOTro MaJbHMKA. P03po6ieHy Mozeb MOXKHA iHTeTpyBaTy B CMCTeMM aBTOMaTH3allii ra30BMUX MaabHUKIB, 1[0 JO3BOIUTD
MiABUIIUTY iX eHeproedeKTUBHICTb, 320e311eunTy HailtHy po60TYy IIpM Pi3HUX YMOBAX €KCILTyaTallii Ta 3SMeHIIUTY PUSUKK
repeHaBaHTa)XeHHS IIPMBO/IB 3a paxyHOK OINTMMi3allii TapaMeTpiB yIpaB/IiHHS
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Influence of regenerative effect
and mode coupling on the stability of milling operations

Abstract. Quality of milling operations requires dynamic stability of the process, which depends on the tool geometry,
structural rigidity and type of vibrations. The study aimed to identify the influence of internal dynamic disturbances on
the milling process, in particular, the mechanisms of self-excited vibrations arising from vibrational interactions and
residual irregularities of the machined surface. The methodology included a comparative analysis of milling stabilisation
models with an assessment of their advantages, limitations and practical recommendations for implementation in real
production processes. Mathematical models were presented that addressed the effects of time delay and the interaction
between the directions of oscillation of the tool and the workpiece. The study determined that repeated contact of the tool
with the irregularities of the pre-treated surface leads to a variable thickness of the material layer and forms an unstable
operating mode. The interaction between different oscillatory modes, when machining flexible or thin-walled parts, leads
to more complex self-oscillatory processes, including chaotic oscillations. The most promising for practical use are models
with adaptive control, which can respond to changes in process parameters in real time. The study established that the
dynamics of the milling process significantly depend on the geometry of the tool, the length of the protrusion, stiffness,
mass-inertial characteristics, and wear of the cutting part. Process damping, caused by the side contact of the tool with the
workpiece, reduces the amplitude of vibrations in the low-frequency range. The control structure based on the system’s state
vector included position, speed, vibration amplitude, spindle speed and tool feed. None of the methods is universal, so it
is advisable to apply an adaptive approach to choosing a stability model, considering constructive, dynamic and economic
factors. The practical value of the results is that they can be used by engineers and technologists to implement adaptive
milling control to reduce vibrations and improve machining accuracy

Keywords: self-oscillation; delayed system; multimodal dynamics; semi-sampling; state vector; intelligent control;
adaptive modelling

INTRODUCTION
The stability of milling processes is one of the key fac- attention is being paid to the phenomenon of vibration
tors determining the quality, productivity and econom- chatter, a self-excited oscillation that can cause signifi-
ic efficiency of 21st-century machine building. Increased cant deterioration in machining, tool wear and damage to
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the workpiece. The two most influential mechanisms that
cause chatter are the regenerative effect and mode cou-
pling. The complexity arises from the simultaneous action
of these two types of chatter, as their interaction creates
additional difficulties in predicting stability limits. This is
driving the growing use of flexible and complex structures
in industries such as aerospace, micromechanics, ortho-
paedic surgery, and automated manufacturing.

The regenerative effect and mode coupling significant-
ly complicate the prediction of milling process stability in
conditions of variable stiffness or high-speed machining,
and the problem of double chatter (regenerative and mode
chatter simultaneously) is a significant aspect. Neglect-
ing their interaction can lead to inaccurate stability pre-
dictions, as confirmed by M. Mobaraki & J. Ratava (2023).
The study found that only adaptive vibration absorption
systems tuned to the frequency overlap of the modal and
regenerative chatter can provide effective vibration damp-
ing and, accordingly, significantly expand the limits of
stable operation. The study developed an adaptive tuning
strategy for the Tunable Vibration Absorber (TVA), which
extended the limits of stable processing and, for the first
time, addressed the frequency overlap between the two
types of chatter.

A significant area of research was the influence of tool
geometry on the appearance of self-oscillations. For exam-
ple, machining parts of complex shapes with deep cavities
is accompanied by specific instabilities, as proved in the
study by X. Wang et al. (2024). The study confirmed that the
use of curved blades leads to a significant narrowing of the
stability region and, based on this, developed refined rec-
ommendations for the selection of geometric parameters
of cutters for such conditions, which improved forecasting
methods and rendered the results more suitable for prac-
tical applications. Generalisation of approaches to chatter
suppression, including a combination of active and passive
vibration control methods, determined their effectiveness
in different production conditions. Z. Li et al. (2024) found
that hybrid damping technologies demonstrate maximum
efficiency in a wide range of production conditions. This
provides the ability to flexibly configure self-oscillation
suppression systems depending on the specific situation
and justifies the optimality of the combined approach for a
wide range of machining conditions.

C. Liu et al. (2024) proposed a new numerical model
capable of taking into account the characteristics of var-
ious types of parts, from thin-walled to massive, and ob-
tained results that indicate a significant increase in the
accuracy of predicting critical cutting modes without the
need for large experimental databases and made it possible
to use such models in real production conditions without
significant costs for experimental verification. Configura-
tion-dependent dynamics of robotic milling systems is also
a promising area of research. B. Li et al. (2025a) demon-
strated that the change in stiffness and modal parameters
along the manipulator’s trajectory can be used for accurate
prediction of the appearance of unstable areas and thus
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significantly increases the efficiency of automated produc-
tion. The created model predicts unstable areas with high
accuracy, which provides a new level of stability for robotic
milling of complex parts.

The need to accommodate the spatial variation of the
modal parameters of milling systems was presented in the
study by H. Tian et al. (2024), dedicated to the stability of
machining in orthopaedic robotic systems. The study de-
termined that even minor changes in the tool position
cause fluctuations in modal frequencies, which directly
affect the probability of chatter. The study quantified this
dependence and built more accurate stability models for
position-sensitive objects, which is key for milling complex
geometric surfaces.

The Ukrainian scientific community is also increasing-
ly emphasising the problem of self-oscillations in milling
operations, particularly in the context of machining thin-
walled and flexible parts. The problem of self-oscillations
in milling operations is critical to the accuracy and quality
of machining. S. Dyadya et al. (2022) investigated the rela-
tionship between vibration parameters and the quality of
the moulded surface during milling. The study found that
even low-frequency vibrations can significantly worsen the
microgeometry of the machined surface, especially in thin-
walled or flexible workpieces. This laid the groundwork for
practical strategies to improve process stability. To ensure
safe and efficient machining of thin-walled parts, it is es-
sential to determine the zones of stable operation without
chatter. Y.V. Petrakov et al. (2024) addressed the adaptive
determination of cutting parameters that prevent the oc-
currence of self-oscillations. The study significantly con-
tributed to the methodology for calculating chatter-free
modes, adapted to the conditions of variable stiffness of
structures. Of value is the integration of this methodology
into computer numerical control systems, which made it
possible to provide real vibration control during machin-
ing in an automated environment. The importance of in-
tegrating advanced digital and additive technologies in
machining is also highlighted in research V. Doroshenko
& 0. Yanchenko (2023) emphasised the prerequisites for
the introduction of 3D technologies in the production of
metal products, demonstrating that process innovations
not only expand manufacturing capabilities but also set
new requirements for stability and quality assurance in
machining operations. This corresponds with the growing
trend towards adaptive and hybrid approaches in vibration
suppression strategies.

Despite previous studies, most existing models are lim-
ited in their applicability in conditions of variable real-time
dynamics. The influence of combinations of regenerative
and mode chatter in adaptive milling processes has not
been sufficiently investigated. Problems also arise in the
optimisation of robotic systems, where traditional meth-
ods do not address variable configuration and multiphase
dynamics. Linear models do not include position-depend-
ent dynamics, multimodality, and nonlinear phenomena,
which are critical for real-world production conditions.
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Therefore, the study aimed to determine the regular-
ities of interaction of internal sources of self-oscillations
in high-speed machining processes and to generalise ef-
fective approaches to ensuring stable dynamics of milling
equipment under conditions of complex vibration interac-
tion. To achieve this goal, the following tasks were set: to
classify the main types of self-oscillations that occur dur-
ing milling, taking into account the features of the geom-
etry, stiffness and tool trajectory, to analyse the effective-
ness of mathematical and numerical models for predicting
stability in complex machining dynamics, and to formulate
practical recommendations for choosing the appropriate
stability model depending on the type of task, design con-
straints and type of equipment.

MATERIALS AND METHODS

The study analysed the dynamic effects that affected the
stability of the milling process, in particular, oscillations
resulting from feedback and mode interaction. The crite-
ria considered included the accuracy of predicting stabil-
ity limits, the influence of geometric and dynamic tool
characteristics, adaptability to changing machining con-
ditions, and the possibility of practical implementation in
high-precision manufacturing.

The study included 3 stages. At the first stage, a theo-
retical analysis of the mechanisms of dynamic instability of
the milling process was conducted regenerative chatter and
mode coupling. A mathematical model based on time-de-
lay differential equations was presented, which consid-
ered the repeated contact of the cutter with the machined
surface and the interaction between the vibration modes.
The stage aimed to form an analytical basis for identify-
ing the conditions of self-oscillations and determining the
limits of stability depending on technological and design
parameters. The presented model became the basis for the
construction of the Stability Lobe Diagram (SLD) and jus-
tification of further approaches to process stabilisation.
Time-delay system, where the change in chip thickness
depends on the current tool position and the previous tool
position by a time (delay) (Insperger et al., 2015):

h®)=x(®)-x(t-T), M

where: h(t) — Clip thickness at the current moment; x(t) -
current tool position; x(t - T) — previous tool position at
time T (time delay between the current and previous tool
contact with the workpiece due to the regenerative effect).
This describes the key characteristic of the model, the de-
pendence of chip thickness on the current and previous
tool position. It is this relationship that reflects the regen-
erative effect, which is one of the main causes of vibrations
in milling. Without this equation, it is impossible to de-
scribe the effect of lag on the cutting process.

The cutting force F(t) is defined as proportional to the
chip thickness as follows (Faassen et al., 2003):

F(t) =K, x h(t) =K, x (x(t) -x(t - T)), @)

where: F(t) — force acting on the tool during machining,
which depends on the chip thickness, which varies due
to tool movement and machining geometry; K, — system
stiffness factor (may depend on the workpiece material,
tool type and other physical characteristics of the system).
The equation defines the cutting force as a function of chip
thickness, which directly links the process mechanics to the
geometrical parameters of the cut. This basic relationship
quantifies the interaction between the tool and the work-
piece and is the starting point for further stability analysis.

The motion of the tool is described by Newton’s second
law or the equation of a one-degree-of-freedom oscillatory
system (Breitenbach, 2025):

mx(t) + cx(t) + kx(t) = F(0), 3

where: m - tool mass; ¢ — damping coefficient; k — stiffness
coefficient; x(t) - tool velocity at time t, i.e., tool displace-
ment rate; ¥(t) — tool acceleration at time t. This equation
summarises the effects of tool mass, stiffness and damping
on tool vibrations due to cutting forces. Without this equa-
tion, it is impossible to conduct a mathematical analysis of
the dynamic stability of the process.

At the second stage of the study, a comparative analy-
sis method was used to systematise existing approaches to
modelling and ensuring the stability of the milling process.
A comparative typology of models was formed: three-di-
mensional Stability Lobe Diagram (3D SLD) with positional
dependence (analysis of the influence of the tool’s spatial
position and local stiffness on the stability limit), Non-
linear Delay Differential Equation (NDDE) models with
bifurcations (describing the behaviour of systems with
self-oscillations, bifurcations and chaotic modes, which is
critical for flexible parts), variable spindle speed methods
(practical strategies for suppressing chatter by modulating
the input signal without modifying the design), 6 Degrees
of Freedom (6DOF) robotic system models (accounting for
the kinematics of robotic systems with multiple degrees of
freedom), models with uncertain parameters (accounting
for statistical fluctuations in stiffness and damping typi-
cal of manufacturing conditions), and multimodal milling
approaches (modelling the interaction of multiple fre-
quencies simultaneously — a typical situation in complex
machining paths). The models were selected to cover the
most common destabilisation scenarios that can occur
when milling different types of workpieces, with different
geometries, stiffnesses, and in different design conditions
(traditional and robotic systems). This concluded on the
relevance of using certain methods depending on the pro-
duction scenario.

At the third stage, the results of the comparative anal-
ysis were summarised, which formulated practical recom-
mendations for choosing the most effective methods of
milling process stabilisation for different production sce-
narios. For each of the approaches, the advantages, limi-
tations in practical implementation, and recommenda-
tions for use in mass production were analysed separately.
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Evaluation criteria included computational complexity,
sensitivity to input parameters, flexibility of adaptation to
different materials and types of workpieces, and compli-
ance with industry requirements (aerospace, mechanical
engineering, robotic systems). This typological approach
identified the most relevant methods for specific produc-
tion tasks and formulated reasonable recommendations
for their implementation. The Zotero bibliography manag-
er (version 6.0) was used to organise bibliographic sources,
make references and systematise scientific publications,
which ensured proper citation accuracy and uniformity of
references in the process of preparing the paper.

RESULTS
Mathematical model
for predicting stability in milling processes
One of the main problems in milling is dynamic instability,
in particular chatter, which reduces machining quality, tool
life and accuracy, and is caused by the regenerative effect
and mode coupling. Regenerative chatter occurs when the
cutter repeatedly contacts a surface that already contains
irregularities formed by the previous tooth. This creates a
delay in the system, which is a source of self-oscillation.
A typical mathematical model is a time-delay system in
which the current chip thickness is defined as a function
of the previous coordinates. The model is classified as a
Differential Delay Equation (DDE) and is used to construct
stability limits in the form of SLDs. The use of modified
semi-sampling methods incorporates the dependence of
stability on tool position and changes in damping.

Regenerative chatter is a typical self-oscillatory pro-
cess caused by the cutter coming into periodic contact with
a surface that has already been machined by a previous
tooth. This creates a variable chip thickness and a time
delay equivalent to the tool rotation period. This dynamic
creates a feedback loop in the system, making it potentially
unstable. This effect is modelled as a DDE equation where
the chip thickness depends on the previous tool position
(Formula 1) and the cutting force is proportional to this
thickness (Formula 2). The resulting equation, which in-
cludes inertial, damping and elastic components (Formu-
la 3), was used as a basic model for interpreting self-oscil-
lations and is the basis for building an SLD to analyse the
stability limits of the milling process.

The phenomenon of mode coupling occurs when two
or more interdependent vibration modes are present, par-
ticularly in flexible or thin-walled workpieces as well as in
multi-axis robotic systems. Typical examples are the inter-
action of bending and torsion in long tools or in parts with
complex geometries. In such conditions, multi-frequency
dynamics are observed, which can lead to a loss of stabil-
ity. To describe this phenomenon, a model with two cou-
pled degrees of freedom is used, where each direction has
unique parameters of mass, stiffness, and damping (Faas-
sen et al., 2003):

mx(t) +cx(t) + kx(t) =K, x (x(t) - x(t - T). “

Grechaniuk & Varodov

A typical mathematical model for two cou-
pled degrees of freedom — a system of two equa-
tions for two different vibration modes (e.g., in
the X and Y directions) that covers inertia, damp-
ing, and stiffness for each mode - is as follows:

(mxi+cxx+kxx:Fx(hx(t))) (5)
myy+cyy+kyy=F, (hy (1)) )

where: m,, m, - tool masses in the X and Y direc-
tions; %, y — accelerations in the X and Y directions;
¢, ¢, — damping coefficients for each direction; k,,
k, - stiffness in the X and Y directions; F(h (1)),
F,(h,(t)) - forces acting on the tool, which depend on
the chip thickness and vary over time due to the re-
generative effect. The interaction between the axes
is considered through off-diagonal elements in the
stiffness and damping matrices, which can be used
to model the energy exchange between modes.

For mode coupling, it is critical to consider the
interaction between two vibrational modes. This
means that a displacement in one direction (e.g., x)
can generate a force in the other direction (y) and
vice versa. This interaction can be modelled through
off-diagonal elements in the stiffness matrix. An
extended system to account for the interaction be-
tween modes is given by T. Insperger et al. (2015):

(6 @@+ [ 2@+

ke kxy _ [Fe(ha(t)
o o eover=[E6@], ©
where: ¢, ¢, — damping coefficients that address

the interaction between the X and Y directions (a
change in velocity in one direction can affect the
damping in the other); k, k, - elements of the
stiffness matrix that describe the interaction be-
tween the X and Y directions (if these elements are
non-zero, then a change in one direction (x) causes
a change in the other (y)).

For ease of calculation and analysis, the system
of equations can be written in matrix form, where
each element of the matrix will be responsible for
the corresponding value of the system (Insperger et
al., 2015):

Mii(t) + Ci(t) + Ku(t) = E(t), )

where: M - mass matrix; C - damping matrix; K —
stiffness matrix; ii(t) — displacement acceleration;
u(t) — displacement velocity.

SLD is a key tool for visualising the boundaries
between stable and unstable milling operations. It
can be used to graphically determine the critical
cutting modes at which the system enters an un-
stable state, accompanied by the development of
self-oscillations (chatter). In the classical case, SLD
construction is based on solving a regenerative DDE
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model, with the determination of the delay time based on
the rotation parameters. In this case, stability is analysed
using a spectrum of Lyapunov’s indices, where the transi-
tion to instability occurs when one of them is zero. This
can be used to calculate the critical plunging depth for each
spindle speed. The SLD is constructed by determining the
set of pairs (N, a) for which the system enters the unstable
mode. This identified the “frontal structures” characteris-
tic of milling, which are shaped as petals on the graph. In
the case of two vibration modes (in the X and Y directions),
the stiffness matrix is as follows (Faassen et al., 2003):
kx kxy
k=l ®
The presence of non-zero off-diagonal elements (k,,
k,) indicates that displacement in one direction generates
forces in the other. This leads to complex self-oscillatory
behaviour, such as bifurcations, quasi-regular oscillations
or chaotic fluctuations, especially when the local stiffness
is low or the damping is poor. In industrial applications,
this can occur when machining aluminium or titanium
panels, shell structures, or when the tool is unstable or
insufficiently rigid. Classic examples include milling long,
flexible parts or using six-degree-of-freedom manipulators
where geometric complexity and poor damping contribute
to resonant excitation. Particularly critical is the incor-
rect distribution of damping, where compensation of one
mode can cause resonance in another. This approach can
be used to perform modal analysis - to identify the natural
frequencies and vibration forms of the system, as well as
to assess the limits of its dynamic stability. Consideration
of mode coupling is essential for accurate SLD prediction
in milling operations involving complex trajectories or the
interaction of several vibrational modes.
In the classical case, SLD construction is based on the
Dynamic Data Exchange (DDE) analysis, which describes a
regenerative chatter, where the latency is defined as (Faas-

sen et al., 2003):
60

T=22 )

Nxz’

where: N - spindle speed per minute (rpm), i.e., tool rota-
tion frequency (a critical parameter because the rotation
speed affects the system’s vibration frequency and how fast
the tool moves); z - number of teeth on the tool (deter-
mines how often the tool comes into contact with the ma-
terial during machining, which affects the amount of force
transmitted through the system); 60 — constant factor used
to convert minutes to seconds, ensuring correct calculation
of the time for one tooth to pass.

Numerical methods such as the Semi-Discrete Meth-
od (SDM), modal analysis, time-domain simulation, and
the Galerkin method are used to accurately calculate sta-
bility limits (Altintag & Budak, 1995; Faassen et al., 2003).
These methods can build a stability diagram in more com-
plex systems, incorporating the various factors that affect
the stability of the machining process. In the stable zone,
the solution does not grow over time, and the limit of

instability is determined when one of the indicators be-
comes zero. This calculated the critical cutting depth q,,
for each mode (Zheng et al., 2014):

Qi =55 X RIGG@)] ™, (10)
where: h - chip thickness removed during one tool pass (var-
ies depending on the depth of cut and machining speed);
jow — complex frequency, where j — conditional unit, and o -
real frequency; R[G(jw)] — modulus of the system frequen-
cy response function that describes the amplitude of the
system frequency response at a certain frequency point jo.

The dynamics of the milling process depend heavily on
the tool geometry, including the length of the protrusion,
stiffness, mass-inertial characteristics and wear of the cut-
ting part. Long and thin tools show increased sensitivity to
the excitation of bending and torsional modes, which con-
tributes to the appearance of both mode and regenerative
chatter. The behaviour of the system is multidimensional
with the presence of inter-axial (cross-mode) interaction,
which is confirmed by models in the three-dimensional co-
ordinate space (X, Y, Z). SLD is extended to three-dimen-
sional or parametrically dependent diagrams as follows
(Altintas & Budak, 1995):

SLD=f(N, a, p), (1)

where: a — depth of cut (the distance to which the tool pen-
etrates the material during machining, the depth of cut af-
fects the cutting forces and, accordingly, the stability of the
process); p — parameter that determines additional system
characteristics (variable stiffness, spindle speed, number of
degrees of freedom of the system).

The interaction of oscillations in different directions
can lead to multi-frequency modes and loss of stability. The
lag caused by the regenerative effect creates conditions for
the growth of self-oscillations even in the absence of ex-
ternal disturbances. In a discrete form, this is expressed
through the dependence of the cutting force on the previ-
ous coordinate values, which reflects a time-delayed differ-
ential equation (DDE model). The dynamics of the milling
process is largely determined by the tool geometry, i.e., the
length of the protrusion, stiffness, mass-inertial character-
istics, and the state of the cutting edge (including wear).
For a generalised description of an elastic mechanical sys-
tem with a regulatory delay that incorporates vibration ef-
fects and possible multi-frequency modes, the equation of
motion is given by T. Insperger et al. (2015):

M;(6)+ Cy(t) + K () =F.(h(D)). (12)

Process damping, caused by the lateral contact of the
tool with the workpiece, can reduce the amplitude of vibra-
tions in the low-frequency range. This effect shows a de-
pendence on the cutting speed and depth of cut, address-
ing the influence of geometry and feed. The actual milling
process is three-dimensional, as cutting forces are gener-
ated in all spatial directions. Therefore, it is necessary to
address the complex dynamic behaviour of the system in
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X, Y, Z. System matrices are used to describe the behaviour
(Faassen et al., 2003):

M)+ C,() + K () =F(q(t), q(t-T)).

This representation can address cross-mode interac-
tion (for example, when fluctuations in X stimulate fluc-
tuations in Y). The delay caused by the regenerative effect
creates conditions for the dynamic growth of fluctuations
even without an external perturbation.

Due to the complex and multifactorial dynamics of the
milling process, classical control methods (linear control-
lers or fixed models) are ineffective in the face of changing
machining modes and structural instability. This substan-
tiates the feasibility of introducing intelligent stabilisation
systems based on Deep Reinforcement Learning (DRL).
DRL can be used for adaptive control that considers varia-
ble system state parameters, such as position, speed, vibra-
tion amplitude, spindle speed, and tool feed. In a discrete
formulation, it functions as a force dependence on previous
coordinate values (Altintasz & Budak, 1995):

F(t) =K, [x(t)-x(t-)].

Process damping is caused by the contact between the
tool side and the workpiece, which is particularly evident
at low feeds or high plunging depths. This phenomenon is
nonlinear in nature and contributes to a reduction in the
amplitude of vibrations, mainly in the low-frequency range.
The mathematical description of such effects belongs to the
class of time-delay equations (DDEs), which require the use
of specialised solution methods, such as the Semi-Discreti-
sation Method (SDM), Impedance Response Function (IRF)
or Pade approximations. Based on the current state of the
system, Deep Reinforcement Learning (DRL) generates a
control signal that is fed to the piezoelectric actuator to ac-
tively suppress vibrations. The process damping is modelled
as an additional force proportional to the tool speed and
dependent on the depth of cut (Tuysuz & Altintas, 2019):

de(t) = de x X(t) x f(daxial)? (15)

where: f(d,,,) — function that addresses the dependence
of damping on the depth of cut. These equations help to
accurately describe the dynamics of the milling process,
incorporating the various factors that influence machin-
ing stability. Due to the complex dynamics of the milling

(13)

(14)

Grechaniuk & Varodov

process, classical control methods are mostly ineffective,
which increases the need for intelligent stabilisation
systems such as DRL, which provides an adaptive re-
sponse to changes in machining conditions and reduces
vibrations. The state vector in such control systems and
modelling of vibration processes, in milling and mecha-
tronic tasks, is represented as (Altintas & Budak, 1995):

s() =[x x, a,, N, a,], (16)

where: a,;, — vibration amplitude (a significant indicator of
process stability and affects the quality of machining); a, -
parameter that characterises the tool feed during machin-
ing. To optimally control the milling process and reduce
tool vibrations, a control scheme is used that incorporates
the current state of the system (Sutton & Barto, 2014):

u(t) =m,(s(t)),

where: u(t) - control signal that determines the action to
be taken based on the current state of the system; mr,(s(t)) -
function that generates a control signal that depends on
the state vector s(t). This described the process of generat-
ing a control signal as a function of the current state, with-
out using fixed parameters.

Taken together, these equations provide a universal
mathematical description of milling that provides simul-
taneous analysis of process stability, prediction of critical
conditions, evaluation of the effects of geometry, material
and machining parameters, and development of effective
active vibration suppression strategies. This creates a con-
sistent, multi-level model that combines physical process
mechanics, analytical stability methods and adaptive con-
trol algorithms.

(17)

Classification and recommendations for technological
efficiency of chatter reduction methods

Ensuring stability during milling is a critical factor in
achieving high precision and productivity. The develop-
ment of stability models addressed a wide range of factors,
from regenerative chatter and mode interaction to the
adaptive behaviour of robotic systems, which tailors the
process to the specifics of the task. Table 1 presents these
approaches, demonstrating the relationship between the
type of model, the chosen stabilisation technique and its
application in industry.

Table 1. Comparison of stability methods for milling with damping and tool parameters

Stability analysis and
influence of parameters

Model type

processing

Methods of stability in

Application and scope of use

on machining

SDM (semi-

Change in stability when discretisation) +

changing tool position
for thin-walled parts,
considering process
damping

3D Stability
Lobe Diagram
with position

dependence

of the toolpath to
account for changes in
stiffness and damping

positional discretisation

Building a 3D SLD for milling thin-walled components,
analysing the impact of process damping on stability limits,
and applications in the aerospace industry. Using 3D SLD to

machine thin-walled aluminium aircraft panels where positional
dependence reduces regenerative chatter. Optimising the milling
of curved turbine blade surfaces to reduce vibrations.

Modal and regenerative Galerkin method

NDDE + chatter, bifurcations, for projection of
nonlinear effects of tool wear and nonlinear equations,
model part flexibility, chatter mode summation for

suppression with TVA multimodal behaviour

Analysis of stability and chaos zones, use of TVA for chatter
suppression, and prediction of bifurcations in nonlinear systems.
Application of TVA to suppress mode coupling in the milling of
flexible titanium plates in aircraft components. Predicting chaotic
behaviour in thin shell machining for aerospace structures.
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Stability analysis and
influence of parameters
on machining

Model type

processing

Methods of stability in

Continued Table 1.

Application and scope of use

Influence of different Time-domain

Comparison of speed modulation strategies for chatter
suppression, optimisation of variable speed machining modes.

Vsaréi%le fﬁﬁiﬁéﬁ?gﬁﬁ;éﬁﬁﬁd simulation + SDM for The use of sinusoidal speed modulation to reduce regenerative
re egerat’ion triangular) on the > building SLDs with chatter in the machining of aluminium parts in the aviation
8 s tat%illlit limits variable velocity w(t) industry. Application of triangular modulation for milling steel
Y components in mechanical engineering.
Milling stability for . SLD analysis for flexible robotic systems, optimisation of
. industrial robots with Fully discrete method machining modes for robots based on their kinematics. Use of
RObgfgcngOF 6 degrees of freedom, gofr drgll;ngg%%lffi (;-lel;ftli(;r]l the 6DOF model to stabilise milling in orthopaedic surgery by
considering the flexibility ey Lations reducing mode coupling. Optimising the handling of large parts
of the arm a in automated production.
Assessment of SLD reliability, analysis of the impact of
T}:Zreif;fgno(fs%af;i?siter IRF + probabilistic uncertainties on machining stability, and application in
Unspecified damping) on SLD ’ a roac% 0 assessin production. Application of a probabilistic approach to evaluate
parameters ping pp S 8 the regenerative chatter in titanium alloy milling in mass
accuracy in real-world uncertainties - . . - L
roduction environments production. Analysis of the impact of stiffness uncertainties on
p the stability of composite materials processing.
Stability Cloud Trajectory assessment of instability zones, optimisation of robot

Stability dependence

- Simulation to assess
on robot configuration,

Multi-modal

robotic ; pene instability zones
milling multlénodal milling depending on the
ynamics -
trajectory

configuration for milling. Using Stability Cloud Simulation to

reduce mode coupling when milling complex parts in robotic

systems for the aviation industry. Optimising paths for highly
loaded robots in large component manufacturing.

Source: compiled by the authors based on X. Liu et al. (2024), D.R.V. Naranjo et al. (2024), ]J. Wu et al. (2024), H. Tian et
al. (2024), K. Guo et al. (2025), B. Li et al. (2025b), Y. Du et al. (2025), J. Jia et al. (2025), K. Nasiri & H. Moradi (2025)

In a production environment, the efficiency of the
milling process depends not only on the basic parameters
of the machining mode, but also on the ability of the sys-
tem to adapt to instabilities caused by vibrations, variable
stiffness, geometric design features or material uncertain-
ties. Various stability models are used for this purpose.

Table 2 provides a comparative analysis of the models, in-
dicating their strengths, weaknesses, and practical recom-
mendations for implementation. This approach identified
the most relevant methods for various production scenar-
ios, from machining thin-walled structures to milling in
complex robotic systems with multimodal dynamics.

Table 2. Analysis of the effectiveness of milling stability methods under production constraints

Model type Advantages

The method addresses positional
variations in stiffness and
damping, providing accurate
prediction of stability limits for
thin-walled components widely
used in the aerospace industry.
The 3D SLD provides a detailed
stability map that helps optimise
machining conditions for parts
with variable geometries. The
method integrates damping
effects, which improves the
accuracy of chatter prediction in
real-world conditions. Widespread
use in the aerospace industry can
be used for machining lightweight
structures with increased accuracy
and minimal vibration.

3D Stability Lobe Diagram
with position dependence

Disadvantages Recommendation

SDM requires significant
computing resources,
particularly for complex
toolpaths or large parts. The
method is optimised for thin-
walled parts, which reduces
its effectiveness for massive
or rigid components. Correct
3D SLD construction requires
accurate measurements of
dynamic parameters (stiffness,
damping), which can be difficult
in real-world conditions. Small
deviations in the toolpath may
require recalculation of the SLD,
which complicates the process.

Milling thin-walled parts
in the aerospace industry,
such as aircraft panels or
turbine blades. Combine
with experimental tests to
refine stiffness and damping
parameters before building an
SLD. Use of specialised tools
(Matrix Laboratory (MATLAB)
or ANSYS) to automate SDM
and reduce computational
costs. Planning the toolpath to
minimise positional changes
that affect stability.

The method incorporates
mode and regenerative chatter,
bifurcations, and chaos, which can
be used to analyse the behaviour
of flexible parts. The use of
TVA ensures effective vibration
reduction in real time. The model
can estimate the effect of wear
on stability, which improves the
accuracy of predictions for long
machining processes. The Galerkin
method provides an analysis of
multimodal dynamics, which is
effective for complex systems with
multiple frequencies.

NDDE + nonlinear model

NDDE analysis requires
significant computing resources
and specialised software.
Setting up and integrating
vibration absorbers in an
industrial environment can
be costly and technically
challenging. The effectiveness
of TVA depends on the precise
determination of system
parameters, which requires
additional measurements. The
method is effective for flexible
parts, but less appropriate for
rigid structures.

Machining of flexible wafers
or parts with a high risk of
nonlinear chatter, e.g., in the
aviation industry. Conducting
laboratory experiments
to determine optimal TVA
parameters before industrial
use. Combination with active
controllers (soft-actor-critical
or fuzzy controllers) to increase
efficiency. Use of numerical
modelling tools (DDE-
BIFTOOL) to analyse nonlinear
effects.
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Model type Advantages

Speed modulation (sinusoidal,
triangular) effectively reduces
regenerative chatter. No
complicated changes to the
machine or tool design are
required, just the speed setting.
Different modulation shapes
(sinusoidal, triangular) can
be used to adapt the model to
different materials and machining
conditions. Increases productivity
without significant investment in
equipment

Variable speed, regeneration

Disadvantages

Efficiency depends on the
correct choice of modulation
form, which requires
preliminary testing. The
method is less effective for
parts with uneven stiffness
or complex trajectories.
The choice of modulation
frequency and amplitude
requires experimental data. Less
effective for materials with low
regenerative chatting

Grechaniuk & Varodov

Continued Table 2.
Recommendation

Processing materials with a
high risk of regenerative chatter
(aluminium alloys). Conducting
tests with different modulation

shapes (sinusoidal, triangular)
to determine optimal
parameters. Using SDM to
accurately predict the stability
limits at variable speeds.

Integrate speed modulation
into numerical control systems

for automatic tuning.

The method considers the
flexibility of the manipulator
and the kinematics of the robot,
which ensures accurate stability
prediction. It can be used to
configure machining modes
for robots with 6 degrees of
freedom, which is a priority for
manufacturing. The fully discrete
method provides fast analysis of
delayed differential equations. The
method adapts to complex robot
trajectories.

Robotic 6DOF model

The method was developed for
robotic systems, which reduces
its effectiveness for traditional
machine tools. Accuracy
depends on detailed data on the
kinematics and flexibility of the
manipulator. Implementation
in real-world conditions may
require modification of the
robot’s software. Less effective
for machining rigid parts

Milling in automated
production with industrial
robots. Conducting experiments
to determine the flexibility
parameters of the manipulator.
Use of SLD to build a robot
kinematics-based design.
Using a numerical modelling
tool (RobotStudio) to optimise
trajectories.

The probabilistic approach
incorporates the spread of
parameters (stiffness, damping),
which increases accuracy in real-
world conditions. It can be used
for predicting the probability of a
chatter with uncertain parameters.
The method is suitable for
various types of machining where
parameters can vary. The Impulse
Response Function simplifies
the analysis of the impact of
uncertainties.

Unspecified parameters

Requires specialised software
and large amounts of data.
Accuracy depends on the
quality of the scatterplot
measurements. Less effective in
stable conditions (the method is
less useful if the parameters are
known precisely). Probabilistic
analysis can be resource-
intensive

Use in production environments
with a high level of uncertainty
(when processing new
materials). Collecting data on
the spread of parameters using
sensors and measuring systems.
Use IRF to quickly assess
the impact of uncertainties
on stability. Use of tools for
probabilistic modelling (Monte
Carlo in MATLAB).

The method incorporates the
dependence of stability on robot
configuration and multimodal
dynamics. Stability Cloud
Simulation provides a visual
Multi-modal robotic milling representation of the chatter zones

depending on the trajectory. It can
be used to adjust parameters to
reduce vibrations. The method is
suitable for robotic industries with
complex trajectories.

The method is designed for
robotic systems, which reduces
its effectiveness for traditional
machine tools. Stability Cloud
Simulation requires significant
computing resources. Accuracy

depends on detailed data on the

robot’s trajectory and dynamics.

May require modification of the
robot software

To optimise milling in robotic
systems with multimodal
dynamics. Use of Stability

Cloud Simulation to estimate

instability zones in trajectory
planning. Conduct tests to

refine the modal parameters
of the robot. Use trajectory
modelling tools (Robot
Operating System (ROS) or
CoppeliaSim).

Source: compiled by the authors based on X. Liu et al. (2024), H. Miao et al. (2024), D.R.V. Naranjo et al. (2024), H. Tian et
al. (2024), ].Jia et al. (2025), K. Nasiri & H. Moradi (2025), K. Guo et al. (2025), B. Li et al. (2025b), K.A. Hassan (2025)

The analysis of the methods showed that there is no
one-size-fits-all solution suitable for all types of machin-
ing. Models based on 3D Stability Lobe Diagram demon-
strate significant accuracy for thin-walled structures when
fine-tuned but require significant computational resourc-
es. Non-linear NDDE models using TVA are effective for
flexible parts but are complex to implement and sensitive
to parameterisation. Variable speed methods are simple
to implement but have limited effectiveness for complex
trajectories and rigid materials. Robotic approaches with
6DOF and multimodal simulations are particularly rele-
vant for automated systems but require detailed kinematic
models and substantial computational support. Probabil-
istic approaches incorporate real production fluctuations
but require careful collection of statistical data.

Therefore, the choice of model should be based on

specific process characteristics, production goals and the
acceptable level of implementation complexity, which em-
phasises the need for an adaptive and engineering-based
approach to ensuring the stability of milling operations. A
comprehensive approach to method selection, incorporat-
ing practical recommendations and the nature of instabil-
ities, will increase the reliability, accuracy and adaptability
of the milling process in high-precision production.

DISCUSSION
The results of the study have shown that the stability of
the milling process depends on several factors, including
changes in stiffness and damping, nonlinear dynamics
with the interaction of mode oscillations, and the use of
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adaptive stabilisation methods under variable machining
conditions. To solve these problems, approaches such as
SLD models that consider the spatial variability of param-
eters, TVA, numerical schemes based on NDDE, and Stabil-
ity Cloud Simulation for multi-axis robotic systems were
used. A similar approach was presented in study C. Song et
al. (2024), based on time-delayed DDE models to build
SLDs using the SDM method, which improved the accuracy
of prediction of unstable zones during milling of complex
components. This fully correlates with the results of the
current study, which emphasised the need to incorporate
the spatial dependence of stiffness and damping when con-
structing stability diagrams.

0. Ozsahin (2024) proposed an active electromagnetic
toolholder integrated with a feedback control system for
effective chatter suppression at low tool immersion. The
study implemented an electromagnetic system with active
control, which provides dynamic stiffness adjustment dur-
ing milling. Experimental tests have confirmed that this
approach can significantly reduce the amplitude of self-os-
cillations, ensuring stability and high surface quality of the
parts. This is consistent with the current study, confirming
the effectiveness and feasibility of using adaptive active
stabilisation systems for modes with a shallow immersion
depth and low system stiffness. This approach comple-
mented the solutions proposed in this study (DRL and TVA)
and confirmed the feasibility of engineering adaptation of
stabilisation methods to the conditions of a specific pro-
duction scenario.

Additionally, R.R. Lakshmi et al. (2024) optimised mill-
ing mode parameters to reduce chatter. The authors used a
combination of numerical analysis and experimental vali-
dation to identify the impact of parameters such as cutting
speed, feed rate and depth of cut on machining stability.
The results demonstrated that the correct selection of pa-
rameters can significantly reduce the amplitude of vibra-
tions and improve surface quality without the use of addi-
tional stabilisation devices. This correlates with the results
of the current study, which substantiated the effectiveness
of using adaptive control of technological modes as one of
the tools to stabilise the milling process.

Furthermore, the study determined that damping is
a crucial factor for machining stabilisation, including un-
der conditions of low local stiffness and the presence of
mode coupling. This was confirmed by R.I.E. Schonecker et
al. (2024) in an experimental investigation of the effect of
microstructured tool surfaces on their ability to passively
dampen. The study determined that the structured surfac-
es significantly reduced the amplitude of vibrations with-
out the need to change the machining modes or tool geom-
etry, which complemented the results of the study on the
critical role of damping. S. Xin et al. (2023) used TVA within
the NDDE framework to suppress chatter under complex
nonlinear dynamics. They found that TVAs effectively ex-
panded the limits of stable processing by reducing vibra-
tion amplitude in complex dynamic situations. This corre-
lated the results of an ongoing study on the effectiveness

of TVAs for stabilising systems with pronounced nonlinear
mode interaction.

The stability of robotic milling systems with 6DOF,
including the interaction between the axes and the flexi-
bility of the manipulator, must be considered. The use of
Stability Cloud Simulation was used to visualise unstable
zones in the motion paths. Similar results were obtained in
the study by Y. Zheng et al. (2023), confirming the priority
of considering the flexibility of mechanical joints to build
accurate stability models. The study also determined that
real dynamics of the manipulator can be used to reduce the
error in predicting self-oscillations and thus improve the
quality of milling. The study emphasised the need for de-
tailed experimental studies of the dynamic parameters of
the system, which fully correlated with the results of this
study on the key role of parametric accuracy of stability
models. J. Du et al. (2023) applied a combined robust Linear
Quadratic Gaussian (LQG) control to effectively suppress
chatter, demonstrating the need for adaptive stabilisation
methods, which coincided with the approach of this study to
the use of control methods such as DRL. The study showed
that an adaptive stabilisation system is significantly more
effective than traditional fixed controllers, particularly in
conditions of variable part stiffness and machining modes.
The study also noted that the robust approach reduces the
sensitivity of the system to errors in parameter estimation,
which was consistent with the probabilistic analysis of pa-
rameter uncertainty proposed in the current study.

Y. Sun et al. (2023) reviewed the 21st-century approach-
es to ensuring the stability of milling thin-walled parts that
are particularly sensitive to self-oscillations (chatter). The
study systematised and classified existing methods accord-
ing to their principles of operation, mathematical models,
level of adaptability and practical application in industry.
They emphasised that there is no single universal solution
that can completely solve the problem of chatter in all pro-
duction scenarios. Stabilisation of the process is only pos-
sible through a comprehensive combination of analytical
theoretical models and carefully conducted experimental
studies. The conclusions were fully confirmed by the re-
sults of the current study, which showed the need for an
engineering-adaptive selection of stabilisation methods
following specific production conditions.

The results of the study demonstrated that parametric
uncertainties, such as stiffness and damping fluctuations,
affect the accuracy of milling stability prediction. Ignoring
them reduces the accuracy of SLD and leads to errors. This
correlated with the study of M. Hashemitaheri et al. (2024),
determining that even small variations in stiffness or
damping parameters significantly affect the accuracy of
SLD construction. They used the Monte Carlo method to
assess the impact of these variations on the modelling re-
sults. The study determined that small changes in damping
lead to a significant shift in the stability limits, which can
cause chatter even in modes that were previously consid-
ered stable. This confirmed the need to incorporate para-
metric uncertainties, which was reflected in this study, and
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justified the use of probabilistic methods for more accurate
stability prediction in production conditions.

S. Hayati et al. (2023) proposed an approach with vari-
able tool dynamics (a hollow core cutter with an adjustable
core) that can be used for adaptive changes in frequency
characteristics during the milling process. The study ex-
perimentally confirmed that this tool design can signifi-
cantly reduce self-oscillation, especially when machining
long and thin parts where stability is a critical factor. They
also demonstrated that adjusting the dynamic characteris-
tics of the tool directly during operation makes it possible
to adapt to different milling conditions, which significant-
ly expands the technological capabilities of the machines.
This correlated with the results of a study on the impact of
tool design on stability and highlighted the need to consid-
er the geometric and design features of the tool in complex
production scenarios.

Thus, successful stabilisation requires a comprehen-
sive adaptive approach that considers the specifics of tech-
nological conditions and design features of the equipment
and also involves the integration of theoretical models
with experimental validation. The applied approaches
and methods correlate with current trends in the field of
milling stabilisation and can be effectively implemented
in production conditions, which will not only increase the
stability of machining but also improve the overall techno-
logical flexibility and reliability of milling production.

CONCLUSIONS

The study determined that SLDs are used to assess the
stability limits of the milling process, which determine
the critical depth of cut for each rotational speed. Tradi-
tionally, methods based on DDE equations and analysis of
Lyapunov exponents are used to construct SLDs. For com-
plex systems, such as multimodal or nonlinear rotational
speeds, advanced methods (SDM, Galerkin, Time-Domain
Simulation) are used. The results of the study showed the
effectiveness of stabilisation methods. 3D SLD with posi-
tion dependence considered the change in stiffness along
the trajectory, which is substantial for machining thin-
walled structures in the aerospace industry. NDDE + TVA
provided an effective analysis of mode and regenerative

Grechaniuk & Varodov

self-oscillations in the machining of flexible titanium com-
ponents. For simpler cases, such as machining aluminium
or steel parts, the w(t) rotation modulation method is ef-
fective. In 6DOF robotic systems that incorporate the flexi-
bility of the manipulator, methods of adaptation to chang-
ing conditions were used. The DRL can be used to adapt the
system to changing parameters and generate signals for
piezoelectric actuators to effectively suppress vibrations in
real time.

A comparative analysis of the models showed that
each approach has its advantages and limitations. 3D SLD
provides high accuracy but requires significant computing
resources. NDDE + TVA is effective for chaotic modes but
is difficult to implement. Modulation w(t) is easy to imple-
ment, but less effective for complex geometries. Systems
with 6DOF demonstrate high dynamism, but their accuracy
depends on the quality of the models. Probabilistic models
optimally incorporate parameter fluctuations but are re-
source intensive. To achieve maximum accuracy, it is rec-
ommended to combine analytical and numerical methods
with experimental measurements. Adaptability is critical
for processing different materials and complex geometries.
DRLs and robotic systems with 6DOF are a promising di-
rection for high-precision milling operations.

A limitation of the study was that the models did not
fully incorporate the effects of wear and thermomechanical
instability, which could be substantial in long machining
cycles. This created opportunities for future research, in
particular in creating complex digital models with sensory
feedback and self-learning mechanisms. Further research
should facilitate the identification of parameters and the
integration of active stabilisation methods into automated
systems to improve milling stability and productivity.
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Bnnue pereHepaTuBHoro epekTy Ta MOAOBOIO 3UensieHHS
Ha cTabinbHicTb Ppe3epHUX onepauin

AHoOTAaUif. 3abe3neueHHs IKOCTi hpesepHOi 06POOKYU MOTPeOye BpaxyBaHHS JMHAMIUHOI CTA6i/IbHOCTI IPOLIecy, 10
3aJ7IeXKUTh Bif, iHCTPyMeHTaIbHOI reoMeTpii, KOHCTPYKTUBHOI KOPCTKOCTI Ta TUITY Bi6pauiit. MeTa mocimkeHHs 6yia
CTIpSIMOBAHA Ha BUSIBJIEHHSI BIUTMBY BHYTDIIIHIX AMHAMIYHMX 36ypeHb Ha 1epebir ¢ppe3epHOro mpoiiecy, 30KpemMa MexaHi3MiB
caMo30y/IkKeHUX Bibpalliif, 110 BUHMKAIOTh Yepe3 KoJIMBaIbHi B3a€MOZii Ta 3a/IMIIKOBI HEpiBHOCTI 06p06IeHOT TOBEPXHI.
MeToos10ris BKTIOUasa MopiBHSIbHMIL aHauTi3 Mozeneit crabinisanii dpesepyBanHs i3 OI[iHKOIO iX MMepeBar, o6MeskeHb
Ta MPakTUYHMUX PeKOMeHJalliit sl BIPOBaIskeHHsI B peaibHi BUPOOGHMUi ITpotiecy. Byso npencraBieHo MaTeMaTUYHi
MoZeJli, [0 BpaxoByBa/iu eheKT 3aTPUMKM Y Yaci Ta B3a€MOZii Misk HAaIIpSIMKaMM KOJIMBAaHb iHCTPYMEHTA i 3aTOTOBKU.
BcTaHOBIIEHO, 1[0 TOBTOPHMIT KOHTAKT iIHCTPYMEHTa 3 HEPiBHOCTSIMMU IOTIepeIHbO 06p06IeHO0] TOBEepXHi MPU3BOIUTH
[0 3MiHHOI TOBIIVHM IIapy MaTepiany popMyBaB HeCTiiiKMit pexxum poboTu. BzaeMopist MiXk pi3HUMM KOMMBATbHUMU
peskuMamu, pu 06pob1Ii FTHyYKMX a60 TOHKOCTIHHUX AeTaeil, IPU3BOAUTD 0 OibII CKIaJHUX aBTOKOMMBAIBHIX MTPOIIECIB,
BKJTIOUAI0YM XaOTUYHI KOMMBaHHS. Haiibinbill mepcrieKTMBHUMU JJ1sI TPAKTUIHOTO 3aCTOCYBAHHS € MOJIeNi 3 afanTUBHUM
KepyBaHHSIM, 3[1aTHi pearyBaTu Ha 3MiHy T€XHOJIOTIYHMX ITapaMeTpiB y pealbHOMY 4aci. BcraHoBeHO, 1110 JHaMika
(bpesepHOro Mpolecy CyTTEBO 3aJEXNUTD Bill reoMeTpii iHCTpyMeHTa, JOBKMHY BUCTYITY, JKOPCTKOCTI, MacOiHepIiiiHMX
XapaKTepUCTUK Ta 3HOIIeHHSI pixkyyoi yactunu. [IporecHe nemrdyBaHHSs, CIPUUMHEHe 6iYHMM KOHTAKTOM iHCTpYMeHTa
3 leTaJull0, 3MEeHIIYE aMIUIITyly KONMBaHb, B lialla30Hi HU3bKMX 4acTOT. CTPYKTypa KepyBaHHS Ha OCHOBi BEKTOpa CTaHy
CUCTeMMU BKJTIOUAJIA MMONOKEeHHS, BUAKICTb, aMIUTITYLy Bibpalliit, 06epTu mmmMHIeNs Ta mofavy iHcTpyMeHTa. JKogeH
3 METO/IiB He € YHiBepCcaJIbHUM, TOMY AOIJIbHO 3aCTOCYBaTy aJallTUBHUIA MiaXi 40 BMOOPY MOesi cTabibHOCTI 3
ypaxyBaHHSIM KOHCTPYKTMBHUX, IMHAMIUHMX i eKOHOMiUHMX HakTopiB. [[pakTUUHA LIiHHICTh pe3y/IbTaTiB MoJsrana y
MOXK/IMBOCTI 3aCTOCYBaHHS iX iHsKeHepaMM Ta TeXHOJI0raMy JIJIsl BIIPOBaIsKeHHST afali TUBHOTO KepyBaHHS pe3epyBaHHIM
IJIS1 3SMEHIIIEeHHS BiOpalliii i ImiIBUIIEHHS TOUHOCTi 06p0o6KM

KniouoBi cnoBa: aBTOKOMMBAHHS; CMCTeMa i3 3amisHeHHSIM; 6araToOMOAOBa AMHAMiKa; HaIliBAMCKPETH3allis; BEKTOP
CTaHy; iHTe/lleKTyaJbHe KepyBaHHS; aialiTUBHe MOZeTI0BaHHS
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Hydrogen and ammonia as next-generation marine fuels
in line with IMO 2050

Abstract. This article presents an interdisciplinary analysis of hydrogen (H,) and ammonia (NH;) as promising
alternative energy carriers for maritime transport within the framework of the International Maritime Organization’s
2050 Climate Strategy. The study aimed to determine the comparative efficiency of these fuels, taking into account
their thermodynamic properties, storage requirements, operational safety, infrastructural compatibility, and economic
feasibility. A multi-criteria assessment method was applied, incorporating analysis of Levelized Cost of Energy (LCOE),
Energy Return on Investment (EROI), Capital Expenditures (CAPEX) and Operational Expenditures (OPEX), technical
readiness of port and vessel infrastructure, environmental impacts, and potential risks. Particular attention is given to
toxicological aspects, fire hazards, leakage scenarios, and crew training requirements. Data from real-world and pilot
projects in Japan, Norway, and the EU are presented, illustrating practical steps towards the adoption of H,/NH.. The
findings indicate that ammonia, despite its toxicity and the need for additional safety measures, is technologically and
economically more suitable for medium- and long-distance shipping due to lower transport costs and the possibility of
utilising existing liquefied gas infrastructure. Hydrogen, by contrast, offers higher environmental value owing to zero
CO, and NO, emissions (when used in fuel cells), but requires advanced storage systems and substantial investment in
logistics, which limits its use primarily to short-sea shipping or within closed supply chains. The findings can serve as
a basis for shaping fleet decarbonisation strategies, developing safety standards, and fostering innovation in marine
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energy. The conclusions are of practical interest to shipowners, engineering companies, environmental regulators, and

policymakers in the field of green marine fuels

Keywords: environmental safety; pollution prevention; NO, emissions; ammonia toxicity; fuel energy efficiency; port

infrastructure; marine environment protection

INTRODUCTION

Climate change and the tightening of international envi-
ronmental standards are creating new requirements for
the shipping industry, which remains one of the signifi-
cant sources of greenhouse gas emissions. In 2023, the
International Maritime Organization (IMO, 2023a) adopt-
ed a strategy aiming for full decarbonisation of maritime
transport by 2050. This necessitates a radical transforma-
tion of fleet energy systems and a transition to alterna-
tive, carbon-free fuels. Among the most widely discussed
solutions are hydrogen (H,) and ammonia (NH;), which
produce no CO, emissions during combustion and offer
strong potential for sustainable development. At the same
time, the practical deployment of these energy carriers is
associated with numerous technical and economic chal-
lenges. Low-carbon ammonia is considered a promising
marine fuel owing to the absence of CO, emissions during
combustion. W. Schreuder et al. (2025), in their study, con-
ducted a techno-economic assessment showing that the
capital investment required for ammonia-fuelled systems
could be recouped within 7-8 years at current ammonia
prices. The review by K. Machaj et al. (2022) systematised
the challenges associated with transport, storage, and
safety, proposing measures to mitigate the corrosive im-
pact of ammonia on equipment. The study by F. Harahap et
al. (2023) examined alternative fuels in the context of the
United Nations Sustainable Development Goals, demon-
strating that combining bioenergy with Carbon Capture,
Utilisation and Storage (CCUS) technologies could reduce
overall vessel emissions by up to 50%. B. Jesus et al. (2024)
developed an economic model of “green” shipping corri-
dors, highlighting the balance between capital investment
and operational costs as a key factor.

A review of modern hydrogen compression and stor-
age technologies for marine fuel cells was presented by
J.-C. Li et al. (2024), which outlined the main engineering
challenges and potential solutions. Alternative fuels in
relation to the United Nations Sustainable Development
Goals were also discussed by Z.I. Rony et al. (2023), who
noted their potential to reduce emissions in the maritime
sector. The technical limitations and opportunities of
“green” hydrogen and ammonia were examined in detail
by R. Alrashid et al. (2024). Despite the availability of a
substantial body of analytical material, most studies focus
on isolated aspects — whether environmental impact, eco-
nomic costs, or technical challenges. A systematic assess-
ment integrating all key factors — from thermodynamic
characteristics and storage parameters to crew safety
and capital expenditure — remains insufficiently repre-
sented in current scientific debate. In addition, there is

a shortage of interdisciplinary studies that consider the
influence of regulatory mechanisms, legal uncertainty,
and risk scenarios in the practical deployment of hydro-
gen and ammonia on board vessels. Against this back-
ground, the present study aimed to conduct a comprehen-
sive comparison of hydrogen (H,) and ammonia (NH;) as
next-generation marine fuels in the context of achieving
the IMO 2050 climate targets, taking into account their
thermodynamic properties, storage parameters, environ-
mental risks, infrastructural readiness, economic efficien-
cy, and technological safety.

MATERIALS AND METHODS

In this research, hydrogen (H,) and ammonia (NH;) were
selected as the objects of comparative analysis as promis-
ing alternative marine fuels. The study was based on open
techno-economic data drawn from scientific publications
indexed in Scopus, Elsevier, and MDPI, reports of interna-
tional organisations, as well as the results of pilot projects
implemented in Norway, Japan, and the EU during 2020-
2024. In particular, the International Energy Agency’s
(IEA, 2023) forecast of global energy consumption to 2050
was examined, which also included an analysis of interna-
tional shipping and aviation, thereby providing insights
into global decarbonisation trends. Furthermore, the Det
Norske Veritas (DNV, n.d.) Energy Transition Outlook 2025
report was reviewed, which projects the evolution of ener-
gy systems across all regions and sectors, including mar-
itime transport, and identifies the key technological and
economic barriers to the transition to low-carbon fuels. As
part of the present study, data from the International Mari-
time Organization (IMO, 2020; 2023a; 2023b) were consid-
ered, which set out the framework and targets for emission
reduction by 2050, assessed maritime transport emissions
for 2018, and provided projections to 2050.

The research was conducted using analytical, compar-
ative, and quantitative methods. Initially, scientific sources
from 2019 to 2024 were systematised, after which the main
comparative parameters relevant to the maritime sector
were identified. The comparison employed a multi-criteria
approach involving parameter normalisation and expert
evaluation, covering six groups of criteria:

O thermodynamic characteristics (lower heating value,
gravimetric and volumetric energy density);

O storage conditions (temperature, pressure, form);

O level of toxicity and risks (flammability, health im-
pacts, leakage scenarios);

O infrastructural readiness (technology maturity,
availability of terminals);
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O economic efficiency (Levelized Cost of Energy
(LCOE), Energy Return on Investment (EROI), Capital Ex-
penditures (CAPEX), Operational Expenditures (OPEX));

O environmental consequences (CO,, NO,, secondary
impacts on ecosystems).

For each parameter, data were normalised and the
relative importance was weighted by experts, ensuring an
objective ranking of the fuels in terms of their suitability
for application in marine energy systems. This multi-cri-
teria approach made it possible to clearly distinguish the
strengths and weaknesses of each technology — for exam-
ple, the high energy density of ammonia but its demand-
ing storage requirements, or the safe use of hydrogen at
the cost of significant capital investment in compression.
Subsequently, the techno-physical and chemical charac-
teristics of H, and NH; were collected, comparative tables
were constructed, and the storage conditions and logis-
tical readiness of the sector were evaluated. To provide a
comprehensive assessment of the environmental and eco-
nomic viability of alternative marine fuels, six key indica-
tors were applied:

0 LCOE - enables comparison of the full cost of 1 MWh
of final energy, accounting for capital (CAPEX) and opera-
tional (OPEX) expenditures over the entire system life cycle;

O EROI - the ratio of total energy generated by the sys-
tem to the energy invested in its construction and mainte-
nance, indicating the “energy payback” of the technology;

O CAPEX - capital expenditures on construction and
installation of equipment, which determine the initial in-
vestment barriers;

O OPEX - operational expenditures on maintenance,
fuel,andlogistics,influencingoveralllongterm profitability;

O CO,-equivalent emissions — an assessment of direct
greenhouse gas emissions, adjusted for the fuel’s life cycle,
to compare impacts on global warming;

O NO,, SO, PM,,, s — local air pollutants that determine
the environmental and social acceptability of the solution.

The use of this set of indicators ensured a balanced
evaluation: economic (LCOE, CAPEX, OPEX), energy-relat-
ed (EROI), and environmental (greenhouse gas and pollut-
ant emissions) components, all of which are necessary for
making informed decisions regarding the adoption of new
technologies in marine energy systems.

LCOE - the levelised cost of energy over the life cycle,
calculated using the formula:

N
Ye=1

LCOE =

It+Me+F¢
(1+1r)t

N _Et

t=1(14m)t

: ()]
where [, is the capital expenditures in year t; M, is the main-
tenance costs; F, is the fuel costs; E, is the energy produced;
r is the discount rate; N is the service life (assumed to be
20 years). Source data were taken from the report by S. Bry-
nolf et al. (2023).

EROI - the ratio of the energy produced by the system
to the energy consumed for its construction and mainte-
nance, calculated as:

Output Energy
Input Energy’

EROI = 2)
where Output Energy is the useful energy; Input Energy is
the total energy required for production, storage, and de-
livery. EROI values for H, and NH; were drawn from open
sources.

The methods described provided a generalised assess-
ment of the efficiency of hydrogen and ammonia in the
context of maritime decarbonisation, taking into account
both technological and practical aspects of their imple-
mentation.

RESULTS
Physicochemical characteristics
of hydrogen and ammonia
Within the framework of the IMO strategy (2023a) to
achieve net-zero greenhouse gas emissions by 2050, hy-
drogen (H,) and ammonia (NH;) are considered as poten-
tial alternatives to conventional marine fuels. The choice
between them depends on their physicochemical proper-
ties, safety levels, and environmental characteristics. An
objective comparison of these substances makes it pos-
sible to evaluate their potential in maritime transport.
Below is a comparison of the key physicochemical pa-
rameters that are critically important in terms of energy
performance, safety, and operational use on board vessels.
The data presented in Table 1 make it possible to assess
the key parameters relevant to the industry’s transition to
carbon-free fuels.

Table 1. Comparative characteristics of hydrogen and ammonia

Criterion Hydrogen Ammonia

Chemical formula H, NH,

Molar mass (g/mol) 2.016 17.031
Physical state at 20 °C Gas Gas
Boiling point (°C) -252.9 -33.3
Ignition temperature (°C) ~560 ~651
Explosion limits (vol. %) 4-75 15-28
Density in liquid state (kg/m3) ~70.8 ~681
Gravimetric energy density (M]/kg) 120 18.6
Volumetric energy density (M]/L) 8.5 11.5

Odour Low Strong

Flame visibility during combustion Invisible Pale yellow, visible

Machinery & Energetics. Vol. 16, No. 3

4



Melnyk et al.

Continued Table 1.

Criterion Hydrogen Ammonia
CO, emissions on combustion None None
NO, emissions on combustion Possible High
Infrastructure status Limited Partially available
Production cost (approx.) Strong Medium

Source: authors’ compilation

Both energy carriers can be produced using renewable
energy sources, which is critical for achieving full carbon
neutrality. Green hydrogen is generated through water
electrolysis, in which electrical energy from renewable
sources (solar, wind, hydro) splits H,0 molecules into mo-
lecular hydrogen and oxygen. The most common method
is Proton Exchange Membrane (PEM) electrolysis, char-
acterised by high current density, rapid start-up, and the
ability to operate with fluctuating energy flows. However,
it requires an expensive platinum-based catalytic system
and highly purified feedwater. The energy conversion effi-
ciency (n) of modern PEM electrolysers reaches 60%-70%,
with the main losses arising from electrode overpotentials
and membrane resistance. Only after hydrogen is purified
to 299.9% can it be supplied to fuel cells or compressed
to 350-700 bar for storage and transport, which adds ap-
proximately 10%-15% to the overall energy demand. Green
ammonia is synthesised via the Haber-Bosch process from
green hydrogen and nitrogen, the latter separated from air
using Pressure Swing Adsorption (PSA) units. The synthe-
sis occurs under high pressure (150-300 bar) and elevated
temperatures (400°C-500°C) in the presence of an iron cat-
alyst. Maintaining these conditions consumes around 25%-
30% of the produced hydrogen in the form of thermal and
mechanical energy. However, the resulting ammonia can be
readily liquefied at -33°C under normal pressure and stored
in standard lowpressure tanks, which minimises compres-
sion-related energy requirements compared with hydrogen
(Thomas & Parks, 2006). The overall energy conversion ef-
ficiency of the “electricity — hydrogen — ammonia” chain
is about 50%-55%. Nevertheless, the absence of high-pres-
sure storage needs makes this pathway more suitable for
maritime logistics (Valera-Medina et al., 2018; Brynolf et
al., 2023). The principal reaction is as follows:

2H,0—2H,+0,. 3)

Green ammonia is synthesised through the Haber-
Bosch reaction, in which hydrogen is derived from renew-
able sources and nitrogen from air. The choice between
hydrogen and ammonia as future marine fuels largely de-
pends on their physicochemical characteristics, environ-
mental safety, production costs, and compatibility with
existing infrastructure. Data in Table 1 indicate that hydro-
gen has a clear advantage in terms of gravimetric energy
density. However, its low volumetric density and extreme-
ly low storage temperature make its use technically chal-
lenging. Ammonia, by contrast, is more readily integrated
into existing infrastructure and easier to store, but it raises
serious environmental and safety concerns owing to its

high toxicity and NO, emissions.

Thermodynamic properties of hydrogen and ammonia
On a mass basis, hydrogen (LHV ~ 120 MJ/kg) has nearly six
times the energy density of ammonia (LHV = 20 MJ/kg). Yet,
due to the low density of liquid hydrogen (~71 kg/m?), its
volumetric energy density (= 8.5 MJ/L) is significantly low-
er than that of ammonia (= 11.5 MJ/L at 681 kg/m?3). This
tradeoff between the high gravimetric energy density of
hydrogen and the more compact storage volume of am-
monia determines the choice of fuel according to availa-
ble onboard space and the need to ensure sufficient energy
reserves for long voyages. Hydrogen is a highly explosive
gas with a broad flammability range in air (4%-75% vol.)
and a low ignition temperature (~560°C), which increases
the risk of auto-ignition in the event of accidental leaks.
Ammonia is less explosive but becomes toxic at concentra-
tions above 300 ppm, can cause equipment corrosion, and
poses health hazards upon exposure.

Hydrogen requires high-pressure storage (350-
700 bar) or cryogenic tanks at -253°C, which necessitates
specialised cylinders and compensation for diffusion-re-
lated leakage. Ammonia, by contrast, can be stored in lig-
uid form at -33°C under relatively low pressure (~10 bar),
greatly simplifying its integration into existing terminals
and fuel corridors. Ammonia infrastructure is already
partially available in key ports, whereas hydrogen would
require substantial capital investment in new compres-
sion modules and refrigeration systems. The assessment
of thermodynamic properties is crucial for determining
fuel efficiency in marine energy applications. The most
important parameters are the gravimetric and volumetric
lower heating values (LHV), which define the amount of
usable energy under real operating conditions. Hydrogen
exhibits exceptionally high gravimetric energy density,
nearly 6.5 times greater than that of ammonia. However,
owing to its low liquid density (~71 kg/m3 compared with
681 kg/m3 for NH,), its volumetric energy density is only
8.5 MJ/L, whereas ammonia achieves 11.5 MJ/L. This
means that under the space constraints typical on board
of ships, ammonia provides more energy per unit volume,
a critical factor in practical applications. In addition, am-
monia has a higher ignition temperature (651°C compared
with ~560°C for hydrogen), reducing the risk of auto-igni-
tion under accident conditions.

Safety, toxicity and operational risks
The adoption of alternative fuels in maritime transport is
not feasible without a comprehensive assessment of safety
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issues. Although hydrogen and ammonia are regarded as
promising pathways towards fleet decarbonisation due to
their carbon-free nature, their use entails significant risks
that affect ship design, storage systems, maintenance or-
ganisation, and even crew training requirements. For hy-
drogen, the most critical concerns are its high flammabil-
ity, wide range of explosive concentrations in air, and the
tendency to produce invisible flames during combustion.
As a result, even minor leaks may lead to catastrophic
consequences if effective detection, ventilation, and cut-
off systems are not in place. From a technical standpoint,
the challenge is compounded by the need for storage at
extremely low temperatures, requiring cryogenic tanks
with advanced insulation. Ammonia, unlike hydrogen, is
not explosive in the conventional sense. However, its va-
pours irritate mucous membranes, may cause chemical
burns, and pose serious risks to personnel, especially in the
event of leaks within enclosed or poorly ventilated spaces.

Moreover, ammonia is corrosively aggressive to certain
metals, necessitating careful selection of materials for
pipelines, fittings, and storage systems (Li et al., 2025).
Therefore, while both fuels hold potential for reducing
emissions, their safe integration into marine systems de-
mands meticulous engineering design, regulatory adapta-
tion, and specialised crew training.

Table 2 presents a comparison of the key risks associ-
ated with the use of hydrogen and ammonia in shipping —
ranging from differences in toxicity and flammability to
ignition energy, incident scenarios, and the readiness of
detection systems and regulatory frameworks. Hydrogen
has the advantage of being non-toxic, but requires very low
ignition energy and rapid sensor response due to its wide
flammability range. Ammonia, while easier to store in lig-
uefied form, demands careful management of toxic leaks,
protective equipment for crew members, and adherence to
temporary IMO guidelines (2020).

Table 2. Risks and safety measures

Parameter Hydrogen (H,) Ammonia (NH;)
Toxicity Low. Non-toxic, but displaces oxygen in the air High. Toxic when inhaled; irritates skin and eyes
Flammability High (4%-75% in air), invisible flame Moderate (15%-28% in air), visible flame
Ignition energy Very low (0.02 m]) Higher (~0.3 mJ), auto-ignition at ~651°C
Risk scenarios Leak — explosion without warning Leak — toxic air contamination

Detection systems

H, detectors, ventilation control

NH; sensors (25/110/220 ppm), extraction,
emergency shut-off

Regulatory framework (IMO)

Under development

Temporary IMO principles (2020)

Crew training needs

High (explosion response)

Very high (handling toxic substances)

Source: authors’ compilation on base R. Alrashid et al. (2024)

The storage of hydrogen and ammonia in maritime
applications is determined not only by their energy den-
sity but also by the technological requirements of tanks
and maintenance systems. Hydrogen requires either
high-pressure composite tanks (350-700 bar) to minimise
leakage or cryogenic storage at -253°C with ultra-low
boil-off losses, which demands complex insulation and
continuous monitoring. By contrast, ammonia can be

stored in liquid form at relatively moderate conditions
(~10 bar and -33°C) in conventional steel tanks with an-
ti-corrosion coatings, substantially reducing both capital
and operational infrastructure costs. This difference in
storage regimes determines the choice of fuel system de-
pending on the availability of technical equipment, on-
board space constraints, and the economic feasibility of
implementation (Table 3).

Table 3. Comparative analysis of hydrogen and ammonia storage parameters

Parameter Hydrogen (H,)

Storage form

Liquid (cryogenic) / Compressed gas

Ammonia (NH;)

Liquid / Pressurised

Storage temperature (°C) -253 -33
Storage pressure (bar) ~350-700 ~10-20
Volume per 1 MJ of energy High (low density) Lower (higher density)
Volatility Very high High
Leak potential Significant Moderate

Tank requirements

Double-walled, vacuum-insulated

Comparable to liquefied petroleum gas (LPG) infrastructure

Source: authors’ compilation on base R. Alrashid et al. (2024)

The table shows that storing liquid hydrogen is tech-
nically demanding, as it requires a temperature of -253°C,
which is close to absolute zero. Such conditions necessi-
tate advanced tanks with multilayered insulation. Com-
pressed hydrogen is an alternative, but pressures of up to
700 bar complicate safe handling. Ammonia, on the other
hand, can be stored under moderate conditions, making it

compatible with existing LPG terminals and easier to adapt
for maritime use.

Infrastructure requirements

for the deployment of carbon-free fuels

One of the key factors in the adoption of alternative ma-
rine fuels is the availability, scalability, and technological

Machinery & Energetics. Vol. 16, No. 3

4



maturity of the supporting infrastructure. In this respect,
ammonia demonstrates a significant advantage over hy-
drogen: a global network for its production, storage, and
transportation is already in place. More than 180 million
tonnes of NH; are produced annually worldwide, with sup-
ply chains covering most major ports, particularly in Asia,

Melnyk et al.

Europe, and the Middle East (IEA, 2023). By contrast, infra-
structure for hydrogen — especially in liquid or compressed
form - remains at a formative stage. It requires advanced
terminals, cryogenic storage facilities, and high-pressure
pipelines, which considerably increase both costs and im-
plementation time (Table 4).

Table 4. Comparative overview: Infrastructure requirements

Aspect

Maturity of production

Hydrogen (H,)

In development (green H, via electrolysis)

Ammonia (NH;)
Established (green NH, under trial)

Storage infrastructure

Cryogenic tanks/high-pressure vessels

Existing tanks similar to LPG

Transport logistics

Limited: pipelines + road (pilot scale)

Global network: maritime, rail, and pipelines

Port readiness (2025)

Several demonstration projects

Over 120 terminals compatible with NH,

Compatibility with existing systems

Low (requires new designs)

Medium-high (possible adaptation of LPG
systems)

Capital expenditure for scaling Very high

Medium-high

Source: authors’ compilation O. Melnyk et al. (2024; 2025)

Ammonia is more suitable for rapid adaptation in ports
and on vessels, as it can make use of part of the existing
LPG infrastructure. However, given the production process
of “green” ammonia, the development of infrastructure di-
rectly depends on the scaling of renewable hydrogen pro-
duction, creating a kind of “double barrier” - first requiring
electrolysis capacity, followed by adapted or new industrial
complexes for ammonia synthesis. This means that even
with a global logistics network already in place, the tran-
sition to “green” NH; demands investments in production
and port facilities no less substantial than in the case of
H,, although the initial conditions for ammonia integra-
tion are more favourable. It should also be noted that the
production of these ‘green’ fuels generates competition for
inexpensive energy resources and must be aligned with na-
tional and regional policies, including EU directives. Thus,

the choice between hydrogen and ammonia for shipping
depends not only on the technological maturity of produc-
tion, but also on the availability of infrastructure and inte-
gration with energy policy.

Performance assessment: LCOE, EROI, CAPEX + OPEX
For the strategic planning of hydrogen and ammonia use
in maritime transport, it is important to consider not only
their thermodynamic and infrastructural characteristics
but also their overall economic viability. The assessment
was carried out using three key indicators: LCOE, EROI, and
combined CAPEX + OPEX, representing investment and
operational costs. The assessment of total implementation
costs includes: CAPEX - infrastructure costs for fuel pro-
duction, storage, and processing; and OPEX - expenses for
cooling, pressure, safety, and maintenance (Table 5).

Table 5. Integrated comparative table of economic efficiency: H, vs. NH,

Indicator Hydrogen (H,) Ammonia (NH;)
LCOE (USD/MWh) 200-300 150-220
EROI ~4-6 ~5-8
CAPEX Very high: electrolysers, cryogenic storage Moderate: synthesis plants, compatible tanks
OPEX High: cooling to -253°C, compression Medium: cooling to -33°C

Commercial readiness

Low (TRL 6-7), requires R&D

Higher (TRL 8-9), partly integrated into the industry

Note: TRL - technology readiness level, R&D - research and development

Source: authors’ compilation

Table 5 shows that ammonia outperforms hydrogen
in economic terms: its LCOE (150220 USD/MWh) is 25%-
50% lower, and its EROI (~5-8) is somewhat higher than
that of hydrogen (200-300 USD/MWh and ~4-6, respec-
tively). At the same time, hydrogen requires significantly
higher capital expenditure (CAPEX) for electrolysers and
cryogenic storage, and has high operational costs (OPEX)
for cooling to -253°C and compression. By contrast, am-
monia involves moderate CAPEX - synthesis plants and
compatible tanks — and lower OPEX, as liquefaction re-
quires only -33°C. Technology readiness levels (TRLs) fur-
ther highlight this difference: hydrogen is at stages 6-7

and still requires additional research and development,
whereas ammonia is at 8-9 and is already partly integrat-
ed into the industry. Thus, although hydrogen has a high-
er energy potential, ammonia represents a more realistic
short- and medium-term alternative for decarbonising
the maritime fleet due to its economic and technological
availability.

Experimental and commercial projects

As part of the global decarbonisation strategy for shipping
by 2050, a number of companies and international or-
ganisations have launched projects aimed at introducing
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alternative fuels such as hydrogen and ammonia (Table 6).
These initiatives range from demonstration vessels to the
creation of ‘green corridors’ for zero-carbon transport.
Current priorities include the deployment of clean-fu-
el bunkering infrastructure in major ports, the develop-
ment of safety standards for handling ammonia, and the

testing of storage and fuel supply systems for next-gener-
ation marine power plants. In addition, intergovernmental
partnerships are actively being established to fund life-cy-
cle assessments of such fuels, as well as subsidy mecha-
nisms to support operators in transitioning to environ-
mentally neutral technologies.

Table 6. Key implemented ammonia and hydrogen fuel projects

S Participants and Expected
Project/initiative country Fuel type Route/test Infrastructure performance
Fortescpe C e o Vopak terminals; .
(Australia); Trial in Singapore; HAZID/H AZOP Significant CO,
Fortescue Green MPA, Seatrium, Liquid ammonia voyage to the svstem: drones reduction; “Gas
Pioneer Vopak, A*STAR’s (NH,) Persian Gulf during V. ’ ’ Fuelled Ammonia”
IHPC, NTU, DNV COP28 shore-based certification
(Si,n ga po’re) monitoring
C-Job Naval
Architects Laboratory models Integration with .
. ’ Jo ~44% higher energy
Dutch ammonia Proton Ventures, . and preliminary the LPG port .
tanker Enviu, Province Ammonia (NH;) trials; voyage not yet infrastructure in the efﬁ\;ﬁg%’ Elcr)g]%;red
of ZuidHolland commenced Netherlands ydrog!
(Netherlands)
ENERTRAG, Sunfire, Yacht Ammonia . N ..
cvprte ULty pnnonagury  Shepateiedin  bukeringotion 50w ety
Ammonia Sherpa of Rostock, ZBT 3 2023; barge Odin Rostock port 8 at small ifessgls
(Germany) planned for 2026 p
Mobile hydrogen
refuelling station 65% energy
Sea Change Project USA Hydrogen San Francisco Bay &g?teégilslfg)egi penetration into fuel
Fuels and Plug cells
Power
. . Shore-based LH,
MF Hydra Norway Liquid hydrogen Hlelmeﬁég?ﬁ;NeSVIk terminals, refuelling 50%-60%
stations
Kawasaki DualFuel B . Prototype engine Engine thermal
Generatok Japan Hydrogen Dual-fuel engine only efficiency 42%-45%

Source: authors’ compilation based on B. Holtze (2023), Nippon Yusen Kabushiki Kaisha (2023), L.E. Klebanoff (2024),

E. Van Sickle et al. (2025)

According to Table 6, ammonia projects are predomi-
nantly at the demonstration and pilot stage. Their main fo-
cus is the testing of technologies (internal combustion en-
gines, cracking), bunkering operations, and proving safety.
By contrast, hydrogen projects have already advanced to
the stage of commercial operation. They are deployed on
regular routes, demonstrating the practical viability of the
technology for short voyages such as port services, ferries,
and tugs. As part of the global strategy to decarbonise mar-
itime transport by 2050, a number of important demonstra-
tion and commercial projects are being implemented using
“green” fuels. E. Van Sickle et al. (2025) described the first
commercial hydrogen-powered passenger ferry, MV Sea
Change, which features integrated fuel management and a
fuel cooling system. The ferry was designed by Mitsubishi
FCH Energy and certified by DNV. According to L.E. Kle-
banoff (2024), its efficiency reached 65% (energy pene-
tration into the fuel cell), the infrastructure consisted of a
mobile hydrogen refuelling station, and no incidents were
recorded. Since 2023, a consortium of Japanese manufac-
turers has been testing a shipboard ammonia and hydrogen
fuel system on the Yokohama-Tokyo route; preliminary
data indicate a stable energy conversion efficiency of 50%

and a requirement to upgrade terminal gasifiers (Nippon
Yusen Kabushiki Kaisha, 2023). All projects demonstrate
the commercial viability and technical reliability of “green”
technologies without significant incidents, establishing a
model for large-scale adoption in global shipping.

The results of the comparative analysis show that both
hydrogen and ammonia can play a key role in the decar-
bonisation of maritime transport. However, their effective-
ness is not universal, as it depends on factors such as vessel
type, route characteristics, infrastructure availability, and
the technological maturity of the relevant solutions. Hy-
drogen is almost ideal from an environmental perspective,
producing no CO, emissions and, when used in fuel cells,
no toxic nitrogen oxides. However, considering the techno-
logical characteristics specifically — low volumetric energy
density, the need for deep cooling or high pressure, and
the lack of established logistics — hydrogen’s widespread
adoption is currently severely constrained, particularly for
long-distance transport. The production cost of “green”
hydrogen also remains high. Ammonia, by contrast, has
proven to be a far more practical marine fuel, as its trans-
portation and storage processes can be managed using ex-
isting infrastructure, such as liquefied gas port terminals,
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making it less expensive in the short to medium term. The
analysis indicates that hydrogen’s environmental advan-
tages are offset by the high cost of logistics. At the same
time, despite certain operational risks, ammonia appears
to be a more realistic option for large-scale deployment
in the coming years. The primary challenge remains in-
frastructure reform - without public engagement, global
standards, and demonstration projects, neither H, nor NH,
will move from concept to feasible commercial implemen-
tation. This underscores the importance of contributions
from the IMO, the European Commission, and national
governments in defining the regulatory environment and
providing financial incentives for the sector.

DISCUSSION

The results of the comparative analysis of hydrogen and
ammonia as next-generation marine fuels are broadly con-
sistent with recent studies, although in some cases differ-
ences have emerged that require critical consideration. The
present study focuses on thermodynamic characteristics,
safety risks, economic feasibility, and infrastructural readi-
ness, which made it possible to justify the use of ammonia
on medium- and long-distance routes and hydrogen for
short coastal shipping. Similar findings are reported in a
number of international studies; however, detailed com-
parisons revealed differing approaches to assessing future
prospects. H. Xing et al. (2021) outlined strategic directions
for the adoption of low-carbon fuels by 2050 and empha-
sised that without active involvement of governments and
international organisations, the transition to “green” tech-
nologies will be extremely slow. The results of the present
analysis confirm this argument, as for both hydrogen and
ammonia, state support and regulatory incentives remain
the key factors for scaling up. One of the most critical as-
pects of adopting carbon-free technologies is economic ef-
ficiency. For instance, the study by M. Abbas et al. (2024),
dedicated to optimising energy consumption in maritime
transport, demonstrated the importance of effective energy
flow management on board vessels. The present study also
highlights the significance of economic efficiency through
the indicators of LCOE and EROI. The results of both analy-
ses converge in showing that even environmentally attrac-
tive fuels cannot be adopted without sufficient economic
benefit. However, the findings presented here stress that
ammonia currently offers lower operating costs due to the
use of existing LPG terminals in ports. This conclusion is
also supported by the study of Y. Wang et al. (2022), which
examined low- and zero-carbon fuel technologies in the
context of economic efficiency. It has been shown that the
most promising solutions are those that combine low capi-
tal expenditure with the use of existing infrastructure.

These conclusions are supported by analyses of op-
erational projects aimed at reducing carbon emissions
from ships. For example, G.N. Lee et al. (2024) conducted a
life-cycle assessment of hydrogen supply methods between
Australia and South Korea and identified the advantages of
systems based on renewable energy sources. The present

Melnyk et al.

study confirmed their conclusion of lower emissions when
using “green” hydrogen, but also demonstrated that logis-
tical complexity and transport costs remain significant bar-
riers to large-scale deployment. In turn, H. Fan et al. (2025)
analysed the development timeline of hydrogen-powered
vessels and showed that most commercial trials occur on
short routes, where constraints related to fuel storage
and infrastructure are not critical. The present findings
likewise support the view that hydrogen is best suited
for coastal shipping and local operations. Both studies,
therefore, converge on the conclusion that hydrogen has
limited applicability in long-distance maritime transport.
A. Arias et al. (2024) investigated barriers to the integra-
tion of biofuels into marine systems and emphasised the
need for standardisation and technical compatibility. The
present results revealed that similar barriers exist for the
use of ammonia and hydrogen as marine fuels, particularly
in relation to crew safety and the technologies required for
storage and transport. In this respect, it becomes evident
that the challenges of standardisation are common to all
low-carbon technologies. S. Tasleem et al. (2024) systema-
tised the technologies for producing “green” hydrogen, as
well as its storage and transport, and highlighted the po-
tential for combining them with CCUS technologies. The
present study expanded upon their review by providing
a more detailed examination of risks and safety aspects,
which were not central to their analysis.

The primary focus of this study was on comparing
two fuels — hydrogen and ammonia. However, other in-
tegrated technologies for reducing the carbon footprint
and achieving decarbonisation in shipping are also of
importance, particularly in terms of economic efficiency.
Z. Wang et al. (2024) investigated configurations of hybrid
low-carbon marine energy systems, including fuel cells
and battery packs, and proposed broader system integra-
tion. This demonstrated the differing scales of research but
also underscored the importance of pursuing combined
energy solutions. O. Melnyk et al. (2024; 2025) presented
modelling and experimental results showing the feasibil-
ity of integrating renewable energy sources with carbon
capture technologies. The present findings confirmed their
conclusions regarding the potential for significant reduc-
tions in CO, emissions and improvements in energy effi-
ciency, while supplementing their conclusions with quan-
titative indicators of economic viability. Thus, this study
broadened the practical understanding of the feasibility of
adopting such technologies. In summary, the present re-
search largely confirmed the conclusions of earlier studies,
while refining them through quantitative analysis, compar-
ison of risks, and assessment of infrastructural constraints.
This approach made it possible to more clearly define the
applicability limits of hydrogen and ammonia in shipping
and provided a basis for further research.

CONCLUSIONS

The study compared hydrogen (H,) and ammonia (NH;)
as alternative marine fuels, taking into account their
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physicochemical, logistical and economic characteristics
in the context of the IMO 2050 targets. The literature was
systematised and analysed, six groups of comparative pa-
rameters were identified (thermodynamics, storage, safe-
ty, infrastructure, economics, ecology), and key indicators
were calculated - LCOE, EROI, CAPEX, OPEX and emis-
sions. The findings confirmed that ammonia demonstrates
a lower LCOE (150-220 USD/MWh) and higher EROI (~5-8)
compared with hydrogen (200-300 USD/MWh; EROI ~4-
6), as well as a more developed storage infrastructure at
-33°C and ~10-20 bar, making it a more promising option
for fleet decarbonisation. At the same time, hydrogen, de-
spite its higher gravimetric energy density and zero emis-
sions when produced through “green” pathways, remains
constrained by high-pressure (350-700 bar) or cryogenic
(-253°C) storage, substantial capital requirements for com-

Hydrogen was found to be more suitable for coastal or
short-distance operations, whereas ammonia systems
demonstrated greater technological and infrastructural
readiness for medium- and long-distance shipping.

Promising directions for further research include: the
development of hybrid fuel cores that combine hydrogen
and ammonia in blends to reduce storage pressure; life-cy-
cle modelling of infrastructure under regional conditions;
the integration of digital systems for leak monitoring and
real-time corrective management algorithms; and the
analysis of social and economic factors influencing the
adoption of “green” technologies at the local level. To-
gether, these directions could support the transition from
demonstration trials to large-scale commercial deploy-
ment, ensuring that opportunities to achieve carbon neu-
trality in maritime transport are not lost.

pression and cooling, and the need for refined safety proto-
cols addressing explosion risks. The study conceptualised
renewable pathways of “electricity — hydrogen — ammo-
nia”, where ammonia serves as an intermediate carrier with
an optimal balance of cost, safety and available infrastruc-
ture. The comparison of the two carbon-free fuels, along-
side a review of experimental and operational projects em-
ploying them in shipping, confirmed that each has distinct
advantages depending on the type of maritime transport.

ACKNOWLEDGEMENTS

None.

FUNDING

None.

CONFLICT OF INTEREST

None.

REFERENCES

[1] Abbas, M., Abbas, Q., Khan, A., Tayyab, S.M., Rizvi, S.H.M., Raza, A., Zaidi, S.S.H., Razzaqi, A.A., Haider, S., & Sarfraz,
S.A. (2024). Energy management in marine transportation sector. Comprehensive Energy Systems, 2(10), 126-156.
doi: 10.1016/B978-0-44-313219-3.00151-9.

[2] Alrashid, R., Mahmoud, M., & Alami, A.H. (2024). Introduction to green hydrogen and green ammonia. In
Comprehensive green materials (Vol. 1, pp. 256-271). Amsterdam: Elsevier. doi: 10.1016/B978-0-443-15738-7.00038-6.

[3] Arias, A., Nika, C.-E., Vasilaki, V., Feijoo, G., Moreira, M.T., & Katsou, E. (2024). Assessing the future prospects of
emerging technologies for shipping and aviation biofuels: A critical review. Renewable and Sustainable Energy Reviews,
197, article number 114427. doi: 10.1016/j.rser.2024.114427.

[4] Brynolf, S., Kanchiralla, F., Malmgren, E., Ellis, J., Olsson, T., Hansson, J., & Fridell, E. (2023). Hydrogen, ammonia and
battery-electric propulsion for future shipping. Borlange: Trafikverket, Lighthouse — Swedish Transport Administration’s
Industry Program Sustainable Shipping.

[5] DNV. (n.d.). Energy transition outlook. Retrieved from https://www.dnv.com/energy-transition-outlook/.

[6] Fan, H., Abdussamie, N., Chen, P.S.-L., Harris, A., Gray, E.M., Arzaghi, E., Bhaskar, P., Mehr, J.A., & Penesis, I. (2025).
Two decades of hydrogen-powered ships (2000-2024): Evolution, challenges, and future perspectives. Renewable and
Sustainable Energy Reviews, 219, article number 115878. doi: 10.1016/j.rser.2025.115878.

[7] Harahap,F.,Nurdiawati,A., Conti,D.,Leduc,S., & Urban, F. (2023). Renewable marine fuel production for decarbonised
maritime shipping: Pathways, policy measures and transition dynamics. Journal of Cleaner Production, 415, article
number 137906. doi: 10.1016/j.jclepro.2023.137906.

[8] Holtze, B. (2023). World’s first liquid hydrogen-powered ship MF Hydra is powered by Ballard’s fuel cells. Retrieved from
https://surl.li/ntcgxd.

[9] IEA.(2023). World energy outlook 2023. Retrieved from https://www.iea.org/reports/world-energy-outlook-2023.

[10] IMO. (2020). MSC.1/Circ.1687: Interim guidelines for the safety of ships using alternative fuels. Retrieved from https://
surl.lt/iriwly.

[11] IMO. (2023a). 2023 IMO strategy on reduction of GHG emissions from ships. Retrieved from https://www.imo.org/en

OurWork/Environment/Pages/2023-IMO-Strategy-on-Reduction-of-GHG-Emissions-from-Ships.aspx.

[12] IMO. (2023b). Fourth IMO GHG study 2020. Retrieved from https://www.imo.org/en/ourwork/environment/pages
fourth-imo-greenhouse-gas-study-2020.aspx.

[13] Jesus, B., Ferreira, I.A., Carreira, A., Ove Erikstad, S., & Godina, R. (2024). Economic framework for green shipping
corridors: Evaluating cost-effective transition from fossil fuels towards hydrogen. International Journal of Hydrogen
Energy, 83, 1429-1447. doi: 10.1016/j.ijhydene.2024.08.147.

Machinery & Energetics. Vol. 16, No. 3

4


https://www.sciencedirect.com/science/article/abs/pii/B9780443132193001519?via%3Dihub
https://doi.org/10.1016/B978-0-443-15738-7.00038-6
https://doi.org/10.1016/j.rser.2024.114427
https://fudinfo.trafikverket.se/fudinfoexternwebb/Publikationer/Publikationer_007601_007700/Publikation_007637/FP3_2020%20Hydrogen%20ammonia.._%20%28002%29.pdf
https://fudinfo.trafikverket.se/fudinfoexternwebb/Publikationer/Publikationer_007601_007700/Publikation_007637/FP3_2020%20Hydrogen%20ammonia.._%20%28002%29.pdf
https://www.dnv.com/energy-transition-outlook/
https://doi.org/10.1016/j.rser.2025.115878
https://doi.org/10.1016/j.jclepro.2023.137906
https://blog.ballard.com/marine/worlds-first-liquid-powered-hydrogen-ship-mf-hydra-is-powered-by-ballards-fuel-cells
https://www.iea.org/reports/world-energy-outlook-2023
https://ammoniaenergy.org/wp-content/uploads/2025/03/MSC.1-Circ.1687-Interim-Guidelines-For-The-Safety-Of-Ships-Using-Ammonia-As-Fuel-Secretariat.pdf
https://ammoniaenergy.org/wp-content/uploads/2025/03/MSC.1-Circ.1687-Interim-Guidelines-For-The-Safety-Of-Ships-Using-Ammonia-As-Fuel-Secretariat.pdf
https://www.imo.org/en/OurWork/Environment/Pages/2023-IMO-Strategy-on-Reduction-of-GHG-Emissions-from-Ships.aspx
https://www.imo.org/en/OurWork/Environment/Pages/2023-IMO-Strategy-on-Reduction-of-GHG-Emissions-from-Ships.aspx
https://www.imo.org/en/ourwork/environment/pages/fourth-imo-greenhouse-gas-study-2020.aspx
https://www.imo.org/en/ourwork/environment/pages/fourth-imo-greenhouse-gas-study-2020.aspx
https://doi.org/10.1016/j.ijhydene.2024.08.147

Melnyk et al.

[14] Klebanoff, L.E. (2024). MV Sea Change: Fuel cell, emissions, and hydrogen fueling performance. Livermore, CA: Sandia
National Laboratories.

[15] Lee, G.N., Kim, J.M., Jung, K.H., & Park, H. (2024). Comparative life cycle assessment of various hydrogen supply
methods from Australia to the Republic of Korea in environmental and economic aspects. Science of The Total
Environment, 947, article number 174669. doi: 10.1016/j.scitotenv.2024.174669.

[16] Li,].-C.,Xu,H.,Zhou, K., & Li,].-Q. (2024). A review on the research progress and application of compressed hydrogen
in the marine hydrogen fuel cell power system. Heliyon, 10(3), article number e25304. doi: 10.1016/j.heliyon.2024.
€253045304.

[17] Li, Z., Wang, K., Liang, H., Wang, Y., Ma, R., Cao, J., & Huang, L. (2025). Marine alternative fuels for shipping
decarbonization: Technologies, applications and challenges. Energy Conversion and Management, 329, article number
119641. doi: 10.1016/j.enconman.2025.119641.

[18] Machaj,K.,Kupecki, ].,Malecha, Z., Morawski, A., Skrzypkiewicz, M., Stanclik, M., & Chorowski, M. (2022). Ammonia as
a potential marine fuel: A review. Energy Strategy Reviews, 44, article number 100926. doi: 10.1016/j.esr.2022.100926.

[19] Melnyk, O., Bulgakov, M., Fomin, O., Onyshchenko, S., Onishchenko, O., & Pulyaev, I. (2025). Sustainable development
of renewable energy in shipping: Technological and environmental prospects. Scientific Journal of Silesian University
of Technology. Series Transport, 127, 165-188. doi: 10.20858/sjsutst.2025.127.10.

[20] Melnyk, O., Onyshchenko, S., Onishchenko, O., Shumylo, O., Voloshyn, A., Ocheretna, V., & Fedorenko, O. (2024).
Implementation research of alternative fuels and technologies in maritime transport. In S. Boichenko, A. Zaporozhets,
A. Yakovlieva & I. Shkilniuk (Eds.), Studies in systems, decision and control (Vol. 510, pp. 13-21). Cham: Springer.
doi: 10.1007/978-3-031-44351-0_2.

[21] Nippon Yusen Kabushiki Kaisha (NYK Line). (2023). NYK Conducts world’s first test operation of ammonia-fueled vessel.
Retrieved from https://www.nyk.com/english/news/2023/20230516_01.html.

[22] Rony, Z.1., Mofijur, M., Hasan, M.M., Rasul, M.G., Jahirul, M.I., Ahmed, S.F., Kalam, M.A., Badruddin, I.A., Khan, T.M.Y.,
& Show, P--L. (2023). Alternative fuels to reduce greenhouse gas emissions from marine transport and promote UN
sustainable development goals. Fuel, 338, article number 127220. doi: 10.1016/j.fuel.2022.127220.

[23] Schreuder, W., Slootweg, J.C., & van der Zwaan, B. (2025). Techno-economic assessment of low-carbon ammonia as
fuel for the maritime sector. Applications in Energy and Combustion Science, 22, article number 100330. doi: 10.1016/j.
jaecs.2025.100330.

[24] Tasleem,S.,Bongu,C.S.,Krishnan,M.R., & Alsharaeh, E.H.(2024). Navigating the hydrogen prospect: A comprehensive
review of sustainable source-based production technologies, transport solutions, advanced storage mechanisms, and
CCUS integration. Journal of Energy Chemistry, 97, 166-215. doi: 10.1016/j.jechem.2024.05.022.

[25] Thomas, G., & Parks, G. (2006). Potential roles of ammonia in a hydrogen economy: A study of issues related to the use of
ammonia for on-board vehicular hydrogen storage. Washington: U.S. Department of Energy.

[26] Valera-Medina, A., Xiao, H., Owen-Jones, M., David, W.L.F., & Bowen, P.J. (2018). Ammonia for power. Progress in
Energy and Combustion Science, 69, 63-102. doi: 10.1016/j.pecs.2018.07.001.

[27] Van Sickle, E., Ralli, P., Pratt, J., & Klebanoff, L. (2025). MV Sea Change: The first commercial 100% hydrogen
fuel cell passenger ferry in the world. International Journal of Hydrogen Energy, 105, 389-404. doi: 10.1016/j.
ijhydene.2025.01.040.

[28] Wang, Y., Cao, Q., Liu, L., Wu, Y., Liu, H., Gu, Z., & Zhu, C. (2022). A review of low and zero carbon fuel technologies:
Achieving ship carbon reduction targets. Sustainable Energy Technologies and Assessments, 54, article number 102762.
doi: 10.1016/j.seta.2022.102762.

[29] Wang, Z., Dong, B., Li, M., Ji, Y., & Han, F. (2024). Configuration of low-carbon fuels green marine power systems in
diverse ship types and applications. Energy Conversion and Management, 302, article number 118139. doi: 10.1016/j.
enconman.2024.118139.

[30] Xing, H., Stuart, C., Spence, S., & Chen, H. (2021). Alternative fuel options for low carbon maritime transportation:
Pathways to 2050. Journal of Cleaner Production, 297, article number 126651. doi: 10.1016/j.jclepro.2021.126651.

Machinery & Energetics. Vol. 16, No. 3



https://www.sandia.gov/app/uploads/sites/273/2025/02/Sea-Change-DOE-Report.pdf
https://doi.org/10.1016/j.scitotenv.2024.174669
https://www.sciencedirect.com/science/article/pii/S2405844024013355
https://www.sciencedirect.com/science/article/pii/S2405844024013355
https://www.sciencedirect.com/science/article/abs/pii/S0196890425001645?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S2211467X22001201?via%3Dihub
https://doi.org/10.20858/sjsutst.2025.127.10
https://doi.org/10.1007/978-3-031-44351-0_2
https://www.nyk.com/english/news/2023/20230516_01.html
https://doi.org/10.1016/j.fuel.2022.127220
https://doi.org/10.1016/j.jaecs.2025.100330
https://doi.org/10.1016/j.jaecs.2025.100330
https://doi.org/10.1016/j.jechem.2024.05.022
https://www.energy.gov/eere/fuelcells/articles/potential-roles-ammonia-hydrogen-economy
https://www.energy.gov/eere/fuelcells/articles/potential-roles-ammonia-hydrogen-economy
https://doi.org/10.1016/j.pecs.2018.07.001
https://doi.org/10.1016/j.ijhydene.2025.01.040
https://doi.org/10.1016/j.ijhydene.2025.01.040
https://doi.org/10.1016/j.seta.2022.102762
https://doi.org/10.1016/j.enconman.2024.118139
https://doi.org/10.1016/j.enconman.2024.118139
https://doi.org/10.1016/j.jclepro.2021.126651

Hydrogen and ammonia as next-generation marine fuels...

Onexkciii MelTbHUK
IOKTOp TeXHIYHUX HaYK, Ipodecop
OpnecbKuit HallioHATBHUIT MOPCbKIIA YHiBEpCUTET
65029, Bya1. MeunnkoBa, 34, M. Ofeca, YkpaiHa
https://orcid.org/0000-0001-9228-8459

Muxkona Byiarakos
KanaupmaT TexHiYHUX HayK, JOLIeHT
Opecbkuit HaIliOHATbHUIT MOPCbKUI YHIBEPCUTET
65029, Byn. MeuHnkoBa, 34, M. Ofeca, YkpaiHa
https://orcid.org/0000-0002-7172-8678

Banentuna OuepeTtHa
KaHaupat TexHiuHUX HayK, TOLIEHT
OpnecbKuit HalliOHAIbHUIT MOPCBKIIA YHiBEpCUTET
65029, Byn. MeunnkoBa, 34, M. Ofeca, YkpaiHa
https://orcid.org/0000-0003-4077-6711

Tersana Bapinaxn
AcucreHnt
OmecbKkuit HAI[iOHATbHMIT MOPCbKUI YHiBEPCUTET
65029, Bya1. MeunnkoBa, 34, M. Ofeca, YkpaiHa
https://orcid.org/0000-0001-7835-0834

BoaeHb Ta aMiaK ik cyAHOBE NasIuBO HAaCTYNMHOIro NOKONiIHHSA
3rigHo 3 IMO 2050

AHoTauiq. V crarri 3piiicHeHo MikaucuuiutiHapHuii ananiz BogHo (H,) Ta amiaky (NH;) SIK mepcrekKTUBHUX
aJbTePHATUBHUX €HEePTOHOCIiB IS MOPCHKOTO TPAHCIIOPTY B yMOBax peasisanii kriMaTnuHoi crparterii-2050 MiskHapogHoi
MOpPCbKOi opraHnisaiii. MeTo0 JOCTiAKEHHS CTa/I0 BU3HAUYEHHS ITOPiBHSUIbHOI €(heKTMBHOCTI 3a3HaUYEHUX TTaJIUB 3
ypaxyBaHHSIM iX TepMOAMHAMIUHUX BJIACTUBOCTE, yMOB 36epiraHHs, eKcruyaTaliiiHoi 6e3nexu, iHGpacTpyKTypHOL
CYMiCHOCTi Ta €KOHOMIUHO1 IOLi/IbHOCTI. Y pO60Ti BUKOPUCTAHO METOAMKY 6araTOKpUTEPiaabHOTO OLIiHIOBAHHS, SIKa
BKiIIoUae aHani3 mokasHukiB LCOE (Levelized Cost of Energy), EROI (Energy Return on Investment), CAPEX (Capital
Expenditures) Ta OPEX (Operational Expenditures), TexHi4HOi TOTOBHOCTI IMOPTOBOI Ta CYAHOBOI iHGPaACTPYKTYpH,
€KOJIOTIUHMX HACTiIKIB i MOTeHLiliHMX pu3KMKiB. OKpeMa yBara MpyijeHa TOKCUKOIOTiYHMM aclieKTaM, pyu3yuKaM 3aiiMaHHS,
CIleHapisiM BUTOKIB i BUMOTaM [I0 MiZirOTOBKM eKinaxy. HaBegeHo faHi 3 peasibHMX Ta MiJIOTHUX MPOEKTIB Y SInonii, Hopserii
Ta €C, 110 AeMOHCTPYIOTb IPAKTMYHI KPOKM 3 BripoBazpkeHHs H,/NH.. PesynbTaTu oc/iixkKeHHS 0Ka3a/y, 0 aMiak, Iopyu
TOKCUYHICTBH i TOTPeby B JOJATKOBMX 3aX0aX 6e3IeKy, € TeXHOIOTIYHO i eKOHOMIYHO MPUIATHIIINM JIS CepeHbO- Ta
JlaJleKoMaricTpajbHOr0 CyAHOIUIABCTBA 3aBASKM HIDKUMM BUTpPaTaM Ha TPAHCIIOPTYBAHHS i MOXKIMBOCTI BUKOPUCTaHHS
icHylouoi iH(bpacTPyKTYypu 3piIKeHOro ra3y. BomeHsn, y CBOIO Uepry, XapaKTepU3yeThCs BUIIOI0 eKOMOTIUHOIO LIiHHICTIO Yepe3
HynboBi Bukuayu CO, Ta NO, (32 yMOB BUKOPUCTaHHS ITA/IMBHMX e/IeMeHTiB), ajle BMMarae BUCOKOTeXHOJIOTIYHMX CUCTEM
36epiraHHsI Ta 3HAUHMX iHBECTUIIi Y JIOTICTUKY, 1[0 OOMesKY€ 1 10T0 3aCTOCYBAHHS ITePEBASKHO B KAOOTAKHMX MTepeBe3eHHIX
ab0 B yMOBax 3aMKHEHMX JIAHIIIOTiB MocTavyaHHs. [IpeficTaBiieHi pe3ynbTaTy MOKYTh CTyTYBaTH OCHOBOIO 111 GOPMYBaHHS
crpareriit mekap6oHisaiiii ¢aoTy, po3po6Kku cTaHIapTiB 6€3IMeKM Ta CTUMY/IIOBAaHHS iHHOBAIlili Y MOPCBKili eHepreTuIli.
OTpuMaHi BUCHOBKY CTAHOBJISITh IPAaKTUUHMII iHTepecC 151 CyJHOBIACHMKIB, iH)KeHepDHUX KOMITIaHil, eKOJIOTiuHMUX
peryssiTopiB Ta po3pOO6HMKIB MOMITUK Y cdepi 3e1IeHOT0 MOPCHKOTO MaanBa

KnoyoBi cnoBa: exonoriyHa 6e3rneka; 3amnobiranss 3a6pynHeHH0; Bukuayu NO,; TOKCMYHICTh aMiaKy; eHepreTuyHa
edeKTUBHICTH ManuBa; MOPTOBa iHYPACTPYKTYpa; 3aXMUCT MOPCHKOTO CepeOBUILA
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